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ABSTRACT 

Identification and functional characterization of novel plasma membrane carboxylate transporters 
 

Organic acids are recognized as versatile chemical compounds with a vast variety of applications in 

sectors ranging from food and beverages, pharmaceutical, personal care, cosmetic products, consumer 

goods to the chemical industry. Due to the strong demand for these compounds, alternative approaches 

to non-sustainable processes, e.g. chemical synthesis from petroleum derivatives, are being developed. 

Sustainable strategies rely on the utilization of microbial cell factories, where transporter proteins play a 

crucial role through the control of substrate influx and product efflux. In particular, the expression of 

suitable carboxylic acid exporters avoids the internal cell toxicity due to the accumulation of these 

compounds, while facilitating its purification from the culture broth. The biodiversity of the microbial world 

is an excellent pool to uncover new organic acid transporters. In this study, wild yeast species isolated 

from acidic environments were explored regarding their ability to utilize organic acids. The yeast 

Cyberlindnera jadinii was selected for further studies due to its ability to utilize a vast range of organic 

acids as sole carbon and energy source, to synthesize a variety of valuable compounds for the food and 

pharmaceutical sectors, its intrinsic robust characteristics, and its capacity to use inexpensive media with 

high productivity levels. Using an in silico approach, we have explored the predicted transportome of 

C. jadinii and selected putative carboxylate transporters for functional characterization by heterologous 

expression in Saccharomyces cerevisiae. A total of 16 plasma membrane carboxylate transporters, 

members of the AceTr, SHS, SSS, TDT, DASS, and MCT families, were characterized in terms of transport 

activity and specificity, structural features, and evolutionary relationships. S. cerevisiae was also used as 

expression host to deepen the knowledge of the citrate exporter CexAp from Aspergillus niger, a member 

of the DHA1 transporter family. The structural characterization of AceTr family members Ato1 and SatP 

led to the identification of a conserved motif essential for protein function. In addition, the plasma 

membrane proteins Gpr1 from Yarrowia lipolytica and AceP from the archaea Methanosarcina acetivorans 

were functionally characterized as acetate transporters. The role of AceTr members from S. cerevisiae, 

Ato1, Ato2, and Ato3, in the transport of monocarboxylic acids was evaluated via a combination of directed 

evolution, whole-genome resequencing, and reverse engineering, leading to the discovery of Ato2 and 

Ato3 mutants as two novel lactic acid transport proteins. Structural insights were also provided using 3D 

structure predictions combined with molecular docking. 

 

KEYWORDS: biotechnology; carboxylic acids; membrane transporters; microbial cell factories
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RESUMO 

Identificação e caracterização funcional de novos transportadores de carboxilatos da membrana 

plasmática 
 

Os ácidos orgânicos são reconhecidos como compostos versáteis com uma vasta aplicabilidade em 

sectores desde a área alimentar à indústria química. A forte procura por estes compostos exige 

abordagens alternativas à sua produção convencional, como a síntese química a partir de derivados de 

petróleo. As estratégias sustentáveis incluem a utilização de fábricas celulares microbianas nas quais as 

proteínas transportadoras desempenham um papel crucial no controlo do importe de substratos e o 

exporte de produtos. O exporte de ácidos carboxílicos evita a sua toxicidade intracelular, facilitando a sua 

purificação do meio de cultura. A biodiversidade microbiana é um excelente reservatório para a 

descoberta de novos transportadores de ácidos orgânicos. Neste estudo, foram estudadas espécies de 

leveduras provenientes de ambientes ácidos e avaliada a sua capacidade de utilização de ácidos 

orgânicos. A levedura Cyberlindnera jadinii foi selecionada para estudos posteriores dada a sua 

capacidade de utilização de uma gama alargada de ácidos orgânicos como fonte única de carbono e 

energia, para além de sintetizar vários compostos relevantes para os setores industriais. Esta levedura 

apresenta ainda uma grande robustez e tem capacidade para crescer em meios de cultura baratos 

apresentando elevados níveis de produtividade. Numa abordagem in silico, explorámos o transportoma 

inferido de C. jadinii, selecionando vários potenciais transportadores de carboxilatos para uma 

caracterização funcional por expressão heteróloga em Saccharomyces cerevisiae. Um total de 16 

proteínas-alvo, membros das famílias AceTr, SHS, SSS, TDT, DASS e MCT, foram caracterizadas quanto 

à sua capacidade transporte de carboxilatos, especificidade, características estruturais e relações 

evolutivas. O exportador de citrato CexA de Aspergillus niger, membro da família DHA1, foi também 

caracterizado por expressão heteróloga na levedura S. cerevisiae. A caracterização estrutural dos 

membros da família AceTr, Ato1 e SatP, levou à identificação de um motivo conservado nestas proteínas 

transportadoras, essencial para a sua função. As proteínas Gpr1 da levedura Yarrowia lipolytica e AceP 

da archaea Methanosarcina acetivorans foram ainda caracterizadas como transportadores de acetato. O 

papel no transporte de ácidos carboxílicos de outros membros desta família, Ato1, Ato2 e Ato3 de 

S. cerevisiae, foi avaliado por uma abordagem combinada de evolução dirigida, ressequenciação do 

genoma e engenharia reversa, levando à descoberta dos mutantes Ato2 e Ato3 como dois novos 

transportadores de lactato. As características estruturais destas proteínas foram avaliadas por modelação 

de estruturas 3D e estudos de docking molecular. 

PALAVRAS-CHAVE: ácidos carboxílicos; biotecnologia; microfábricas celulares; transportadores de membrana  
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THESIS OVERVIEW 
 

Several strategies are currently being developed for the improvement of microbial cell factories towards 

the production of fine chemicals by more eco-friendly and sustainable processes as an alternative to 

petrochemical-based ones. One of these strategies relies on the expression of cell membrane 

transporters, importers or exporters, and also transporters that mediate the translocation of metabolites 

between cell compartments. This strategy aims to improve the range and efficiency of substrate 

consumption, improve cell metabolic fluxes, and avoid intracellular product toxicity that consequently 

decreased productivities in microbial cell factories. Organic acids, such as carboxylic acids, are among 

the top platform chemicals due to their wide applicability. Their biosynthesis in high yields demands, 

aside from the engineering of the cell metabolic and enzymatic machinery, effective plasma membrane 

transporters able to export the acids to the extracellular media to avoid cell toxicity and further associated 

costs of downstream processing. In this context, increased knowledge on carboxylic acid transporters will 

promote the development of efficient biorefineries for the bioproduction of these acids. This work aims to 

expand the current knowledge on eukaryotic carboxylate transporters focusing on the identification of new 

carboxylate transporters, their functional characterization, and the study of structural features.  

Overall, the thesis is structured into nine chapters. 

 

Chapter I provides a general introduction to the topic of the thesis as well as the main goals of this work. 

The introduction describes promising microorganisms that can be used as efficient microbial cell 

factories, discloses the existing cell transporter systems, and addresses their role in the improvement of 

cell robustness. A special focus is given to carboxylic acid transporters along with their relevance in 

biorefineries. The status of the carboxylates market is also highlighted and the companies working on the 

bioproduction of organic acids at the industrial and pilot level. 

 

Chapter II presents a first authorship published review entitled “Expanding the knowledge on the skillful 

yeast Cyberlindnera jadinii”, which describes the specific features that turn this yeast attractive to the 

biotechnological industry. A robust phylogenetic analysis was also done in this study revealing its 

evolutionary position. Moreover, the relevant traits of its physiology are also described together with the 

solute membrane transporters so far characterized. 
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Chapter III includes a bibliographic revision entitled “Membrane transporters in the bioproduction of 

organic acids: state of the art and future perspectives for industrial applications”. This review focuses on 

microbial-based production of chemical building blocks, namely organic acids, as an alternative to 

chemical synthesis from petroleum derivatives. It also provides an overview of the different strategies 

employed for the import of renewable substrates and the optimization of organic acid efflux. Finally, the 

future perspectives for transporter engineering are presented, to increase the productivity and 

sustainability of microbial cell factories. 

 

Chapter IV describes the bioprospection of wild yeast species for the utilization and production of 

carboxylic acids. The identification and characterization steps included the evaluation of morpho- and 

physiological traits, coupled with the evaluation of growth on organic acids as unique carbon and energy 

sources. The species Cyberlindnera jadinii were selected for further comparative genomic analysis due to 

its strong growth on carboxylates, presenting distinct carboxylic acids transporters whose encoding genes 

were still unidentified. 

 

Chapter V presents a combination of in silico and genetic approaches for the study of the 

Cyberlindnera jadinii transportome. In this work, novel carboxylate transporters from C. jadinii were 

uncovered and functionally characterized by heterologous expression in the Saccharomyces cerevisiae 

IMX1000 strain (deleted in 25-genes related with carboxylate transport). Sixteen carboxylate transporters 

belonging to the AceTr, SHS, SSS, TDT, DASS and MCT transporter families were characterized revealing 

different specificities for mono-, di- and tricarboxylates. In silico 3D-model prediction by homology 

threading and docking studies indicate possible structural aspects responsible for the specificity of the 

distinct transporters found. In addition, phylogenetic studies revealed the evolutionary relationship 

between the transporters belonging to AceTr, SHS, SSS and DASS transporter families.  

 

Chapter VI depicts the functional characterization of CexA, the recently identified citrate exporter 

from Aspergillus niger, by heterologous expression in S. cerevisiae. The kinetic parameters and energetics 

of this transporter were evaluated through the measurement of the uptake of radiolabelled substrates. 

AnCexA is specific for citrate and isocitrate, and the uptake of citrate is not dependent on the proton 

motive force. The identification of CexA homologs and subsequent phylogenetic analysis allowed the 

identification of conserved residues within the DHA1 transporter family. Molecular docking analysis 
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uncovered putative binding sites involved in substrate recognition. A site-directed mutagenesis approach 

was designed to uncover the structure-function relationships of these transporters.  

 

Chapter VII presents the work published in the manuscript entitled “The Acetate Uptake Transporter 

family motif “NPAPLGL(M/S)” is essential for substrate uptake and binding”. This study describes the 

functional role of the motif NPAPLGL(M/S), conserved in AceTr family members. Also, other members of 

the AceTr family were functionally characterized as acetate transporters in this study, namely the Gpr1 

from Yarrowia lipolytica and the Acep from the archea Methanosarcina acetivorans. The phylogenetic 

analysis of this family suggests that these transporters play a key role in fungi since they are present in 

97% of the fungal genomes analyzed. 

 

Chapter VIII presents the work “Evolutionary engineering reveals amino acid substitutions in Ato2 and 

Ato3 that allow improved growth of Saccharomyces cerevisiae on lactic acid”, where monocarboxylic acid 

transporters were evaluated via a combination of directed evolution, whole-genome resequencing, and 

reverse engineering. In this study mutated versions of Ato1, Ato2 and Ato3 transporters showed to 

efficiently catalyze lactic acid uptake in S. cerevisiae. Growth on a variety of organic acids was evaluated 

for cells individually overexpressing the repertoire of native and evolved lactic acid transporters. The effect 

of the different mutations in the Ato1, Ato2, and Ato3 structure, was predicted using 3D-structural models 

combined with a molecular docking analysis. 

 

The Chapter IX presents the main conclusions and future perspectives of this work together with a 

general discussion of the results and the main outcomes of this thesis.  

 

 

This thesis was developed in the Molecular and Environmental Biology Centre (CBMA), Department of 

Biology of the University of Minho (Portugal), supervised by Doctor Isabel João Soares-Silva and Professor 

Doctor Margarida Casal, under the scope of the Doctoral Program on Applied and Environmental 

Microbiology (Norte 2020, FCT). A scientific collaboration was established with Professor Robert Mans 

from the Technische Universiteit Delft (TU Delft, Netherlands), which was devoted to the work presented 

in chapter VIII.  
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OUTPUTS 

The present dissertation resulted in the publication of four scientific papers, one manuscript is under 
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1.1 INTRODUCTION 

Presently there is an increasing demand for the development of more sustainable processes of fine 

chemical production to replace petrochemical-derived ones. Compounds such as aromatic or organic 

acids, which include carboxylic and sugar acids, present wide applicability in a vast range of industries 

[1-3]. Engineered microorganisms are emerging as attractive producers of added-value products through 

cutting-edge technologies and highly integrative eco-friendly approaches [1, 3-5]. 

To tackle the diversity of metabolites needed and reach productivity levels required to implement the 

production at the industrial scale, it becomes necessary to explore new expression hosts that can become 

more efficient in their production. Few yeasts combine the ability to produce specific metabolites with 

other biotechnological advantages, namely biological safety, high growth rates in simple media, simple 

genetic modification, and efficient secretion systems [6]. 

Over the years, Saccharomyces cerevisiae has been the preferred yeast given that it was the first 

eukaryotic organism having its genome fully sequenced, which in turn promoted great advances in genetic 

engineering. Additionally, this yeast has great tolerance to stress conditions, such as low pH values and 

high sugar concentrations, and natural adaptability to the harsh industrial-scale conditions with well-

established fermentation [7-10]. Nonetheless, it has its drawbacks, for instance, the predisposition for 

the occurrence of N-hyperglycosylation of produced proteins that reduces the efficiency of protein 

secretion [8, 11, 12] and its metabolism being preferably fermentative, which limits biomass propagation 

[13]. 

The physiological characteristics of other non-Saccharomyces yeast species like Pichia pastoris 

(Komagataella pastoris), Pichia kudriavzevii (Issatchenkia orientalis), Kluyveromyces marxianus, Yarrowia 

lipolytica, or Cyberlindnera jadinii, make them alternative hosts for biotechnological purposes [10, 14-

17]. K. pastoris can grow to very high cell density and is a well-established platform for the heterologous 

expression of proteins from a diverse range of organisms [18-20]. The species P. kudriavzevii exhibits 

tolerance to multi-stress, e.g. low pH, high temperatures, high salt concentration [21]. Several studies 

have also reported its potential for organic acid production (e.g. xylonic acid, lactic acid, and succinic 

acid) [22-24]. Over the years, C. jadinii has been used as a source of single-cell protein and recognized 

for its ability to synthesize a variety of valuable compounds for the food and pharmaceutical sectors [14]. 

This yeast is also capable of efficiently assimilate xylose, the main constituent of hemicellulose, an efficient 

and renewable energy source [25]. Contrarily to S. cerevisiae, these three yeast species are 

Crabtree-negative microorganisms being capable of utilizing substrates more efficiently under aerobic 

conditions, without the production of ethanol, resulting in higher biomass formation [6, 26]. However, for 
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some species, like C. jadinii, their use as expression hosts was delayed due to the lack of efficient 

molecular tools for genetic manipulation, such as suitable selection markers and expression cassettes 

[25].  

In order to achieve efficient and cost-effective biobased industrial processes, it is important, among other 

aspects, to work with robust microbial cell factories with improved metabolic performances. Engineering 

the microbes’ enzymatic machinery, as well as its membrane transporters, are important steps to 

promote the efficient utilization of specific substrates and the efflux of the produced metabolites to the 

extracellular medium [27]. This last step will improve the host’s tolerance to the final product, e.g. organic 

acids, besides decreasing downstream processing costs [28]. Thus the identification of new cell 

membrane transporters, such as importers or exporters, or transporters that are more efficient than the 

ones already present so far in microbial cell factories, is a crucial step to increase cell robustness [28, 

29]. 

 

1.1.1 TRANSPORTER PROTEINS 

The plasma membrane controls and regulates the exchange of molecules such as amino acids, lipids, 

sugars, organic acids, ions among other compounds. As a permeable barrier, biological cellular 

membranes embrace an intrinsic selectivity function ensuring the maintenance of a constant internal 

environment despite the variations of the external environment [30]. Besides playing a crucial role in the 

maintenance of essential metabolites for cell growth, it is also involved in the secretion of waste 

compounds produced by the cell [31, 32]. Considering the overall cellular transmembrane transport 

processes, the majority is mediated by integral membrane proteins. Membrane embedded proteins 

possess one or more segments crossing the plasma membrane. The coupling of these proteins to the 

membrane occurs through residues with hydrophobic side chains that are linked to fatty acyl groups from 

membrane phospholipids [33]. Membrane proteins play a crucial role in many critical biological processes 

such as cell physiology, transmembrane signaling, trafficking, transport of substrates, adhesion, and 

recognition. Genome-wide scale studies revealed that MPs compose approximately 20 to 30 % of all genes 

present in the genome of prokaryotic and eukaryotic organisms [34]. 

Membrane transporters are vital for cell homeostasis promoting substrate uptake, regulation of metabolite 

concentration between organelles, and efflux of toxic compounds produced intracellularly [35]. The 

different mechanisms of transport across biological membranes are represented in Figure 1. 
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Figure 1. Membrane transport processes. Schematic representation of the several mechanisms 

involved in the transport of solutes across biological membranes. Initials stand for IN – intracellular space; 

OUT – extracellular space. Symbols depicted as triangles correspond to charge and squares to uncharged 

molecules.  

 

Some compounds are translocated through a simple diffusion mechanism, crossing the hydrophobic 

phospholipid bilayer according to their electrochemical gradient. Such is the case of gases, like CO2 and 

O2, small neutral and polar molecules, like H2O and ethanol, and small hydrophobic solutes such as 

benzene [32]. Mediated transport occurs for charged and other polar molecules that require a transporter 

to cross the biological membrane [36].  

A facilitated diffusion mechanism occurs for molecules that cross the membrane according to 

concentration gradient through channels or facilitators and do not require any external source of energy 

[37, 38]. For charged compounds, the movement is also dependent on the membrane electric potential.  

Active transport mechanisms require energy. Two types of active transport systems exist, the primary 

active transport that depends on the recruitment of energy from metabolic processes, e.g. ATP hydrolysis 

or respiration events, and the secondary active transport that is coupled to the existence of 

electrochemical gradients of ions or protons [37]. According to the translocation of cargo molecules, 

secondary active transport can function as (i) an antiporter, when cargo (substrates and ions) cross the 

membrane in opposite directions, or (ii) a symporter, when two substrates (or substrate and ion) pass 

the membrane in the same direction [37, 39]. At the specificity and structural levels, it is known that 



11 

facilitators exhibit stereospecific substrate specificities and can function as monomeric proteins, whereas 

a great part of channels is organized in oligomeric structures [35]. 

Localized at the plasma membrane or in the membrane of organelles, membrane transporters are crucial 

components intervening in biochemical pathways [40]. The determination of its high-resolution 

three-dimensional (3D) structures is fundamental for a better understanding of many biological processes 

[41]. The characterization of these proteins is based on protein topology, α-helices or  -barrels, number 

of transmembrane segments (TMS), location of the N- and C-terminal ends, and subcellular location [42, 

43]. Several techniques are available for structure characterization (i) crystallographic, such as X-ray 

crystallography, electron microscopy, and nuclear magnetic resonance spectroscopy methods, (ii) 

homology-based for comparative protein modelling, homology modelling or protein threading methods, 

and (iii) the study of structure-function relationships of protein transporters [44-46]. The latter approach 

uses functional analysis of mutated templates of proteins. This has become a valuable tool for examining 

transporter structures in the cellular environment as well as a tool devoted to in vitro analysis  [47]. 

 

1.1.2 CARBOXYLIC ACIDS 
 

Carboxylic acids (CAs) are ubiquitous compounds that can be used by microorganisms as sole carbon 

and energy sources or final products or by-products of fermentative processes. Additionally, they are 

platform chemicals constituting primary building blocks commonly used in food and chemical industries 

[37, 48, 49]. CAs are described as organic acids with a carboxyl group associated (formula R-COOH), 

being R the monovalent functional group. They can be classified in mono-(1-COOH), di- (2–COOH), tri- 

(3–COOH) as well tetra-carboxylic acids (4-COOH) depending on the number of carboxyl groups 

associated with the short-chain fatty acids compound. Following deprotonation of the carboxyl group, the 

conjugate base turns into a carboxylate anion [36, 48]. As weak acids, CAs can dissociate partially into 

protons and carboxylates in solution. This level of dissociation is strongly dependent on the pKa and pH 

of the aqueous solution. At a pH value below the pKa of the acid, CAs are present predominantly on the 

undissociated form (R-COOH) as lipid-soluble substances, being able to cross the biological membrane 

by simple diffusion. At a pH value above the pKa of the acid, the charged anionic form predominates, 

requiring a transporter to cross the biological membrane [36]. 

 

1.1.2.1 YEAST CARBOXYLIC ACID TRANSPORTERS  

The first carboxylic acid transporter functionally characterized in yeast was the dicarboxylate transporter 

from K. lactis [50], later identified as being encoded by the KlJen2 [51]. The dicarboxylate transporter 
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Mae1 from Schizosaccharomyces pombe was the first carboxylate transporter coding gene cloned in 

yeasts [52, 53]. The Mae1 transporter has 10 TMSs and belongs to the Tellurite-resistance/Dicarboxylate 

Transporter (TDT) Family (TC 2.A.16), transports malate and maleic, malonic, oxaloacetic, and succinic 

acids (C4 di-CAs) by a proton-symporter mechanism, being expressed in cells grown on glucose. Mae1 

behaves both as an importer or an exporter, dependent on substrate and proton gradient over the plasma 

membrane [37, 52]. The first CA transporter system characterized in S. cerevisiae was a lactate-proton 

symporter shared by acetic, propionic, and pyruvic acids, repressed by glucose and inducible by the 

substrate [54, 55]. Since the permeability of the plasma membrane for lactic acid increases with the pH, 

the diffusion constant associated with the acid becomes higher following an increase of the extracellular 

pH [54]. The identification of JEN1, the gene encoding the lactate-proton symporter in S. cerevisiae was 

carried out by Casal’s group [55]. Jen1 has 12 TMSs and is a member of the major facilitator superfamily 

(MFS) and the sialate:H+ Symporter (SHS) family (TC 2.A.1.12.2), with specificity for lactate, pyruvate, 

acetate, propionate, and selenite [55, 56].  Later on, another carboxylate transporter was described by 

the same group, the Ady2 (TC 2.A.96.1.4), recently renamed as ATO1 (from acetate transporter ortholog) 

[57], that belongs to the Acetate Uptake Transporter (AceTr) family [58]. Ato1 has 283 amino acids 

arranged in 6 TMSs and is involved in the transport of acetate, formate, propionate, and lactate being 

also hypothesized its role on ammonia export [58, 59]. Two Ato1 homologs can be found in S. cerevisiae, 

Ato2 (former Fun 34), and Ato3, but their function is not solved [60, 61].  

Several homologs of the Jen1 and Ato1 were functionally characterized as membrane transporters in 

other organisms, presenting a broad range of specificities, including the transport of mono-, di- and 

tricarboxylic acids [27, 62, 63]. 

 

1.1.3 TRANSPORTER PROTEINS IN THE BIOTECHNOLOGICAL INDUSTRY 
 

Transporters play an important role in the biotechnology field. The expression of adequate transporters 

can improve substrate consumption rates and increase the range of substrates utilized by microbial cell 

factories [29, 64]. On the other hand, the export of newly synthesized CAs can decrease product toxicity 

and increase productivity levels. These are two relevant strategies for the improvement of biotechnological 

processes (Figure 2). 
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Figure 2. Schematic drawing of a microbial cell showing plasma membrane transporters 

involved in (1) substrate consumption and (2) metabolite export through the cell 

membrane. A to D represents the metabolic pathway, having A as a substrate D as a product. Initials 

stand for IN - intracellular space; OUT - extracellular space. 

 

The status of the CAs market was reviewed by López-Garzón and Straathof team (2014) and recently by 

De Jong and colleagues (2020) [65-67]. Organic acids can be divided into short-chain fatty acids (acetic, 

pyruvic, propionic, and butyric), hydroxy acids (functional group with an alcohol and carboxyl group; lactic 

acid and 3-hydroxypropionic), di-CAs (fumaric, malic, succinic, muconic, and glutaric), tri-CAs (acrylic, 

citric, isocitric, and gluconic) [48, 64]. At the industrial level, some organic acids are being produced as 

bio-based products by some major corporations. Such is the case of lactic acid, produced by Cargill and 

NatureWorks, 3-hydroxypropionic acid by Cargill/Novozymes and OPX/Dow Chemical, succinic acid by 

Myriant, DSM and BASF, and 1,4-butanediol, synthesized from succinic acid by Genomatica [64, 66, 68]. 

Fumaric, malic, and succinic acids are some of the dicarboxylic acids naturally produced by 

microorganisms. These CAs can be generated from abundant renewable biomass having a value-added 

as they are used as building-block chemicals in industry [64]. Along with dicarboxylic acids, there is also 

an increasing interest in tricarboxylic acids given its worldwide market demand. For instance, the global 

market for citric acid was 2.39 million tons in 2020 being used as a precursor for the most varied 

applications [64, 69, 70]. This market is expected to grow in the next years, with a compound annual 

growth rate (CAGR) of 4.0% in the forecast period of 2021-2026 reaching a volume of 2.91 million tons 

by 2026 [70]. In the long-term, the ultimate goal of the biotechnical industry is to efficiently produce these 

compounds via industrial fermentations. Table 1 outlines the current state of bioproduction of carboxylic 
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acids, the currently commercialized, ones under industrial development together with ones on a pilot 

scale. 

All the organic acids mentioned in table 1 correspond to a Technology Readiness Level (TRL) of 8 to 9 

which means that part of their production is in a stage of a first-kind commercial system with their 

manufacturing issues solved (system qualified) or in a fully commercial application with the product 

already available for consumers [71]. The manipulation of metabolic processes, fermentation conditions 

such as pH, substrate, and other medium components, can increase the product yield as well as its purity 

[64]. As previously mentioned, CAs exporters are crucial elements for cell factory optimization and there 

is an increasing demand for specific carboxylic acid membrane transporters. Also, an increasing 

knowledge of the mechanisms underlying CAs transport is essential to achieve an efficient biological 

production of these carboxylates, suitable for industrial production levels [29].  

 

 

Table 1. Bioproduction of organic acids at the industrial level. Overview of final products and 

microorganisms used as a platform for their production. Adapted from the EU commission report, 2015 

[71], Chen and Nielsen, 2016 [68], and De Jong et al., 2020 [66]. 

 

Carboxylic 
acids 

Structural formula Microorganism  Companies 

Acetic acid 

[Mono-CA] 

            

Gluconobacter frateurii 
Acetobacter ocidentalis 

Wacker; Sekag; Godovari 
Biorefineries Ltd; Zeachem  

Lactic acid 

[Mono-CA] 

 

Lactobacillus sp. Purac; Galactic; NatureWorks 

Saccharomyces cerevisiae  
Pichia kudriavzevii 

VTT; Cargill; BASF; Myriant; 
Corbion; NatureWorks; Galactic, 

Henan Jindan; BBCA 

Succinic acid 

[Di-CA] 

 

Saccharomyces cerevisiae  
Basfia succiniciproducens 

Escherichia coli 
Corynebacterium glutamicum 

DSM; Genomatica; BioAmber; 
Myriant; Succinity (joint venture 
from BASF/Corbion); Reverdia 

(Roquette) 

Citric acid 

[Tri-CA] 

 

Aspergillus niger 
Cargill; DSM; 

BBCA; Ensign; TTCA; 
RZBC 
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Biorefineries promote the development of a more sustainable economy, withal there are still some 

drawbacks to its full implementation. A SWOT analysis is outlined in figure 3 showing the strengths, 

weaknesses, opportunities, and threats within this topic. 

Figure 3. SWOT analysis for biorefineries. Combination of strengths, weaknesses, opportunities, 

and threats of using biobased production, adapted from De Jong et al., 2020 [66] and Spekreijse et al., 

2019 [72]. 

 

 

1.1.4 CHALLENGES AND PERSPECTIVES 
 

One of the major challenges of this work is to identify novel CAs exporters, as most of the transporters so 

far identified are CAs importers. As the export of these acids is a major limiting step for the production of 

CAs in the biorefineries, the identification of novel CAs exporters will certainly contribute to the 

development of this field. By using metabolic engineering tools allied to the expression of suitable 

- Adding value to the use of biomass 
- Maximizing biomass conversion efficiency 

minimizing raw material requirements 
- Production of a spectrum of bio-based 

products (food, feed, materials, chemicals) 
and bioenergy (fuels, power and/or heat) 

feeding entire bioeconomy 
- Biorefinery is not new, it builds on several 

areas from agriculture, food and 
pharmaceutical industries 

- Stronger focus on drop-in chemicals 
facilitating market penetration 

- Involvement of stakeholders for different 
market sectors (agriculture, forestry, energy, 

chemical) over full biomass value chain 
necessary 

- Most promising biorefinery 
processes/concepts not evident 

- Current/future market volumes/prices are 
not clear 

- Studying and concept development instead 
of real market implementation 

- Drop-in chemicals face difficult market 
penetration due to low oil prices 

- Strong demand from brand owners for biobased 
chemicals 
- Biorefineries can make a significant contribution to 
sustainable development 
- Challenging national and global policy goals, international 
focus on sustainable use of biomass 
- International consensus on the fact that biomass 
availability is limited meaning that raw materials should be 
used as efficiently as possible – i.e. development of multi-
purpose biorefineries in a framework of scarce raw 
materials and energy 
- International development of a portfolio of biorefinery 
concepts, including technical processes 
- Strengthening of the economic position of various market 
sectors (like agriculture, forestry, chemical and energy) 

- Economic change and volatility in fossil fuel prices 
- Fast implementation of other renewable energy 

technologies feeding the market requests 
- Bio-based products are assessed to a higher standard than 

traditional products (no level playing field) 
- Availability and contractibility of raw materials (for instance, 

climate change, policies, logistics) 
- (High) investment capital for pilot and demo initiatives 

difficult to find, and undepreciated existing industrial 
infrastructure 

- Changing governmental policies 
- Questioning of food/feed/fuels (indirect land use 

competition) and sustainability of biomass production 
- Goals of end-users often focused on single product 

Strengths Weaknesses 

Opportunities  Threats 

S W 

O T 
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membrane transporters, new and more efficient strains can be developed for the production of bio-based 

carboxylates [64, 73]. Increased knowledge in carboxylic acid transport is thus necessary to develop novel 

tools for cell factory optimization and increased production of these compounds [29]. The ability of yeasts 

to use and degrade a broad diversity of carbon sources and their natural ability to produce organic acids 

turns them into ideal microorganisms for the construction of future biorefineries. Over the last two 

decades, as aforementioned, M. Casal’s group has worked extensively on the transport mechanisms of 

CA and the identification of CA transporters. Two genes encoding CA permeases in yeast were identified 

in our group, namely Jen1 and Ato1. Other functional characterizations were also carried out at the level 

of intracellular signaling, endocytic trafficking, and protein turnover of these transporters [55, 74]. Besides 

these, other CA transporter homologs were characterized in Candida albicans (CaJen1 and CaJen2), 

K. lactis (KlJen1 and KlJen2), Debaryomyces hansenii (DH27, DH17, DH18, and DH24), Aspergillus 

nidullans (AcpA), and E. coli (SatP) and Methanosarcina acetivorans (AceP) [60, 75-79]. In this work, we 

will focus on the identification of novel transporters that belong to these and other transporter families, 

aiming at the identification of relevant transporters for the improvement of microbial cell factories.  

 

1.2 AIMS OF THE WORK 

This thesis aims at identifying new carboxylate transporters in yeasts and explore their biotechnological 

application for CA production. The work was focused on the structural and functional features of CA 

transporters for a better understanding of the mechanisms of transport that can be relevant to improve 

industrial microbe cell factories. 

The main objectives of this work are:  

- To screen novel plasma membrane transporter proteins for mono-, di- and tricarboxylic acids, such as 

acetic, lactic, fumaric, malic, succinic, and citric acids.  

- To characterize the structure of the target transporters using bioinformatic tools. 

- To study the kinetics, specificity, and energetics of the target transporters. 

- To unveil transporters that behave as exporters since they are key players in increasing the tolerance 

and productivity of organic acids in microbial cell factories.  

The final goal of this work is to contribute to the improvement of metabolic engineered strains to be used 

for industrial exploitation, aiming at the large-scale production of organic acids. Finally, the outcomes of 

this project are expected to provide novel insights for the biotechnology industry, through the utilization 

of membrane transporters in the microbial production of organic acids. 
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CHAPTER II 
 
Expanding the Knowledge on the Skillful Yeast Cyberlindnera jadinii 
 

ABSTRACT 
 

Cyberlindnera jadinii is widely used as a source of single-cell protein and is known for its ability to 

synthesize a great variety of valuable compounds for the food and pharmaceutical industries. Its capacity 

to produce compounds such as food additives, supplements, and organic acids, among other fine 

chemicals, has turned it into an attractive microorganism in the biotechnology field. In this review, we 

performed a robust phylogenetic analysis using the core proteome of C. jadinii and other fungal species, 

from Asco- to Basidiomycota, to elucidate the evolutionary roots of this species. In addition, we report the 

evolution of this species nomenclature over-time and the existence of a teleomorph (C. jadinii) and 

anamorph state (Candida utilis) and summarize the current nomenclature of most common strains. 

Finally, we highlight relevant traits of its physiology, the solute membrane transporters so far 

characterized, as well as the molecular tools currently available for its genomic manipulation. The 

emerging applications of this yeast reinforce its potential in the white biotechnology sector. Nonetheless, 

it is necessary to expand the knowledge on its metabolism, regulatory networks, and transport 

mechanisms, as well as to develop more robust genetic manipulation systems and synthetic biology tools 

to promote the full exploitation of C. jadinii. 
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2.1 INTRODUCTION 

 

The future of our society challenges researchers to find novel technologies to address global 

environmental problems, mitigate ecosystems’ damage, and biodiversity losses, as the current model of 

development based on natural resources exploitation is unsustainable. Exploring microorganisms for the 

production of platform chemicals constitutes an alternative approach to avoid the use of nonrenewable 

petrochemical-based derivatives. Developing applications for the industrial sphere using biological 

systems instead of classical chemical catalysts is the main focus of white biotechnology [1]. In 

microbial-based industrial processes, several features have to be addressed to obtain robust cell factories 

capable of achieving superior metabolic performances, such as the optimization of metabolic fluxes, 

membrane, and transporter engineering, and in-creased tolerance against harsh industrial conditions and 

toxic compounds [2]. In addition, specifications like the cost of feedstock, product yield and productivity, 

and downstream processing have to be taken in account to develop successful industrial approaches [1]. 

Withal the fact that Saccharomyces cerevisiae is by far the most relevant industrial yeast species, 

Cyberlindnera jadinii is an example of the so-called non-Saccharomyces yeasts [3] claiming for a place 

as a relevant contributor to the industrial biotechnological sector. The yeast C. jadinii is able to produce 

valuable bioproducts being an attractive source of biomass enriched in protein and vitamins. The richness 

of protein content, around 50% of dry cell weight, and amino acid diversity turn its biomass ideal as a 

source of protein supplement for animal feed and human consumption [4]. The high degree of tolerance 

to environmental changes occurring during fermentation turn C. jadinii an alternative to other established 

cell factory systems [5]. As a Crabtree-negative yeast, it has one of the highest respiratory capacity among 

characterized yeast species, being considered ideal for continuous cell cultures [6]. The Food and Drug 

Administration (FDA) attributed the “General Regarded As Safe” (GRAS) status to this yeast, recognizing 

it as safe and suitable for supplying food additives and dietary supplements for humans [5, 7-9]. The 

ability to produce relevant compounds, to grow in a wide range of temperatures, to use inexpensive media 

with high productivity levels turns it an industrially relevant microorganism [8, 10-12]. Recent efforts have 

developed C. jadinii molecular tools for metabolic engineering processes and the overexpression of 

proteins. In the past, the uncertainty of this yeast polyploidy, together with the lack of suitable selection 

markers and expression cassettes,  [10] delayed its widely use as cell factory. With this review, we intend 

to compile the existing knowledge on this yeast, that will allow the development of future strategies to 

strengthen the role of C. jadinii in the biotechnology sector. We start by reviewing the nomenclature of 

this species, altered several times over time. An update on the current nomenclature of the most relevant 
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strains is also presented. We establish the evolutionary relationship of C. jadinii within other fungi with a 

complete genome available. The most relevant morphological and physiological traits are also here 

described, together with the genetic manipulation tools and expression systems currently available. 

Moreover, we present a summary of all the plasma membrane transporter systems so far characterized 

in this yeast, as they are key-players for cell factory optimization. Finally, we will focus on the 

biotechnological potential of this yeast and highlight the future challenges to achieve the full exploitation 

of this industrially valuable microorganism. 

 

2.2 ECOLOGY, TAXONOMY AND EVOLUTION 

 

The natural environment of Cyberlindnera jadinii is still an open question. It is thought that it may be 

associated with the decomposition of plant material in nature, as it is able to assimilate pentoses and 

tolerate lignocellulosic by-products [3], displays great fermentative ability, and is copiotrophic [13]. The 

current laboratory strains were isolated from distinct environments, namely, from the pus of a woman 

abscess (CBS 1600/NRRL Y-1542), a cow with mastitis (CBS 4885/NRRL Y-6756), a yeast deposit from 

a distillery (CBS 567), yeast cell factories (CBS 621), and flowers (CBS 2160)  [5-9, 12]. The extensive 

nomenclature revisions of this species are well described in “The tortuous history of Candida utilis” by 

Barnet [14]. In 1926 this yeast was isolated from several German yeast factories, which had been 

cultivated without a systematic name during the time of World War I for food and fodder [14]. It was first 

named “Torula utilis”, being later referred to as Torulopsis utilis (1934). The “food yeast” was also 

designated as Saccharomyces jadinii (1932), Hansenula jadinii (1951), Candida utilis (1952), Pichia 

jadinii (1984), and Lindnera jadinii (2008) [12, 14-16]. From the aforementioned, C. utilis was the 

nomenclature most commonly used, having almost 1000 published papers in PubMed (results available 

at: https://pubmed.ncbi.nlm.nih.gov/?term=%22candida+utilis%22; Accessed October 16, 2020). The 

Candida genus comprised species that form pseudohyphae or true hyphae with blastoconidia, among 

other standard characteristics [17-19]. In the classification system implemented in 1952 by Lodder and 

Kreger van Rij, the Candida genus included yeasts that produce only simple pseudohyphae [14]. At that 

time, the majority of the isolates was renamed as C. utilis [18]. Later, the C. utilis was established as an 

asexual state of a known ascosporogenous yeast, Hansenula jadinii, as it was found to share some 

similarities between phenotypic traits [20]. In 1984, even though concurring with a publication of an 

extensive chapter of the genus Hansenula, Kurtzman moved most of the Hansenula species to the Pichia 

genus, due to their “deoxyribonucleic acid relatedness.” Thus, C. utilis was renamed Pichia jadinii. A 
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quarter of a century later, this yeast species was again renamed as Lindnera jadinii based on analyses of 

nucleotide sequence divergence in the genes coding for large and small-subunit rRNAs [12]. Species 

integrated into the Lindnera differ considerably in ascospore morphology ranging from spherical to hat-

shaped or Saturn-shaped spores. In addition, this clade includes both hetero- and homothallic species 

and physiological features as fermenting glucose and assimilating a variety of sugars, polyols, and other 

carbon sources are defining characteristics of the Lindnera genus [12]. Finally, 1 year later, the genus 

Lindnera was replaced by Cyberlindnera, as the later homonym defined a validly published plant genus 

[15]. This substitution occurred in 21 new species, including Cyberlindnera jadinii [15]. In summary, any 

of the aforementioned nomenclatures reported in the literature may refer to the same organism since 

C. utilis is the anamorph state and C. jadinii the teleomorph state [14]. The anamorph represents the 

asexual stage of a fungus contrasting with the teleomorph form that defines the sexual stage of the same 

fungus [21]. The primary name of a species relies on the sexual state or teleomorph, but a second valid 

name may rely on the asexual state or anamorph [22]. However, this should only happen when 

teleomorphs have not been found for a specific species or it is not clear if a particular teleomorph is the 

same species as a particular anamorph. Accordingly, since 2013, the International Botanical Congress 

states that the system for allowing separate names for the anamorph state should end [23]. The new 

International Code of Nomenclature for algae, fungi, and plants, the Melbourne Code, supports the 

directive that fungal species or higher taxon should be assigned with a single valid name. Accordingly, 

anamorph yeast genera like Candida should be revised to turn the genus consistent with phylogenetic 

affinities [19]. Notwithstanding, the reclassification of several C. utilis as C. jadinii in several culture type 

collections is still confusing, reaching a point where the same strain is designated as C. utilis and C jadinii 

in different culture type collections. This aspect, together with the previous nomenclatures used in 

research papers, leads to unnecessary misunderstandings. To clarify this, Table 1 presents the alternative 

designations of the main laboratory strains. 
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Table 1. Main C. jadinii (former C. utilis) strains described in literature 

Nomenclature in  
Literature 

Current Nomenclature Isolation Source Reference 

Candida utilis 
NBRC 0988 

C. jadinii ATCC 9950; CBS 5609; DSM 2361; NBRC 
0988; 

NCYC 707; NRRL Y-900 

Yeast factory in  
Germany 

[24] 

C. utilis ATCC 9256 a  
C. jadinii NRRL Y­1084; CBS 841; CCRC 20334; DSM 

70167; NCYC 359; VKM Y­768; VTT C­79091 
Unknown [25, 26] 

C. utilis ATCC 9226 a  
NBRC 1086 

C. jadinii VTT C-71015; FMJ 4026; NBRC 1086 Unknown [25, 27, 28] 

C. utilis IGC 3092 C. jadinii PYCC 3092; CBS 890; VKM Y-33 Unknown [29-31] 

C. utilis CCY 39-38-18 C. jadinii CCY 029-38-18 b Unknown [32] 

C. utilis NCYC 708 
C. jadinii NCYC 708; ATCC 42181; CBS 5947; VTT C-

84157 
Unknown [33] 

C. utilis CBS 4885 
NRRL Y-6756 

C. jadinii CBS 4885; NRRL Y-6756; NBRC 10708 Cow with mastitis [34] 

C. utilis CBS 567 
NRRL Y-1509 

C. jadinii CBS 567; NRRL Y-1509 
Yeast deposit in  

distillery 
[34] 

C. utilis CBS 2160 C. jadinii CBS 2160 
Flower of 

Taraxacum sp. 
[34] 

C. utilis CBS 621 
C. jadinii CBS 621; NRRL Y-7586; ATCC 22023; PYCC 

4182 
Yeast factories [35] 

C. utilis CBS 1600 C. jadinii CBS 1600; NRRL Y-1542; ATCC 18201 
Pus of a woman  

abscess 
[16] 

a This strain has been discontinued in ATCC. 
b The strain number reported in the literature is not available in the Culture Collection of Yeasts (CCY), all C. jadinii 
strains are registered as 029-38-XX, including C. jadinii 029-38-18, the likely match to CCY 39-38-18. 

 

C. jadinii belongs to the phylum Ascomycota, subphylum Saccharomycotina. The members of this 

subphylum constitute a monophyletic group of ascomycetes that are well defined by ultrastructural and 

DNA characteristics [13]. These include lower amounts of chitin in overall polysaccharide composition at 

cell walls, being unable to stain with diazonium blue, low content of guanine and cytosine (G + C < 50%) 

at nuclear DNA, and presence of continuous holoblastic bud formation with wall layers. C. jadinii belongs 

to the Saccharomycetes class, Saccharomycetidae family, Saccharomycetales order, and the 

Cyberlindnera genus. However, a comprehensive phylogenetic analysis and evolutionary relationship are 

still missing for this species [36-38]. Aiming at filling this gap, we performed a robust phylogeny 

reconstruction [36, 39-41]. As can be depicted in Figure 1, this yeast localizes in the Phaffomycetaceae 

clade together with Cyberlindnera fabianii and Wickerhamomyces ciferri. The nearest neighbors belong 

to the Saccharomycetaceae family, which includes a clade with S. cerevisiae/Torulaspora delbrueckii 

species and another clade with Eremothecium gossypii (former Ashbya gossypii), Kluyveromyces 

lactis/marxianus, and Lachancea species. 
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Figure 1. Evolutionary relationship of Cyberlindnera jadinii, a member of the 
Phaffomycetaceae clade. The phylogenetic reconstruction was obtained using the following 
parameters: maximum likelihood in IQ-TREE (http://www.iqtree.org), the model of amino acid evolution 
JTT (Jones-Taylor-Thornton), and four gamma-distributed rates. Homologues were detected for 1567 
proteins across the proteome of 77 selected fungal species from NCBI. The 1567 set of proteins were 
aligned and then concatenated in order to use in the phylogenetic analysis. These proteins offer a clear 
high-resolution evolutionary view of the different species, as they are essential proteins beyond the specific 

http://www.iqtree.org/
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biology of the different yeasts. Bootstrapping provided values of 100% for all the nodes. Yeast and fungi 
families are highlighted with different colors and shades. The phylogenetic relationships reflect evolutionary 
ancestries, independently of adaptations and overall gene contents within the various species. All families 
with more than one representative species in the analyses formed monophyletic groups. 
 

Despite the previous genus nomenclature adopted for C. jadinii (Candida and Pichia), it is phylogenetically 

distant from the Debaryomycetaceae and Pichiaceae families that include the Candida species, except 

C. glabrata, the Pichia kudriavzevii, and Ogataea species. Komagataella phaffi is as expected included in 

the Pichiaceae clade, together with Komagataella pastoris [36, 40]. The 

Trichomonascaceae/Dipodascaceae clade, formerly known as the Yarrowia clade, includes now the 

Sugiyamaella lignohabitans species together with Yarrowia lipolytica, and is the most distant yeast clade, 

except for the Schizosaccharomycetaceae that clusters with all the Basiodiomycota. The filamentous fungi 

Neurospora crassa and Fusarium graminearum are in different clades as members of the Sordariaceae 

and Nectriaceae clades, respectively [40]. In addition, in the Sordariaceae clade, the phylogenetic position 

of Thermothelomyces thermophila species (Myceliophthora thermophila) was uncovered [39, 42]. 

 

2.3 LIFE CYCLE AND GENOME ORGANIZATION 

 

Kurtzman and colleagues proposed C. jadinii as the teleomorphic parental species of C. utilis, due to the 

85% reassociation rate obtained between genomic DNA of the two yeast species and to the high 

similarities of ribosomal RNA sequences [20, 34]. The formation of ascospores allied with genomic 

sequencing data confirmed the diploidy of C. jadinii NRRL Y-1542 strain and the identification of MATa 

and MATα genes allelic locations [20, 37]. Ikushima et al. studied the polyploid of several C. utilis strains 

(NBRC0396, 0619, 0626, 0639, 0988, 1086, and 10707) detecting an overall ploidy switching between 

2n and 5n [43]. Later, Kondo and colleagues inferred, through the analysis of C. utilis ATCC 9950 

transformants the presence of a diploid state, although some years later, the sequential disruption of the 

URA3 and PDC1 locus suggested the tetraploidy of this strain [25, 43, 44]. A fluorescence-activated cell 

sorting analysis pointed out a ploidy of 3n to 5n in this latter C. utilis strain, following the aforementioned 

data by Ikushima et al.[16, 43]. Furthermore, a single nucleotide polymorphism analysis suggested that 

the C. utilis NBRC0988 genome was triploid Overall, these results suggested that C. utilis has derived 

from the parental yeast C. jadinii through triploidization pursuing an unexplained sequence of genetic 

events [16].  
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Recently, Krahulec and colleagues analyzed the C. utilis CCY 39-38-18 genome ploidy through the 

evaluation of the maltase gene copy number in deleted mutants, pointing out the tetraploidy of this strain 

[32]. Despite the existing ploidy variation, the diploid state of C. jadinii impelled its genetic manipulation 

and subsequent utilization in the biotechnological industry [16, 37]. Table 2 summarizes the genetic 

features of the C. jadinii strains sequenced so far [24]. Although the GC-content is quite similar, the 

genome size is different among the distinct strains evaluated (Table 2). When compared to S. cerevisiae, 

C. jadinii has an increased genome size and higher GC-content. The genomic features of C. jadinii strains 

are different from two closed phylogenetic species Wickerhamomyces ciferrii and Cyberlindnera fabianii 

that, respectively, contain a G-C ratio of 30.4% and 44.4%, genome sizes of 15.9 and 12.3 Mb, and a 

total of 6702 and 5944 CDS [45, 46]. 

Table 2. Genomic features of three C. jadinii strains and the reference S. cerevisiae strain S288c. 

Components 

Cyberlindnera jadinii Strains 
Saccharomyces 

cerevisiae S288c NBRC 0988 CBS 1600 NRRL Y-1542 

NCBI assembly 
reference 

GCA_000328385.1 GCA_001245095.1 GCA_001661405.1 GCA_000146045.2 

Assembly level Chromosomes Scaffold Scaffold Complete genome 

Genome size 14.3 Mb 12.7 Mb 13.0 Mb 12.2 Mb 

Genes a 8864 5566 6184 6002 

No of scaffolds b 1002 7 76 17 

Scaffold N50 b 189,765 2,123,196 700,888 924,431 

No. of contigs b 1163 91 392 17 

Contig N50 (bp) b 158,681 287,918 111,555 924,431 

No. of chromosomes 13 – – 16 

GC-content (%) 44.7 44.5 44.6 38.3 

Total of CDS a 8646 5057 6032 5771 

Gene annotation [24] [16] [37] [47, 48] 
a Total number of predicted genes and protein-coding genes (CDS) are taken from original publications or subsequent 

annotations. b Data retrieved by Joint Genome Institute (JGI)—Integrated Microbial Genomes & Microbiomes system 

(https://img.jgi.doe.gov/). 

 
 

Among the genomic indicators presented here, the genome size and predicted/protein-coding genes 

seem to be strain dependent, whereas the GC-content is species independent, which is in accordance 

with the previously reported ploidy variations. Some differences were also detected among C. jadinii 

strains considering their specific genetic features, namely, the NBRC 0988 strain has 6417 predicted 

open reading frames (ORFs) comprising 16 unique ORFs [5, 10, 24], whereas the CBS1600 strain has 
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5689 ORFs, including 64 unique ORFs [10]. In 2015, Rupp and colleagues revealed a close haploid 

consensus sequences sizes, 12.7 Mbp for C. jadinii and 12.8 Mbp for C. utilis with an overall sequence 

identity of 98% [16].  

 

2.4 MORPHOLOGY AND PHYSIOLOGY 

 

The C. jadinii microscopic view provided by Kurtzman et al. (2011) has shown the diversity of cell shapes 

and sizes [20, 34] after 10–30 days at 25 °C in 5% Malt Extract Agar media. The cell patterns of C. jadinii 

CBS 1600 varied from ellipsoidal to elongated occurring in single cells or in pairs. Some pseudohyphae 

forms were also detected with diameter balanced between (2.5–8.0) and (4.1–11.2) µm. Figure 2 shows 

C. jadinii DSM 2361 strain cultivated on YPD or Malt Extract Agar media for 3 (A and C) and 12 days (B 

and D) at 30 °C. 
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Figure 2. C. jadinii DSM 2361 morphological traits. Microscopic photographs of C. jadinii cells 
after 3 days (A) and 12 days (B) of growth at 30 °C on yeast extract-peptone-dextrose media. Scale bars 
are 5.0 µm. Macro-morphological features of C. jadinii after 3 days of growth in YPD (C) and Malt Extract 
Agar (D) media, at 30 °C. 
 

The colonies are white, round, with a smooth texture, an entire margin, and a convex elevation trait (C 

and D). Cells present an ellipsoidal to elongated form, with a diameter between 5 and 7.5 µm (A and B). 

Yeast cell morphology can be tightly influenced by the environment. These modifications can affect the 

fermentation performance by inducing rheological changes that can influence mass and heat transfer 

alterations in the bioreactor [49]. However, in a study performed by Pinheiro et al. (2014), the CBS 621 

strain cultured in a pressurized-environment triggered with 12 bar air pressure presented no significant 

differences in cell size and shape [35]. C. jadinii is a homothallic species and forming hat-shaped 

ascospores that can be present in a number of one to four in unconjugated deliquescent asci [34]. 

Cyberlindnera species can assimilate several compounds, namely, sugars and organic acids. The robust 

fermentation characteristics of C. jadinii allow growth in a diversity of substrates from biomass-derived 
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wastes, including hardwood hydrolysates from the pulp industry, being able to assimilate glucose, 

arabinose, sucrose, raffinose, and D-xylose [8-10, 50]. As previously mentioned, C. jadinii is a Crabtree-

negative yeast, reaching higher cell yields under aerobic conditions [51-53] than Crabtree-positive 

species. The Crabtree-negative effect favors the respiration process over fermentation, enabling the 

development of phenotypes relevant for protein production [54]. This species has a high tolerance to 

elevated temperatures, being able to grow in a broad spectrum of temperatures from 19 to 37°C [37] 

and to tolerate long-term mild acid pHs (~3.5) [55]. Another relevant property is the ability to release 

proteins to the extracellular medium [56]. Significant lipase and protease content were achieved using a 

wild C. jadinii strain isolated from spoiled soybean oil, using solid-state fermentation [57, 58]. C. jadinii 

assimilates alcohols, acetaldehyde, organic acids, namely, monocarboxylates (DL-lactate), dicarboxylates 

(succinate), and tricarboxylates (citrate), sugar acids (D-gluconate), and various nitrogen sources 

comprising nitrate, ammonium hydroxide, as well as amino acids [8, 10, 12, 37]. A set of metabolic 

advantages, as the high metabolic flux in TCA cycle, the great amino acid synthesis ability, and strong 

protein secretion turns C. jadinii a yet underexplored host for bioprocesses. An incomplete understanding 

of genetics, metabolism, and cellular physiology combined with a lack of advanced molecular tools for 

genome edition and metabolic engineering manipulation of C. jadinii hampered its development for cell 

factory utilization. 

 

 

 

2.5 MOLECULAR TOOLS FOR C. JADINII MANIPULATION 

 

The genetic manipulation of C. jadinii has enabled the heterologous expression of various genes, resulting 

in the improvement of metabolic traits targeted for the optimization of exogenous product formation [8, 

10, 44, 56]. The establishment of genetic transformation methods allowed the efficient production of 

enzymes, carotenoids compounds, and organic acids such as L-lactic acid [44, 56, 59, 60]. The  

development of an integrative transformation vector for the C. jadinii ATCC 9226 and C. utilis ATCC 9256 

strains relied on a gene encoding a mutated ribosomal protein L41, conferring cycloheximide resistance 

as a dominant selection marker [25]. Dominant markers were used for cell transformation of aph, hph, 

nat, and ble genes, conferring resistance to G418, hygromycin B, nourseothricin, or zeocin, respectively, 

and the endogenous gene YAP1, conferring cycloheximide resistance [56, 60-62]. A multiple gene 
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disruption method based on the Cre-loxP system allowing the reuse of selection markers was developed 

for C. jadinii NBRC0988 [43]. Auxotrophic ura3 strains were transformed with the expression vectors 

further integrated in the rDNA locus or in other chromosomal loci (e.g., TDH3). Single-plasmid integrations 

were reported for the TDH3 and HIS3 loci [16, 25, 56] as well as multiple plasmid integrations for the 

rDNA and URA3 loci for the expression of heterologous genes in high copy number (up to 90 copies) [63]. 

High plasmid stability was observed mainly for integrations into the URA3 and HIS3 loci, in contrast to 

the integrations in the rDNA, while integrations at the TDH3 locus were reported to be both stable and 

unstable [56, 64, 65]. Two chromosomal autonomously replicating sequences (ARS) were uncovered in 

C. jadinii ATCC 9226 and C. utilis ATCC 9256. Six plasmids harboring these ARS were obtained using a 

G418-resistance marker. The low copy number plasmids pCARS6 (CuARS1 region) and pCARS7 (CuARS2 

region) presented the highest transformation efficiency [26]. A set of promoters were also explored to 

promote an efficient expression in C. jadinii, the TDH3, homolog of TDH3 from S. cerevisiae, encoding 

glycerol-3-phosphate dehydrogenase, as well PGK1 and PDC1 promoters from C. jadinii NBRC0988 

encoding the phosphoglycerate kinase and pyruvate decarboxylase, respectively [44, 64]. Furthermore, 

Kunigo et al. identified the highly xylose-inducible, glucose-repressed promoters of XDH1 and GXS1 genes, 

encoding a NAD-xylitol dehydrogenase and glucose/xylose symporter, respectively [56]. Promoters of the 

genes encoding the plasma membrane ATPase Pma1, Rpl29/Rpl31 ribosomal proteins, and Rpl41, as 

well as P14/P57 promoters from unknown chromosomal loci were used for the production of valuable 

products for the food industry, namely, for the secretion of heterologous proteins [25, 66-68]. CRISPR-

Cas9 has quickly become the preferred targeted genome-editing technology for the genetic manipulation 

of yeasts [69], being extensively used in S. cerevisiae. The adaptation of the type II CRISPR/Cas system 

has been successfully used for the genetic manipulation of non-Saccharomyces species, such as 

Y. lipolytica, K. pastoris, K. lactis, Schizosaccharomyces pombe, and some pathogenic yeast species, 

such as Candida albicans and Cryptococcus neoformans [70, 71]. Recently, a patent application reported 

the development of a CRISPR/Cas9 system that was applied to knock out and insert exogenous genes in 

C. jadinii ATCC 22023 [72] . This strategy also uncovered the triploidy of this strain. 
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2.6 EMERGING BIOTECHNOLOGICAL APPLICATIONS 

 

2.6.1 THERAPEUTIC APPLICATIONS 
 

Being an edible yeast, C. jadinii has the potential to target the gastrointestinal tract in humans and animals 

[10, 55]. C. jadinii’s robust growth characteristics including insensitivity to low pH and temperatures up 

to 40 °C, allow its transit in the gastrointestinal tract without losing viability [55, 73]. Additionally, like 

other food constituents, intact/partially degraded C. jadinii cells may adhere to M cells in the small 

intestine. Upon this, they are translocated to antigen-presenting cells of Peyer’s plaques or to other 

lymphoid tissue connected with the gastrointestinal tract [74, 75]. The ingestion of engineered C. jadinii 

cells, carrying a myelin oligodendrocyte glycoprotein antigen on its surface, promoted tolerance to 

self-antigens in a mouse model of the autoimmune multiple sclerosis (MS) disease [76]. C. jadinii cells 

expressing the immunodominant MOG35–55 epitope of a myelin protein on their surface, fused with the 

native fungal Gas1 cell wall protein, prevented the typical MS symptoms in this animal model [76]. The 

cell surface display of antigens by C. jadinii seems to modulate immune responses, either by suppression 

to combat autoimmune disease or through immune stimulation, enabling the creation of edible vaccines 

[73, 76, 77]. C. jadinii cells were also applied as probiotic agents against fungal infections (particularly 

oral candidiasis) as an antagonist to the relevant human fungal pathogens Candida albicans (strains 

SC5312, 10341, and GDH2346), Aspergillus sp., and Fusarium sp.  [73]. The unidentified toxins secreted 

by C. jadinii act as antagonistic compounds conditioning the growth, systemic invasion, and disease 

caused by these fungal pathogens. Buerth et al. [10] reported the role of C. jadinii and also W. farinosa 

as antagonistic agents against C. albicans by inhibiting its growth and morphogenesis, proposing their 

exploitation for the formulation of new prebiotic compounds and strategies to tackle candidiasis. C. jadinii 

was also described to secrete heterologous proteins into the growth medium, including lipase B from 

Candida antarctica (CalB) [56]. The signal sequence of the enzyme invertase, one of the most 

predominant proteins of the C. jadinii secretome, allowed high secretion levels of recombinant CalB [5]. 

Lipases have a great potential application in substitution therapies, where metabolic deficiency is 

overcome by external administration of these enzymes in diseased conditions [78]. Furthermore, lipase 

activity can go from activation of tumor necrosis factor, having a relevant role over the treatment of 

malignant tumors, to the treatment of gastrointestinal disturbances, digestive allergies, or dyspepsias 

[78]. In addition, CalB is involved in enzymatic resolutions, desymmetrization, and aminolysis events with 

application in not only pharmaceutical but also biotech industry, having a role in polymer production [78, 
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79]. C. jadinii is also able to synthesize (R)-phenylacetylcarbinol (L-PAC), the pharmaceutical precursor 

for L-ephedrine and pseudoephedrine, relevant compounds used in the treatment of nasal congestion 

[80-83]. The function of 30 ATP-binding cassette transporters (ABC) transporters was studied by the 

amplification of predicted C. jadinii gDNA ORFs. The function of putative multidrug efflux pumps was 

evaluated by heterologous expression in S. cerevisiae ADΔ, a strain disrupted in seven of its major 

multidrug efflux pumps: Pdr5p, Pdr10p, Pdr15p, Snq2p, Pdr11p, Ycf1p, and Yor1p [84]. This strategy 

uncovered the mechanism of action of CjCdr1, C. jadinii’s closest homolog of the multidrug efflux pump 

C. albicans Cdr1. The characterization of C. jadinii multidrug efflux systems can turn C. jadinii into an 

appealing host for the development of novel antimicrobial agents [85], as it is imperative to understand 

the structure, function, and expression of multidrug efflux pumps in order to develop optimal novel 

antimicrobial agents. 

 

 

 

2.6.2 BIOPRODUCTION OF VALUABLE COMPOUNDS USING COST-EFFECTIVE CARBON 

SOURCES 
 

Recombinant C. jadinii strains were developed for the production of a variety of compounds from food 

supplements such as vitamins (biotin) [86], carotenoids (lycopene, β-carotene, and astaxanthin) [60, 68], 

to proteins (α-amylase, monellin) [64], antioxidant glutathione [87], polysaccharides (glucomannan) [88, 

89], organic acids (L-lactic acid) [44, 59],  and ribonucleic acids [5, 24]. Additionally, the production of 

secreted enzymes such as invertase and phospholipase B (NBRC 1086 strain) [27, 28] was also explored. 

Cells of C. jadinii DSM 2361 were successfully engineered for the secretion of Penicillium simplicissimum 

xylanase (PsXynA) to the culture medium [65] allowing cells to grow on xylan as the sole carbon source. 

Cells expressing the xylose reductase from Candida shehatae and the native xylitol dehydrogenase, in 

combination with further multiple site-directed mutations in coenzyme binding sites, resulted in the 

highest titer of 17.4 g/L of ethanol from 50 g/L of xylose in 20 h [90]. Organic acids present in industrial 

waste streams (e.g., acetic acid, propionic, or butyric acid) have been demonstrated to be suitable 

substrates for biomass production, reaching biomass yields varying from 30% to 40% in batch cultures, 

while in continuous cultures, an average of 44–55% was achieved [91, 92]. Despite its already important 

role as an industrial microorganism, further developments are still necessary to fully explore the 

biotechnological potential of this yeast. 
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2.6.3 INDUSTRIAL APPLICATIONS - A PATENT-VIEW  
 

In recent years, the applications of C. jadinii were extended to cosmetic and health care products and to 

the chemical-process industry for the production of chiral chemicals, as well as for agriculture and wine 

making. In this last application, C. jadinii yeast was used in the production of loquat wine, being introduced 

after S. cerevisiae fermentation to reduce acid content and enhance the aroma [93, 94]. It is also used 

in another fermentation process, for the production of an alcohol-free fruit wine rich in lovastatin  [95]. In 

the cosmetic industry, a β-D-glucan polysaccharide produced by C. jadinii was applied in formulations of 

several products, i.e., body lotions [96], sunscreen cream [97], facial cleanser [98], toner [99], eye cream 

[100], shampoo [101], body wash [102] and hand-care cream [103].This bioproduct is mainly added for 

its properties as a moisturizing agent and for conferring oxidation and radiation resistance. C. jadinii was 

also used for the efficient production of a recombinant uricase, active in humans and with greater stability 

and/or activity than naturally occurring enzymes [104]. This enzyme can be used for the treatment of 

hyperuricemia-related diseases or other human pathological symptoms. Considering the chemical 

industry, the bioproduction of methyl fluorophenyl methyl propionate was achieved with a developed 

reduction method using C. jadinii as a biocatalyst [105]. The obtained chemical, (2S,3S)-3-(4-

fluorophenyl)-3-hydroxy-2-methyl methyl propionate, is reported to be produced in high yield and with a 

high level of the enantiomeric excess rate. The wide applicability of this chiral building-block chemical can 

go from the synthesis of chiral drugs, fine chemicals to pesticides [105]. In agriculture, a consortium of 

strains that include C. jadinii was incorporated in an organomineral granular fertilizer containing among 

other components fulvic acid, and a natural mineral component (activated natural siliceous zeolite-

containing rock). Its properties allow the reduction in the amount of fertilizer introduced in the soil with a 

prolonging action improved [106]. As C. jadinii is capable of efficiently converting a cadmium form from 

contaminated soil, it is now being proposed for soil bioremediation [107]. In addition, a microbial soil 

conditioner for lithified soil was also developed involving a C. jadinii strain along with Bacillus megaterium, 

Bacillus subtilis, Rhodopseudomonas palustris, and Azotobacter chroococcum species. The full 

interaction among the aforementioned strains was claimed to improve the soil ecological environment 

and alter the soil lithiation event, thereby contributing for the purpose of turning the soil suitable for 

farming [108]. 
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2.7 MEMBRANE TRANSPORTERS CHARACTERIZED IN C. JADINII  

 

The production of biocompounds in high yields requires the optimization of several processes, including 

membrane transport of solutes to improve the entrance of substrates in the cell, exchange of products 

within cell organelles, and the efflux of metabolites to the extracellular medium, increasing the cell’s 

tolerance to toxic final products, and decreasing downstream processing costs [109]. In C. jadinii, several 

plasma transporters were physiologically or genetically characterized (Figure 3). 

In this yeast, copper (Cu2+) transport is biphasic, energy-dependent, and relatively specific. Uptake is 

inhibited completely by 2,4-dinitrophenol (DNP), but carbonyl cyanide m-chlorophenylhydrazone (CCCP) 

had relatively little effect (Figure 3A) [33, 110]. The uptake follows a Michaelis-Menten kinetic with mean 

values for Kt = 3.1 µM and Vmax, 0.5 nmol min−1 per mg (dry wt.) and has an optimal pH between 5 and 

5.5. No exchange of K+ for Cu2+ could be detected during Cu2+ uptake, and Cu2+ efflux from preloaded cells 

was not observed [33]. A high-affinity energy- and pH-dependent manganese (Mn2+) importer was reported 

in C. jadinii (Figure 3B) [111]. With an apparent half-saturation constant Kt of 16.4 nM and a Vmax of 1.01 

nmol min−1 mg−1 dry wt., this transporter was shown to be highly specific for Mn2+ uptake. Efflux studies 

demonstrated that the metabolic exchange of labeled 54Mn occurred to a small extent, being unaffected 

by a 100-fold molar excess of Mg2+, Zn2+, Ca2+, Co2+, Ni2+, and Cu2+, but inhibited 30–40% by a 1000-fold 

molar excess of Mg2+, Zn2+, Ca2+, Co2+, Ni2+ [110, 111]. The zinc uptake-system described in C. jadinii is 

energy-dependent and apparently unidirectional as no exchange occurs between intracellular 

accumulated 65Zn and cold external Zn2+ (Figure 3C) [112]. This transporter exhibits a high-affinity for Zn2+ 

(Km = 0.36 μM) with a Vmax of 2.2 nmol min−1 per mg dry wt. of cells. The regulation of zinc homeostasis 

occurs either by altering the levels of a cytoplasmic zinc-sequestering macromolecule or by inhibition of 

zinc efflux through a membrane carrier [112-114]. The saturable and unidirectional sulfate transporter 

(Figure 3D) is pH-, temperature-, and energy-dependent with a Km of 1.43 mM, being competitively 

inhibited by molybdate, selenate, thiosulfate, chromate, and sulfite [115, 116]. The activity of this sulfate 

transporter is controlled by the pool of external sulfur compounds as well as by the mitochondrial 

metabolism [116]. The proton-symporter for nitrate (Figure 3E) is repressed by ammonium [117-119]. 

Ali and Hipkin [118] reported that the addition of 1, 2, or 10 mM ammonium resulted in an inhibition of 

nitrate uptake close to 30%. Studies using 3,3′-dipropylthiadicarbocyanine, a fluorogenic probe used to 

detect and measure alterations in transmembrane potential, indicated that the proton-linked uptake of 

nitrate, amino acids, or glucose during energy metabolism tended to depolarize the plasma membrane 

of C. jadinii cells [117]. 
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Figure 3. Plasma membrane transporters functionally characterized in Cyberlindnera jadinii (A–L). The main metabolic pathways of yeast general metabolism are also presented. 
Symbols represent the specificities uncovered for each of the protein-system: drugs—pink star, amino acids—yellow pentagon, monocarboxylic acids—blue filled circle, dicarboxylic acids—rose 
filled circle, and tricarboxylic acids—green filled circle. I-IV corresponds to different transporter systems with the same type of substrate G-I: amino acid proton symporter; G-II: facilitated diffusion 
of L-methionine, L-glutamine, and L-leucine; J-I glucose proton-symporter; J-II glucose facilitated diffusion; L-I facilitated diffusion of the undissociated form of carboxylic acids (general permease); 
L-II monocarboxylate proton symporter; L-III dicarboxylate-proton symporter; L-IV tricarboxylate-proton symporter. Initials stand for Mg2+, magnesium; Mn2+, manganese; SO4

2−, sulfate; SO3
2−, sulfite; 

S2O3
2−, thiosulfate; NH4

+, ammonia; NO3
−, nitrate; Cu2+, copper; Zn2+, zinc; H+, proton; Gln, L-glutamine; Met, L-methionine; Leu, L-leucine; Arg, arginine; Lys, lysine; Gly, glycine; Glu, glutamate; 

Gcy1, glycerol dehydrogenase; Dak1, Dak2 dihydroxyacetone kinases; Pdhc, pyruvate dehydrogenase complex; Pdc, pyruvate decarboxylase; Ald, aldolase; Acs, acetyl-CoA synthetase; Acetyl-
CoA, acetyl coenzyme A; TCA cycle, tricarboxylic acid cycle; NAD+, reduced form from nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide; FADH, flavin adenine 
dinucleotide; FAD+, reduced form from flavin adenine dinucleotide; ATP, adenosine triphosphate; ADP, adenosine diphosphate; CO2, carbon dioxide; H2O, water. 
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An ammonia carrier (Figure 3F), revealed by spectrophotometry, presents a Km of 1.0 µM of NH4
+ 

[120]. Several amino acid proton-symporters (Figure 3G, I and II), namely, for arginine, lysine, glycine, 

and glutamate were uncovered in C. jadinii [121, 122]. A permease for L-glutamine (Km = 410 µM), a high 

(Km = 23 µM) and low-affinity (Km = 495 µM) transporter for L-methionine and a high (Km = 5.6 µM) and a 

low affinity (Km = 530 µM) for L-leucine were also described [123]. 

Thirty ABC transporters (Figure 3H) from different transporter subfamilies were found by homology 

search on the genome of the strain NBRC0988 [85]. The expression of the C. albicans Pdr1 homolog 

CjCdr1 in the S. cerevisiae ADΔ strain conferred resistance to geneticin (75 μg), micafungin (40 μg), and 

nystatin (500 μg). These two proteins present similar substrate specificity, although CjCdr1 is more 

resistant to Rhodamine 6G [85]. The C. jadinii aquaglyceroporin CjFps1 (Figure 3I) shares 38% of identity 

with the S. cerevisiae Fps1. The heterologous expression of CjFPS1 in a glycerol-consuming S. cerevisiae 

wild-type strain (CBS 6412-13A) promoted cellular growth improvement on glycerol as the sole carbon 

source [124]. 

Two different systems were found for glucose transport in C. jadinii, a proton-symporter and a 

facilitated diffusion (Figure 3J) [125-127], however, the respective genes remain unidentified. The high-

affinity proton-symporter presents a Km of 15 µM glucose, displays a stoichiometry of 1:1, and is partially 

constitutive, appearing in cells grown on gluconeogenic substrates such as lactate, ethanol, and glycerol. 

This transporter is repressed by high glucose concentration but is induced by glucose up to 0.7 mM 

[125], a behavior also found for the maltose-uptake system, indicating that both systems share a common 

glucose control pathway [125, 128]. Barnett and Sims (1976) proposed that the differences in glucose 

vs. maltose affinity can be due to allosteric mechanisms associated with a multimeric transporter or to 

the hysteretic behavior of a monomeric transporter [126], conditions that have not yet been solved as the 

correspondent genes(s) remain unidentified. The facilitated diffusion mechanism (Figure 3J-II) is found in 

cells growing on glucose at concentrations higher than 10 mM and presents complex kinetics of glucose 

transport whose Km oscillates between 2 and 70 mM [125, 128]. It was also reported that uric acid enters 

C. jadinii cells by the glucose-dependent active transport [129]. 

The low- and the high-affinity systems for D-xylose transport (Figure 3K) with Km values of 67.6 ± 3.2 

and 1.9 ± 1.2 mM, respectively, act as proton-symporters with distinct modes of regulation. The starvation 

of glucose-grown cells decreases the Km value of the low-affinity system (Km = 10.5 ± 2.6 mM) [130]. The 

high-affinity system found during starvation requires protein synthesis and is inactive when cells are 

exposed to glucose, through a process independent of protein synthesis. Glucose and acetic acid inhibited 

both the high- and low-affinity xylose transport systems [130].  
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Four mediated transport systems for organic acids are described in C. jadinii (Figure 3L) [29-31]. 

The monocarboxylate proton symport, shared by the L- and D-lactate (Km 0.06 mM), pyruvate (Km 0.03 

mM), propionate (Km 0.05 mM), and acetate (Km 0.1 mM) (Figure 3L-II) is active over a pH range of 3.0–

6.0, with an optimum of activity at pH 5.0 [29]. The dicarboxylate-proton symporter (Figure 3L-III) is 

shared by L-malate (Km 4.0 ± 0.5 µM), succinate (Km 0.03 ± 0.01 mM), fumarate, oxaloacetate, and α-

ketoglutarate [30, 31, 131]. The tricarboxylate-proton symporter (Figure 3L-IV) presents a Km of 0.056 

mM for citrate and is competitively inhibited by isocitric acid, while aconitic, tricarballylic, trimesic, and 

hemimellitic acids did not affect citrate uptake [30].  All these carboxylic acid transporters are inducible 

by the respective substrates, being subjected to glucose repression as well as by acid concentrations 

higher than 3% (w/v) [31]. ]. The facilitated diffusion for the undissociated form of the acids (Figure 3L-

I), which is likely to operate as a general organic permease, is active at pH below 5.0. It accepts mono-, 

di-, and tricarboxylates as well as glycine and glutamic acid [31, 132]. The following kinetic parameters 

were obtained at pH 3.0: (a) Vmax 0.516 nmol of malic acid s−1 per mg (dry wt. of cells) and Km 1.529 ± 

0.024 mM malic acid, (b) Vmax 0.585 nmol of succinic acid s−1 per mg (dry wt. of cells) and Km 1.789 ± 

0.089 succinic acid, and (c) Vmax of 1.14 nmol of s−1 per mg (dry wt. of cells) and Km of 0.59 mM citric acid 

[29-31]. Despite being functionally characterized for several years, the genes encoding these proteins 

remain to be identified [133]. Recently, our group identified six genes homologous to ScATO1 and six 

genes homologous to ScJEN1 (unpublished results). In S. cerevisiae, these two genes encode distinct 

monocarboxylate transporters [134, 135] and its homologs, present in bacteria, archaea and eukaryotes, 

are able to transport mono- and dicarboxylates [136-142]. The expression of membrane transporters 

allied to metabolic engineering tools is crucial to develop new and more efficient strains to produce 

bio-based compounds. Thus, increased knowledge of transporter proteins will enable the development of 

improved cell factories [109, 143, 144]. 

 

2.8 CONCLUSIONS AND FUTURE PERSPECTIVES 

 

As biotechnological applications expand, it becomes necessary to explore novel expression hosts as more 

efficient and robust microbial cell factories are demanded. Over the years, Cyberlindnera jadinii has been 

widely explored as a source of single-cell protein, having the ability to produce vitamins (e.g., biotin), 

organic acids (e.g., glutamate), and proteins (e.g., enzymes). The capacity to utilize and degrade a great 

variety of carbon sources and its natural ability to produce significant compounds make C. jadinii an 
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attractive microorganism for industrial applications [5, 7, 8, 10]. Additionally, several features turn this 

yeast an ideal platform for biotechnological processes, like the higher level of tolerance to changes 

occurring during growth and multiplication conditions [5, 55]. However, C. jadinii is still lagging behind 

when compared to other non-Saccharomyces yeasts, mainly due to the inexistence of extensive 

knowledge on its metabolism, regulatory networks, and transport mechanisms. The genomic 

characterization of several strains is also necessary to reveal the genetic features underlying the existing 

interspecies variability, particularly between its teleomorph and anamorph state. The potential of this 

yeast as a therapeutic agent is due to its already known antagonistic effects on human pathogens and 

utilization as a probiotic agent. Its protein secretion system is another attractive feature for the 

heterologous expression of soluble proteins. Nonetheless, only with the improvement of advanced genetic 

manipulation systems and the development of synthetic biology tools will the full exploitation of C. jadinii 

biotechnological potential be achieved. These and other advances will certainly allow C. jadinii to become 

a robust microbial cell factory in an expanding era of metabolite bioproduction. 
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CHAPTER III 
 
Membrane transporters in the bioproduction of organic acids: state of the art 

and future perspectives for industrial applications 

 

ABSTRACT 
 

Organic acids such as monocarboxylic acids, dicarboxylic acids or even more complex molecules such 

as sugar acids, have displayed great applicability in the industry as these compounds are used as platform 

chemicals for polymer, food, agricultural and pharmaceutical sectors. Chemical synthesis of these 

compounds from petroleum derivatives is currently their major source of production. However, increasing 

environmental concerns have prompted the production of organic acids by microorganisms. The current 

trend is the exploitation of industrial biowastes to sustain microbial cell growth and valorize biomass 

conversion into organic acids. One of the major bottlenecks for the efficient and cost-effective 

bioproduction is the export of organic acids through the microbial plasma membrane. Membrane 

transporter proteins are crucial elements for the optimization of substrate import and final product export. 

Several transporters have been expressed in organic acid-producing species, resulting in increased final 

product titers in the extracellular medium and higher productivity levels. In this review, the state of the 

art of plasma membrane transport of organic acids is presented, along with the implications for industrial 

biotechnology.  
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3.1 INTRODUCTION 

 

Organic acids are an essential group of platform chemicals produced by microbes. Most of the organic 

acids produced industrially are used in the food industry. Currently, the major source of production of 

these compounds is the chemical synthesis from petroleum derivatives. Nonetheless, several organic 

acids are already industrially generated via microbial cell-factories, including succinic, lactic, citric, 

gluconic and acetic acid [1]. Microbial production of organic acids comprises several membrane transport 

processes, mostly controlled by membrane proteins, namely substrate import, transport of metabolites 

between organelles and product export. These processes, critical for the bioproduction of organic acids, 

are the major topic of this review. 

 

3.2 MICROBIAL CELL FACTORIES IN THE PRODUCTION OF BIO-BASED ORGANIC 

ACIDS 

 

The global organic acids market was valued at 17 billion euros in 2016. The forecasts predict an annual 

growth of 8.3%, which should reach 30 billion euros by the year 2023 [2] with an impact in a broad range 

of industrial sectors (Figure 1). 

 

 

Figure 1. Annual production of organic acids according to market sector/application in 
2015 and estimated growth for 2024 (adapted from 
https://www.alliedmarketresearch.com/organic-acids-market). 
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The most significant contributions to this growth are the use of renewable resources, the rising market, 

and the growing demand from developing countries for bio-based organic acids. The industry of microbial 

organic acid production is under continuous development to increase cell factory productivity, yields and 

range of products. Along with classical strain engineering approaches and adaptive laboratory evolution 

(ALE) strategies, the development of recombinant DNA technology together with synthetic biology has 

allowed the rational engineering of organic acid-producing microbes. Meanwhile, beyond the classical 

industrial microbes, such as Escherichia coli, Saccharomyces cerevisiae and Corynebacterium 

glutamicum, we have witnessed the appearance of other species isolated from natural sources, displaying 

a high capacity to generate organic acids [3-5].  

 

3.2.1 MEMBRANE TRANSPORTERS AS TOOLS FOR THE IMPROVEMENT OF CELL FACTORIES 
 

Nowadays, most industrial microorganisms are metabolically engineered to produce specific products 

and/or to metabolize specific substrates. For decades, the transport mechanisms and energetics of these 

compounds were underestimated, and most attention was given to the engineering of metabolic 

pathways. Recently, the scientific community and biotech companies focused their efforts on transporter 

engineering, envisaging the development and improvement of microbial cell factories [6-8]. 

The microbial fermentation industry faces two major bottlenecks in the production line: the first relates to 

product accumulation and toxicity inside the cell and low product titers in the extracellular medium; the 

second is associated with cell factory capacity to assimilate carbon and energy sources for product 

biosynthesis. These two obstacles in microbial fermentation can be overcome by transport activity of 

endogenous or exogenous membrane transporters, importers and/or exporters, as well as their genetic 

manipulation regarding expression levels and generation of mutant alleles with increased transport 

capacity or altered specificity [6, 7, 9]. 

 

3.3 MEMBRANE TRANSPORTERS IN THE IMPORT OF RENEWABLE SUBSTRATES 

 

The most used renewable feedstocks in the bio-based industrial production of carboxylic acids are cheese 

whey, lignocellulosic biomass, glycerol and pectin-rich wastes [1]. Lactose is the most abundant sugar in 

cheese whey; xylose along with arabinose are abundant sugars in lignocellulosic hydrolysates; pectin-rich 

wastes, such as citrus and beet pulp, are rich in galacturonic acid [1, 10]. Frequently, these sugars are 
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hardly assimilated and metabolized by microbial cell factories. This bottleneck is associated with the lack 

of membrane proteins or extracellular enzymes capable of respectively taking up or converting these 

substrates into assimilated forms. Therefore, membrane transporters are engineered in microbial cell 

factories to increase the efficiency of substrate influx, by altering transporter specificity, affinity and/or 

capacity, ultimately leading to improved production yields [6, 10, 11].  

Extensive efforts were devoted to the use of genetically engineered E. coli as a sustainable platform for 

the production of industrially important compounds, including organic acids (for a review see Chen 

et al. 2013; Yang et al. 2020) [12, 13].  One of the few examples reporting the engineering of membrane 

transporters for the uptake of substrates to improve organic acid production in E. coli is the study by Wu, 

et al. (2018). Here, the increased production of catechol (gluconic acid precursor) was achieved after the 

co-expression of the catechol biosynthetic pathway and the transporter CouP, which enabled the uptake 

of aromatic compounds present in lignin. In a more recent work, Khunnonkwao et al. (2018) described 

the improvement of succinic acid production upon re-engineering of xylose transporters in E. coli. The 

filamentous fungus Aspergillus niger is the oldest industrial workhorse due to its great robustness to 

extreme acid environments and better fitness for industrial fermentation [16]. Genome design and 

metabolic engineering approaches to optimize the A. niger cell factory for industrial citric acid production 

can be found in Tong et al. (2019). However, few transporter engineering strategies for substrate influx 

were described in this species. The endogenous low-affinity glucose transporter Lgt1 was expressed in 

the citrate-producing A. niger H915-1 strain, under the control of the low-pH-inducible promoter Pgas, 

leading to enhanced glucose absorption during the acid producing period and enhanced citrate production 

[17]. Yeasts are considered one of the most promising groups of industrial microorganisms to produce 

organic acids and ethanol. Thus hereafter, emphasis will be given on the functional expression of xylose, 

arabinose, lactose, glycerol and galacturonic acid transporters in attempts to improve organic acid 

biorefinery applications in yeasts. 

 

XYLOSE 

The heterologous expression of xylose transporters in S. cerevisiae for the conversion of this 

lignocellulosic sugar into ethanol was extensively reported in the literature. More than 80 

heterologous xylose transporters or putative xylose transporters have already been expressed in S. 

cerevisiae (for a review see Moysés et al. 2016) [18]. Significant examples include SUT1, SUT2, XUT1, 

XUT3 (Xyp33), XUT4, Xyp29 (STL12), SUT3 (Xyp37) from Scheffersomyces stipitis, GXF1 from Candida 

intermedia, At5g59250 from Arabidopsis thaliana, An29-2 and An25 from Neurospora crassa, xtrD from 
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A. nidulans, MgT05196 from Meyerozyma guilliermondii and Xylh from Debaryomyces hansenii. More 

than 80% of these putative transporters or annotated sugar transporters were not functional 

in S. cerevisiae, probably due to misfolding or improper localization [18]. The ones that were properly 

expressed in the HXT-null S. cerevisiae strain displayed activity for xylose transport, but the majority 

showed a preference for glucose over xylose. 

 

ARABINOSE 

Along with xylose, arabinose is the second most abundant pentose sugar present in lignocellulosic 

hydrolysates. S. cerevisiae possesses endogenous arabinose transporters (Hxt9 and Hxt10, Gal2), Gal2 

being the most prominent [19]. However, the consumption of this sugar pentose is inefficient and 

inhibited by glucose, since Gal2 exhibits a much lower affinity for arabinose than for glucose or galactose 

[20, 21]. To improve the kinetics of arabinose uptake, transporter genes from other organisms have been 

functionally expressed in engineered arabinose-metabolizing S. cerevisiae strains. Two characterized 

L-arabinose transporters, LAT-1 from N. crassa and MtLAT-1 from Myceliophthora thermophila were 

expressed in this yeast [22]. The expression of both transporters in a S. cerevisiae strain containing a 

L-arabinose metabolic pathway resulted in a much faster L-arabinose utilization, greater biomass 

accumulation, and higher ethanol production than the control strain. Expression of the PcAraT arabinose 

transporter from Penicillium chrysogenum enabled growth on arabinose in the presence of glucose in a 

S. cerevisiae strain deficient in hexose phosphorylation and able to metabolize arabinose [23]. This 

transporter showed significantly higher affinity for arabinose compared to the endogenous Gal2 and had 

far less pronounced inhibition of arabinose uptake in the presence of glucose or xylose. 

 

LACTOSE 

A recombinant S. cerevisiae flocculent strain heterologously expressing the β-galactosidase LAC4 and 

lactose permease LAC12 genes from Kluyveromyces lactis was used for ethanol production from lactose 

in a continuous culture operation [24]. This approach resulted in an ethanol production yield of 0.51 g/g 

of lactose. In continuous fermentation conditions, this engineered S. cerevisiae strain reached an ethanol 

productivity of 11 g/L/h, which represented a 7-fold rise compared with values of ethanol productivity 

from lactose previously mentioned in the literature [24]. The expression of the lactose transporter CDT-1, 

the intracellular β-galactosidase GH1–1 from N. crassa and the lactate dehydrogenase ldhA 

from Rhizopus oryzae in S. cerevisiae allowed the production of lactic acid from lactose, cow's milk, or 
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whey [25]. A lactic acid yield of 0.358 g/g lactose was achieved from a Yeast extract-Peptone medium 

containing about 80 g/L whey. 

GLYCEROL 

Heterologous expression of glycerol facilitators (Fps1 homologs) from non-Saccharomyces yeast species 

that show superior growth on glycerol, e.g. Cyberlindnera jadinii, Komagataella pastoris, Pachysolen 

tannophilus and Yarrowia lipolytica, improved the maximum specific growth rates of the S. cerevisiae CBS 

6412–13A strain by 30–40% in synthetic glycerol medium [26]. Conversely, no improvement was visible 

after the overexpression of the endogenous S. cerevisiae FPS1 gene. Deletion of the endogenous 

glycerol/H+ symporter STL1 did not impair the superior growth of these strains. A significant increase in 

ethanol production (from none to 8.5 g/L) was obtained upon the expression of the heterologous 

aquaglyceroporin CjFPS1 from C. jadinii in the strain CBS DHA, which catabolizes glycerol via the 

dihydroxyacetone (DHA) pathway [27]. Further optimizations, including the reduction of oxygen availability 

in the shake flask cultures, increased the ethanol titer up to 15.7 g/L. 

 

GALACTURONIC ACID 

The introduction of the galacturonic acid transporter GAT1 from N. crassa, along with a fungal reductive 

pathway for galacturonic acid catabolism (gaaA, gaaC and gad from A. niger and lgd1 from 

Trichoderma reesei), allowed the engineered S. cerevisiae strain to metabolize galacturonic acid [28]. 

This strain was only able to catabolize galacturonic acid when a co-substrate was added (fructose). Tracing 

experiments with 13C-galacturonic acid revealed its conversion into glycerol [28]. Recently, the expression 

of another galacturonic acid transporter, GatA from A. niger, allowed a more rapid consumption of this 

acid [29]. The involvement of endogenous yeast hexose transporters Hxt1–7 and Gal2 in the glucose-

inhibited uptake of undissociated galacturonic acid in acidic conditions was also uncovered. Expression 

of glucose-insensitive GatA coupled with uronate dehydrogenase allowed the engineered S. cerevisiae 

strain to produce 8 g/L of meso-galactaric acid from citrus peel waste supplemented with additional 

glucose [29]. 
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3.4 TRANSPORTER EXPRESSION FOR THE OPTIMIZATION OF ORGANIC ACID 

EFFLUX 

Regarding the microbial production of organic acids, several reports pointed to the effectiveness and 

contribution of membrane transporters for product efflux. The organic acid transporters that thus far have 

been functionally characterized in yeast, fungi and bacteria are listed in Table1.
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Table 1. Microbial organic acid transporter proteins (experimentally verified). Table includes the transporter family, the species, the Transport Classification Database (TC 

number), the number of transmembrane segments (TMS), description of the transporter activity and references. 

 

Family 
Transporter 
protein 

Species TC number TMS* Description References 

2-HCT 

CimH (YxkJ) 
Bacillus subtilis 

2.A.24.2.4 10 
Electroneutral L-Malate/Citrate:H+ symporter; 

Citrate (Km 10 μM), L-Malate (Km 1.5 mM) 
[75] 

MaeN (YufR) 2.A.24.2.3 11 Malate:Na+ symporter [76] 

CitS Klebsiella pneumoniae 2.A.24.1.1 12 Sodium:Citrate symporter [77] 

MleP 

Lactococcus lactis 

2.A.24 13 
Sodium:Citrate symporter; Malate (Km 0.46 mM), 

Lactate (Km 4.6 mM) 
[78-80] 

CitP (CitN) 2.A.24.3.1 12 
Electrogenic Citrate:L-Lactate exchanger 

Citrate (Km 56 µM), Malate (Km 0.1 mM), Lactate 
(Km 26 mM) 

[32] 

CitP 
Leuconostoc 
mesenteroides 

2.A.24.3.2 13 
Citrate:Lactate antiporter 

Citrate, Citramalate, Malate, 2-Hydroxyisobutyrate 
and Lactate 

[31, 81] 

AAEx SucE 
Corynebacterium 
glutamicum 

2.A.81.1.3 9 Succinate exporter [82] 

AceTr 

SatP Escherichia coli 2.A.96.1.1 
6 
in hexameric 
channels 

Acetate, Lactate and Succinate transporter; 
Acetate (Km 1.24 mM) and Succinate (Km 1.18 

mM) 

[83] 

AceP 
Methanosarcina 
acetivorans 

2.A.96.1 6 Acetate transporter; Acetate (Km 0.49 mM) [59] 

Ato1 (Ady2) 
Saccharomyces 
cerevisiae 

2.A.96.1.4 6 
Acetate permease; Acetate (Km 0.84 mM), Lactate, 

Propionate and Formate 
[58, 59] 

Gpr1 Yarrowia lipolytica 2.A.96.1.2 6 Acetate transporter; Acetate (Km 0.95 mM) [58, 59, 84] 

Bestrophin Best1 (AN2251) Aspergillus nidulans 1.A.46.2.1 4 
Ca2+-activated anion-selective channel; 

Citrate, Propionate, Benzoate and Sorbate 
[85, 86] 
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CitMHS 

CitM 

Bacillus subtilis 

2.A.11.1.1 9 
Citrate or D-Isocitrate divalent metal:H+ symporter 

(Km 35-63 µM), Metal (in order of preference): 
Mg2+, Mn2+, Ni2+, Zn2+ and Co2+ 

[87, 88] 

CitH (CitN) 2.A.11.1.2 11 
Citrate divalent metal:H+ symporter (Km 35-63 

µM); Metal (in order of preference): Ca2+, Ba2+ and 
Sr2+ 

[88] 

YRAO 2.A.11.1.5 13 Citrate:H+ symporter [89] 

CitH 
Corynebacterium 
glutamicum 

2.A.11.1.6 10 
Divalent cation:citrate; Citrate transport in 

complex with Ca2+ or Sr2+ 
[90] 

DAACS 

Dct 

Aspergillus carbonarius 2.A.23.1.7 9 Fumarate, L-Aspartate: symporter [91] 

Actinobacillus 
succinogenes 

2.A.23 12 Malate and Citrate exporter [41] 

DctA 

Bacillus subtilis 2.A.23.1.6 8 
Dicarboxylate:H+ symporter: Succinate (Km 2.6 

μM), Fumarate 
[92, 93] 

Corynebacterium 
glutamicum 

2.A.23 7 

Dicarboxylate:H+ symporter; 
L-Malate (Km 736 μM), Fumarate (Km 232 μM), 

Succinate (Km 218 μM), Oxaloacetate and 

Glyoxylate 

[94] 

Escherichia coli 2.A.23.1.7 8 
Aerobic dicarboxylate transporter: Succinate 
(Km 25 µM), Orotate, Fumarate and L- and D-

Malate 

[95-97] 

DASS 

DccT (DcsT) 
Corynebacterium 
glutamicum 

2.A.47.1.12 14 
Aerobic sodium dicarboxylate transporter 

Succinate (Km 30 μM), Fumarate (Km 79 μM), 

Malate (Km 360 μM) and Oxaloacetate 

[94, 98, 99] 

TtdT (YgjE) 

Escherichia coli 

2.A.47.3.3 12 
L-Tartrate:Succinate antiporter 

L-Tartrate (Km 700 µM) uptake, Succinate (Km 400 
µM) efflux 

[100] 

CitT 2.A.47.3.2 13 
Citrate:Succinate antiporter 

Citrate uptake and efflux of Succinate, Fumarate 
and Tartrate. 

[101] 

SLC13 2.A.47 14 Citrate exporter [41] 
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SdcA 
Actinobacillus 
succinogenes 

2.A.47.5.3 13 
Dicarboxylate: Na+ transporter 

Fumarate (Km 536 µM) and Succinate ( Km 389 

µM) uptake 

[102] 

SdcS Staphylococcus aureus 2.A.47.1.11 14 

Dicarboxylate: Na+ symporter 
Succinate (Km 7 mM), Malate (Km 8 mΜ), 

Fumarate (Km 15 mΜ), Aspartate and α-

Ketoglutarate transporter 

[103, 104] 

Dcu 

DcuA 

Escherichia coli 

2.A.13.1.1 11 
Anaerobic antiporter of Aspartate, Malate, 

Fumarate and Succinate 
Uptake and efflux of Fumarate 

[45, 105] 

DcuB 2.A.13.1.2 11 
Anaerobic antiporter of Aspartate, Malate, 

Fumarate and Succinate; Uptake and efflux of 
Fumarate and Citrate exporter 

[41, 45, 100, 105] 

DcuC DcuC Escherichia coli 2.A.61.1.1 12 
Anaerobic electroneutral C4-dicarboxylate 

exchanger; Dicarboxylate-proton symporter; 
Citrate exporter 

[41, 45-47] 

DHA1 CexA Aspergillus niger 2.A.1.2 12 Citrate exporter [62] 

FNT 
FocA Escherichia coli 1.A.16.1.1 

6 in 

pentameric 
channels 
(PDB 3KCU) 

Exporter of Acetate (Km 23.9 mM), Lactate (Km 96 
mM) and Pyruvate (Km 11.6 mM); Uptake/efflux of 

Formate (Km 11.7 mM) 

[106, 107] 

PfFNT Plasmodium falciparum 1.A.16.2.7 6 
Lactate:H+ symporter 

D-Lactate, Pyruvate, Acetate and Formate 
[108, 109] 

LctP 

LldP 
Escherichia coli 

2.A.14.1.1 12 
Lactate permease 

L-Lactate, D-Lactate and Glycolate 
[110] 

GlcA (YghK) 2.A.14.1.2 13 
Glycolate permease 

L-Lactate, D-Lactate and Glycolate 
[110, 111] 

LutP 
Bacillus subtilis 2.A.14.1.3 14 Lactate permease [112] 

Bacillus coagulans 2.A.14.1 14 Lactate permease [113] 

MFS MfsA Aspergillus terreus 2.A.1 12 
Dicarboxylate transporter; 

Itaconate exporter 
[52, 53] 
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Itp1 Ustilago maydis 2.A.1 12 Itaconate exporter [114] 

MHS 

Dehp2 
Burkholderia caribensis 
MBA4 

2.A.1.6.11 12 

Acetate/haloacid transporter 
Acetate, Chloroacetate, Bromoacetate, 

2-Chloropropionate; low affinity to Glycolate, 
Lactate and Pyruvate 

[115, 116] 

Deh4p 2.A.1.6.13 11 
Acetate/Monochloroacetate (haloacid) permease 

Acetate (Km 5.5 μM) and Monochloroacetate 

(Km 9 μM) 

[115, 116] 

NhaC MleN (YqkI) Bacillus subtilis 2.A.35.1.2 10 
Malate:Lactate antiporter coupled with proton 

uptake and sodium efflux 
Malic2--2H+: Na+-Lactate1- 

[117] 

SHS 

Jen1 
Saccharomyces 
cerevisiae 

2.A.1.12.2 12 
Lactate/Pyruvate:H+ symporter 

Acetate (Km 4.8 mM), Lactate (Km 0.2 mM), 
Propionate, Pyruvate (Km 0.7 mM), Selenite 

[56, 57, 118, 119] 

CaJen1 

Candida albicans 

2.A.1.12 10 
Monocarboxylate permease 

Lactate (Km 0.33 mM) Pyruvate and Propionate 
[120] 

CaJen2 2.A.1.12 10 

Dicarboxylate permease 
Succinate (Km 0.49 mM), Malate (Km 0.12 mM) 

Affinity for the sugar acids Gluconate, Xylarate and 
Mucate 

[35, 121] 

DH17 

Debaryomyces hansenii 

2.A.1.12 12 Malate permease (Km 0.27 mM) 

[122] 
DH18 2.A.1.12 12 Succinate permease (Km 0.31 mM) 

DH24 2.A.1.12 12 Succinate permease (Km 0.16 mM) 

DH27 2.A.1.12 12 Acetate permease (Km 0.94 mM) 

KlJen1 

Kluyveromyces lactis 

2.A.1.12 12 
Monocarboxylate permease 

Lactate (Km 2.08 mM), Pyruvate 
[123, 124] 

KlJen2 2.A.1.12 11 

Dicarboxylate permease 
Malate (Km 0.15 mM), Succinate (Km 0.11 mM), 
Fumarate; Affinity for the sugar acids Gluconate 

and Saccharate 

[59, 123, 124] 
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* Number of TMS predicted with the TMHMM software (http://www.cbs.dtu.dk/services/TMHMM/) or verified 

 

TCDB Families: 2-HCT – 2-Hydroxycarboxylate Transporter; AAEx – Aspartate:Alanine Exchanger; AceTr – Acetate Uptake Transporter; Bestrophin – Anion Channel-

forming Bestrophin; CitMHS – Citrate-Mg2+:H+ (CitM) Citrate-Ca2+:H+ (CitH) Symporter; DAACS – Dicarboxylate/Amino Acid:Cation (Na+ or H+) Symporter; DASS – 

SSS 

MctC 
Corynebacterium 
glutamicum 

2.A.21.7.3 13 
Acetate/Propionate:H+ symporter 

Pyruvate (Km 250 µM), Acetate (Km 31 µM), 
Propionate (Km 9 µM) 

[125] 

ActP (YjcG) Escherichia coli 2.A.21.7.2 13 
Acetate (Km 5.4 μM) and Glyoxylate 

coupling ion: proton transporter, with affinity for 
Tellurite 

[126, 127] 

ActP1 Rhodobacter capsulatus 2.A.21.7.4 14 
Acetate permease 

Acetate (Km 1.89 mM), Pyruvate, Lactate, Tellurite 
(Km 163 μM) 

[128-130] 

ST KgtP (WitA) Escherichia coli 2.A.1.6.2 12 
α -Ketoglutarate (Oxoglutarate):symporter 

Arabinose exporter 
[131] 

SulP DauA (YchM) Escherichia coli 2.A.53.3.11 11 
Aerobic Succinate transporter 

Succinate (Km 0.56 mM), Aspartate and Fumarate 
[97] 

TDT 

Mae1 
Schizosaccharomyces 
pombe 

2.A.16.2.1 10 

Malate:H+ symporter 
Oxaloacetate, Malonate, Succinate, Fumarate and 
Thio-malate; Exporter of Fumarate, Succinate and 

Malate 

[41, 132-134] 

Ssu1 
Ssu2 

Ustilago trichophora 2.A.16. 9 
Dicarboxylate transporter 

Malate and α-Ketoglutarate 
[39] 

TRAP-T DctPQM Rhodobacter capsulatus 2.A.56.1.1 

12 (DctM) 

+ 4 (DctQ) 
+ receptor 

Tripartite dicarboxylate: H+ symporter 
Malate (Kd 8.4 μM) competitively inhibited by 

Fumarate (Ki 2 μM) and Succinate (Ki 8 μM) 

[135] 

TTT TctABC 
Corynebacterium 
glutamicum 

2.A.80.1.4 

12(TctA) + 
4(TctB) + 
1(TctC) 

Citrate transport in complex with Ca2+ or Mg2+ [90] 
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Divalent Anion:Na+ Symporter; Dcu – C4-Dicarboxylate Uptake; DcuC – C4-dicarboxylate Uptake C; DHA1 – Drug:H+ Antiporter-1; FNT – Formate-Nitrite Transporter; 

LctP – Lactate Permease; MFS – Major Facilitator Superfamily; MHS – Metabolite:H+ Symporter; NhaC – Na+:H+ Antiporter; SHS – Sialate:H+ Symporter; SSS – 

Solute:Sodium Symporter; ST – Sugar transporter; SulP – Sulfate Permease; TDT – Telurite-resistance/Dicarboxylate Transporter; TRAP-T – Tripartite ATP-

independent Periplasmic Transporter; TTT – Tripartite Tricarboxylate Transporter. na – not annotated at TC Database.  
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Among these transporters, a great majority belong to the 2-hydroxycarboxylate transporter (2-HCT) 

(TC 2.A.24), Divalent Anion:Na+ Symporter (DASS) (TC 2.A.47) and Sialate:H+ symporter (SHS) 

(TC 2.A.1.12) families. Members of 2-HCT are involved in the transport of di- and tricarboxylate substrates 

(malate/citrate uptake) with either Na+ or H+ as the co-substrate and precursor/product exchangers [30]. 

Some members mediate the transport of monocarboxylate substrates, 2-hydroxyisobutyrate and D-lactate 

[31, 32]. The integral membrane proteins of the DASS family are conserved from bacteria to humans. 

DASS proteins typically mediate the coupled uptake of Na+ ions and dicarboxylate, tricarboxylate, or sulfate  

(for a review see Lu 2019). A total of six members of DASS present a broad range of substrates from 

mono-, di- to tricarboxylates. The SHS transporter family, despite only having two distinct family members, 

the sialic acid transporter NanT, and the lactate/pyruvate:H+ symporter orthologues, is the one with most 

members characterized in yeast, accepting mainly mono- and dicarboxylates as well as sugar acids [34, 

35]. Next, we will highlight the transporters that had an impact on the improvement of cell factories. 

 

GLUTAMIC ACID 

The bacterium Corynebacterium glutamicum is used in microbial biotechnology for the production of 

glutamic acid. Glutamate efflux, triggered by increased mechanic tension, was associated with the 

activation of the channel NCgl1221 (MscCG) [36, 37], belonging to the MscS Family (TCDB 1.A.23 The 

Small Conductance Mechanosensitive Ion Channel). However, the activation mechanism of 

C. glutamicum mechanosensitive channels is not fully understood (for a review see Nakayama et al. 

2019). Several channels of this family are described to play a critical role in product efflux of other amino 

acids, namely lysine, isoleucine, threonine, methionine, and others [6, 11]. 

 

MALIC ACID 

In the natural malic acid producer Ustilago trichophora RK089, the overexpression of two endogenous malate 

transporter genes improved the production yields by 54% [39]. The overexpression of pyruvate carboxylase (pyc) 

together with two malate dehydrogenases (mdh1, mdh2), and two malate transporters (ssu1, ssu2) was carried 

out in a laboratory-evolved U. trichophora strain that reached an extracellular malate titer of 120 g/L. Wild-type 

S. cerevisiae strains produce low levels of malate. High yield production of malic acid required the 

elimination of alcoholic fermentation, which in this yeast occurs under fully aerobic conditions when high 

concentrations of sugar are present [40]. The metabolic engineering of a S. cerevisiae strain allowed an 

increase up to 10-fold of malic acid titer relative to the control strain [40].This was achieved through the 

engineering of a glucose-tolerant, C2-independent pyruvate decarboxylase-negative strain, together with: i) 
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the overexpression of the endogenous pyruvate carboxylase encoded by PYC2, ii) the overexpression of 

an allele of the peroxisomal malate dehydrogenase MDH3 gene targeted to the cytoplasm, and iii) the 

functional expression of the S. pombe malate transporter SpMae1. These modifications per se improved 

malate production, and the combination of all genetic modifications reached a malate titer of 

approximately 59 g/L [40]. Recently, seven dicarboxylic acid transporters were expressed in a 

S. cerevisiae strain engineered for dicarboxylic acid production [41]. In this work, the expression of the 

SpMae1 homologous gene from Aspergillus carbonarius, AcDct, increased malate titer up to 12-fold. 

Upon SpMae1 expression, the following titers were obtained for malate, (8 fold-4.3 g/L) succinate 

(3 fold-2.6 g/L) and fumarate (5 fold-0.33 g/L). 

 

FUMARIC ACID  

The overexpression of the S. cerevisiae mitochondrial succinate-fumarate carrier SFC1 gene enhanced 

fumarate export and production by 47.6 % in this yeast [42]. A S. cerevisiae strain engineered for the 

production of fumarate, deleted in the fumarase FUM1 gene, and expressing the RoPYC pyruvate 

carboxylase gene of R. oryzae and the endogenous SFC1 gene, resulted in a titer of 1.7 g/L of fumarate 

in batch culture. 

Using a different approach, fumarate production in Candida glabrata was improved by overexpressing the Sfc1 

mitochondrial carrier in combination with the heterologous expression of SpMae1[43]. This work established 

the metabolic engineering of the tricarboxylic acid cycle in C. glabrata to construct the oxidative pathway for 

fumarate production. Thus, a set of genetic modifications to manipulate the oxidative pathway was applied in 

the α-ketoglutarate dehydrogenase complex, succinyl-CoA synthetase, and succinate dehydrogenase. As a 

result, the C. glabrata producer strain reached a fumarate titer of 8.24 g/L. Overexpression of the 

argininosuccinate lyase gene led to a fumarate increase up to 9.96 g/L. The additional expression of two 

dicarboxylic acid transporters, Sfc1 and SpMae1, allowed an improvement of fumarate production (15.76 g/L) 

[43]. In E. coli a set of C4-dicarboxylate transporters from different organisms were cloned in a fumaric 

acid-producing strain deleted in the genes fumABC, frdABCD, iclR and arcA, to evaluate their impact on 

the production of this acid [44]. It was the overexpression of the endogenous transporters DcuB, an 

anaerobic fumarate–succinate antiporter [45], and DcuC, a C4-dicarboxylate carrier that promotes 

succinate efflux during glucose fermentation [46], that displayed the highest impact on the production of 

fumaric acid. These lead to an increase of fumaric acid yield by 48.5% and 53.1%, respectively. In 

fed-batch fermentation culture, the fumaric acid producer strain overexpressing the dcuB gene reached 

9.42 g/L of fumaric acid after 50 hours [44]. 
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SUCCINIC ACID 

Modulation of the simultaneous expression of E. coli transporter genes dcuB and dcuC led to a 34% 

increase of succinic acid titer in an engineered E. coli strain [47]. In this work, four E. coli Dcu 

C4-dicarboxylate transporters were exploited for succinate export. Single deletion of dcuA or dcuD did not affect 

the export of this organic acid, while dcuB and dcuC deletion led to 15% and 11% decrease of succinate 

extracellular titer, respectively. The combined deletion of dcuB and dcuC genes resulted in a 90% decrease of 

succinate titer. As a result, a ribosome binding site library was investigated to modulate and increase the co-

expression of dcuB and dcuC, which led to a 34% increase of succinate titer produced by E. coli [47]. In 

C. glutamicum, the overexpression of the endogenous succinate exporter, SucE, increased succinate yield 

in an engineered strain [48]. A dual-route for anaerobic succinate production was devised, involving the 

reconstruction of the glyoxylate pathway by overexpressing isocitrate lyase, malate synthase, and citrate 

synthase. This succinate producer strain reached a succinate yield of 1.34 mol/mol of glucose. The 

additional overexpression of the endogenous succinate exporter, SucE, increased succinate yield to 

1.43 mol/mol of glucose. In anaerobic fed-batch fermentation, the C. glutamicum succinate producer 

strain overexpressing SucE led to a titer of 109 g/L succinate. 

 

ITACONIC ACID 

Expression of two Aspergillus terreus genes encoding organic acid transporters, mttA and mfsA, increased 

itaconic acid production in an A. niger strain expressing the cis-aconitate decarboxylase [49, 50]. MttA is 

a mitochondrial tricarboxylic acid transporter that preferentially transports cis-aconitate instead of citrate 

[51]. MfsA is an itaconate plasma membrane exporter [52, 53]. The strains expressing mttA or mfsA 

displayed an increased itaconic acid (1.5 g/L) production when compared with an A. niger strain 

expressing only cis-aconitate decarboxylase (0.8 g/L) [54]. Interestingly, the production did not increase 

further when both transporters were co-expressed (0.9 g/L). In a previous study in A. terreus the 

overexpression of a bacterial hemoglobin (vgb) led to an increased dissolved oxygen level, having a strong 

effect on itaconic acid production [55]. Additional optimization was achieved by overexpression of the 

fungal hemoglobin domain hbd1 and deletion of the oxaloacetate acetylhydrolase oahA gene, in 

combination with controlled batch fermentation conditions, resulting in the increase of the production 

level from 0.8 to 2.5 g/L of itaconic acid [54]. In a subsequent study, a titer of 26.2 g/L and a maximum 

production rate of 0.35 g/L/h were reached by overexpressing the cytosolic citrate synthase citB [53].  
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LACTIC ACID 

The S. cerevisiae genome encodes at least two plasma membrane monocarboxylate transporters, Jen1 

[56, 57] and Ady2 [58, 59] with distinct specificities, mode of action and regulation mechanisms [34, 

60]. In a S. cerevisiae strain engineered for lactate production, the constitutive expression of these two 

transporters resulted in a higher accumulation of lactic acid in the extracellular medium [61]. In this study, the 

authors expressed the lactate-dehydrogenase LDH gene from L.casei in the S. cerevisiae W303-1A parental 

strain and in the three isogenic strains jen1∆, ady2∆ and jen1∆ady2∆ to allow lactate production. All the 

deleted strains expressing LDH were able to produce higher titers of lactic acid compared with the parental 

isogenic strain. Moreover, the constitutive expression of JEN1 or ADY2 genes, along with LDH, resulted in the 

higher external accumulation of lactic acid in the presence of glucose. Upon glucose depletion, lactate 

consumption was also more pronounced in cells expressing Jen1 and/or Ady2, suggesting the involvement of 

these transporters in both the import and export of lactic acid [61].  

 

CITRIC ACID 

In a recent work, Steiger et al. (2019) identified CexA, the longtime sought citrate exporter from A. niger. The 

constitutive and inducible overexpression of CexA in the native citric acid-producing species A. niger, resulted in 

significant increases in secreted citric acid [62]. The inducible system reached 109 g/L citric acid, five times 

higher than the parental wild-type strain and three times higher than the constitutive expression system. 

 

3.5 ENGINEERING MEMBRANE TRANSPORTERS  

 

Membrane transporters, like any protein, can display substrate promiscuity, altered conformation, distinct 

affinity and capacity depending on physiological conditions, as well as alterations in folding and stability. 

Finding a membrane transporter, either for import or export, might not be enough to achieve the levels 

of cell factory productivity needed to obtain a cost-effective and sustainable bioproduction process. The 

engineering of membrane proteins can diminish these constraints by tuning the activity towards specific 

conditions and substrates. This approach is frequently achieved by ALE experiments, mutagenesis or 

recombination involving methods of synthetic biology [6, 11, 18]. ALE of host organisms combined with 

the identification of responsible genetic changes and subsequent reverse engineering, is a powerful 

approach to obtain novel or improved substrate specificity of membrane transporters. 
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3.5.1 ENGINEERING SUGAR TRANSPORTERS 

Whereas it is common to look for exogenous transporters to be cloned into producer strains, the 

endogenous transportome can be used as a pool of transporters for cell factory optimization. One such 

example is the complex landscape of the S. cerevisiae genome that includes 20 transporter proteins 

belonging to the Hexose Transporter (HXT) Family, with great potential to be exploited in cell factories for 

the uptake of renewable sugars from lignocellulosic wastes [18, 63]. By using molecular modeling and 

docking studies, the endogenous S. cerevisiae Gal2 transporter was engineered to improve L-arabinose 

transport capacity [64]. In this study, nine residues were found to interact with L-arabinose. Rational 

protein design by directed mutagenesis allowed an increase of transporter capacity for L-arabinose. 

Besides the gain of function associated with arabinose transport capacity, the F85S mutation specifically 

improved xylose transport [65]. In another study, the combination of computer-assisted modeling, 

site-directed mutagenesis, error-prone PCR approaches and selective growth conditions, resulted in the 

identification of residues in both Hxt7 and Gal2 that yielded glucose-insensitive xylose transporters [66]. 

The mutant Gal2-N376F had the highest affinity for D-xylose, along with a moderate transport rate for this 

pentose sugar, and completely lost the ability to transport hexoses [66].  

To obtain a transporter able to sufficiently import arabinose in the presence of glucose and xylose, a strain 

deficient in glucose phosphorylation and able to metabolize arabinose was created [67]. Subsequently, 

the engineered strain was grown in medium with these three sugars. This way, conditions were met where 

arabinose became the only metabolizable sugar within the media, while glucose and xylose were exerting 

selective pressure towards the evolution of an arabinose transporter uninhibited by glucose and xylose. 

Consequently, mutations within hexose transporter Gal2 in residues T89 and N376 were found to 

significantly increase the Km value of Gal2 for glucose, and decrease the Km value for arabinose, enabling 

superior growth of the engineered strain in a medium containing the three sugars [67].  

 

3.5.2 ENGINEERING ORGANIC ACID TRANSPORTERS 
 

In an attempt to evolve an efficient fumarate exporter in S. cerevisiae, a knock-out strategy was 

implemented in which fumaric acid was turned into the energetically more favorable catabolic product, 

by deletion of the fumarase (FUM1) and glucose 6-phosphate dehydrogenase (ZWF1) genes [68]. The 

malate and succinate transporter DCT_02 from A. niger was used as a template expected to evolve into 

an efficient fumarate exporter. However, the evolution experiment did not yield the desired results, since 
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only malate and succinate were secreted to the extracellular medium, and further strategy refinement is 

required [68].  

Through a rationally designed site-directed mutagenesis strategy, the substrate specificity of the yeast 

Jen1 monocarboxylate transporter was altered to acquire the ability to transport the dicarboxylic acids 

succinate (F270A and F270G) [69] and saccharate (S271Q) [35]. 

In two independent evolution experiments, S. cerevisiae strains deficient in Jen1 were evolved for growth 

on lactate as sole carbon and energy source [70]. Whole-genome resequencing of evolved strains 

uncovered the presence of single nucleotide changes in the acetate transporter gene ADY2 

(C755G/L219V and C655G/A252G). These Ady2 mutated alleles encode efficient lactate transporters.  

Presently, new relevant roles of protein transporters are being uncovered, namely at the level of improving 

industrial strain's tolerance to by-products. An example of the complexity of the roles of transporters in 

regulatory networks is reported by Zang et al. (2017) who, in the presence of 3.6 g/L acetic acid pH 3.7, 

observed an increment of 14.7% in the final ethanol concentration for the S. cerevisiae strain lacking the 

ADY2 gene [71]. By impairing acetate uptake from the extracellular space, the accumulation of 

intracellular acetate was reduced, and as consequence cells acquired increased tolerance towards this 

organic acid. 

 

3.6 FUTURE PERSPECTIVES FOR TRANSPORT ENGINEERING 

 

It is expected that in the near future, biorefineries increase the production of platform chemicals from 

renewable resources [72]. The exploitation of industrial biowastes to sustain microbial cell growth and 

valorize biomass conversion into organic acids is one of these current trends. Achieving optimal processes 

requires industrially robust strains. One of the major bottlenecks for the efficient and cost-effective 

bioproduction of organic acids is their export through the microbial plasma membrane. Membrane 

transporter proteins are thus crucial elements for the optimization of this process. In this review, we 

presented examples of the most relevant and emerging cell factories for the production of organic acids, 

as well as the engineering strategies used to turn them into efficient producers of this family of 

compounds. 

In recent years, a great effort was dedicated to transporter engineering, envisaging the development and 

improvement of microbial cell factories. Examples of transporters engineered in producer strains, 

especially in the yeast S. cerevisiae, are summarized in Figure 2. 
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Figure 2. The expression of endogenous or exogenous membrane transporter genes in 
engineered bacteria, yeast and filamentous fungi, allows the uptake of renewable 
substrates, as well as the export and extracellular accumulation of specialty organic acids. 
Transporters on the left were expressed in the plasma membrane, to promote the import of substrates. 
The transporters on the right were expressed either in the inner mitochondrial membrane or in the plasma 
membrane, to promote the export of organic acids. The black arrows indicate the direction of the 
transport, either to the cytoplasm, out of the mitochondria or to the extracellular medium. Transporters 
expressed in bacteria are marked with *. The figure was produced using the vector image bank of Servier 
Medical Art (http://smart.servier.com/). 
 

Despite these advances, as the functional and structural characterization of membrane proteins is still a 

cumbersome process, the redesigning and engineering of optimized cell membrane transporters for 

industrial organic acid production is still at an early stage [6, 7]. Different strategies can be followed to 

obtain improved transporters, namely with higher activity, altered substrate specificity and product 

selectivity. ALE can be a suitable approach when the desired transport process is directly linked to a 

selective advantage, such as the import of a sole carbon source necessary for growth. Nevertheless, its 

employment to generate improved transporters for the efflux of solutes can represent a demanding 

challenge. The complexity of biorefineries relies on many factors, including the optimization of several 

transporters, with complementary kinetic and regulatory properties [67]. Structure-based or computer 

simulation-based protein engineering is a powerful approach. However, these methods are hampered by 

the low number of robust three-dimensional structural models of transporter proteins. According to the 

Protein Data Bank (https://www.rcsb.org), transporter 3D structures account for less than 10% of the 

total database entries, showing that membrane proteins remain until now mostly uncharacterized, which 

evidences the need to increase the existing knowledge on this field. The recent identification of the gene 

http://smart.servier.com/
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encoding the long-sought citrate exporter from A. niger [62, 73], is an example of the effort that must be 

carried out towards the identification of new transporters.  

The biodiversity of the microbial world is an excellent pool to uncover relevant transporters for organic 

acid production. Achieving the efficient heterologous expression of transporters is crucial to improve the 

robustness of microbial cell factories. For instance, the proper expression of bacterial transporters in fungi 

is constrained due to membrane incompatibility, low expression levels, and folding difficulties [74], 

limiting the options for prokaryotic transporter expression in eukaryotic cells. Still, the versatility and 

plasticity of membrane transporters suggest a promising future towards the optimization and 

implementation of platform chemicals bioproduction at the industrial scale.  
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CHAPTER IV 
 
Bioprospection of non-conventional yeasts – Identification and genomic 
analysis 
 

ABSTRACT 
 

The exploitation of biodiversity has captured the interest of the food, pharmaceutical, and even fuel 

industries. In particular, microorganisms isolated from natural environments present properties that can 

be relevant for industrial processes, e.g. tolerance to extreme pH values or temperatures, and the ability 

to utilize and produce specific compounds. Yeasts are recognized as model organisms for basic research 

but are also commonly used microorganisms for the production of added-value compounds, such as 

chemical building blocks and biofuels. In this work, a group of wild yeasts isolated from acidic 

environments, developed by fruit and vegetable wastes, was analyzed for their ability to grow on carboxylic 

acids as carbon sources. The isolates here identified belonged to the Pichiaceae, Debaryomycetaceae 

and Metschnikowiaceae families. The yeast Cyberlindnera jadinii behaved as a promising cell factory due 

to its ability to use carboxylic acids as sole carbon and energy sources. To further explore the distinct 

capacities to assimilate organic acids presented by C. jadinii, we have explored the genomic features of 

four C. jadinii strains, including wild isolates and laboratorial strains. 
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4.1 INTRODUCTION 

As the production rates of global food waste are predicted to increase in the near future, the development 

of strategies for sustainable waste management has become more urgent than ever [1-3]. The food 

industry generates great amounts of biogenic residues. Strategies for treating these waste materials are 

ancient and contribute to environmental degradation and reduction of the economic profit. Activities such 

as composting, landfilling, anaerobic digestion, incineration, animal feeding, among other actions, 

represent some of the current procedures for biowaste treatment [4-6]. 

Considering the high amount of by-products and wastes created by food processing industries, novel 

solutions for its valorization are required. Such promotion of sustainable uses of the available natural 

resources and subsequent reduction of environmental footprint constitute the main pillars implemented 

in any industrial sector aiming at achieving circular bioeconomy [7, 8]. Therefore, several sustainable 

approaches have been suggested for converting solid wastes into added-value products: (i) direct use of 

biological material, where biowastes are used with or without modifications for feed applications, (ii) 

energy recovery, where the step from burning biomass arise from anaerobic digestion allowing the 

recovery of its energy contents, (iii) material recovery by biochemical or chemical extraction and/or 

conversion of the biomass into other valuable products such as platform chemicals, fertilizers and 

solvents with potential commercial applications [5, 9]. In this latter solution, studies have shown that 

certain biowaste-based products are capable of competing with and even outperforming conventional 

methods [5]. In the fruit and vegetable transforming industry, the by-products can be used for instance 

as chemical feedstock for fermentations as these are rich in carbohydrates, proteins, lipids, phosphorus, 

water, along with aromatic and aliphatic compounds [6, 10-13]. Another viable alternative for biowaste 

valorization is the vast and robust microbial diversity present in such ecological niches. The acidic 

environments developed by fruit and vegetable wastes can promote the growth of microorganisms with 

interesting properties. These features are triggered mostly by the microhabitat present in foods in which 

microbes become adapted by a phenomena designated as "domestication" [14, 15].  

Different microbes can be unveiled in foods depending on the pH present [15]. Products derived from 

fruits, fruit juices, fermented fruits, vegetables, dairy products and salad dressings are considered as 

low-acid foods, meaning that the pH present is generally above 5.2 [15, 16]. In some fruits, where pH 

value is around 4.0, microbial colonization by molds and yeast occurs, being associated with food 

spoilage. In case of vegetable wastes with higher pH values (~pH 6.0), these are more susceptible to 

bacterial spoilage [15]. The proliferation of bacteria is associated with a tight pH range when compared 

to yeasts and molds. For instance, lactic and acetic acid bacteria grow well at pH values ranging from 5.0 
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to 6.0. Considering yeasts and molds, these species have higher tolerance to acidic pH values. Yeast 

grow better in pH values ranging from 4.0 to 6.0, molds have a better growth in pHs from 3.5 to 5.0 [15]. 

In this context, microorganisms tolerant to acidic environments are good candidates for the production of 

valuable chemicals, such as organic acids [16-18]. The great tolerance of S. cerevisiae to low pH values 

and to high sugar concentration [19, 20], together with its genetic manipulation, prompted its use in the 

biotechnology industry. Nevertheless, S. cerevisiae has its drawbacks, as the absence of an efficient 

system for product secretion [21]. Synthetic biology and metabolic engineering are important tools for 

the design of robust yeast cell factories [22-24]. Some microorganisms naturally produce chemicals, such 

as carboxylic acids [25-27]. Carboxylic acids can have multiple industrial applications as food additives, 

pharmaceutical and cosmetic excipients [28]. These compounds can be used particularly as chemical 

intermediates for the production of several products as biodegradable polymers, bulk-chemicals, 

potentially replacing petroleum-based and synthetic ones [29-31]. Carboxylic acids can be used by 

microorganisms as sole carbon and energy sources, or can be final products or by-products of the 

fermentative processes [25]. Some non-Saccharomyces yeast species like Kluyveromyces lactis, 

Debaryomyces hansenii, Pichia kudriavzevii (former Issatchenkia orientalis), Komagataella pastoris 

(former Pichia pastoris), Candida utilis (teleomorph state as Cyberlindnera jadinii) revealed promising 

physiological characteristics that turn them as alternative hosts for biotechnological purposes [14, 18, 

27, 32, 33]. In this work we exploited the microbial biodiversity present in agro-food by-products to identify 

novel robust yeast strains adapted to such environments. The genetic and phenotypic variability from 

these natural isolates was evaluated, along with their morphological traits. The indigenous species 

described in this work might display a great potential to become promising biosustainable platforms, 

given their ability to utilize carboxylic acids present in industrial biowastes as sole carbon and energy 

sources. 

 

4.2 MATERIALS AND METHODS 

4.2.1 MICROORGANISMS  

The yeast isolates used in this work belong to the Microbial collection of the Department of Biology of the 

University of Minho and derived from the TransBio Project (FP7 KBBE – Nº289603). Microorganisms 

from this collection were isolated from agro-food by-products specifically mix salad, from a vegetable 

processing industry. In this study, ten yeast isolates were selected for further analysis based on 

preliminary screenings targeted for the isolation of organic acid producing yeasts. 
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4.2.2 CULTURE CONDITIONS  

Cell cultures were maintained on YPD (yeast extract 1% w/v, bacto-peptone 1% w/v, dextrose 2% w/v, 

agar 2% w/v). Yeast cells were grown in Malt extract agar 5% w/v (MEA; Merck) and Sporulation media 

(SM; dextrose 0.05% w/v, bacto-peptone 0.1% w/v, potassium acetate 1% w/v (Difco), yeast extract 0.1% 

w/v and agar 2% w/v) for morphological characterization. The physiological traits of isolates were 

evaluated through growth in yeast nitrogen base 0.67% w/v (YNB; DifcoTM, USA) supplemented with 

different carbon and energy sources: glucose 2% w/v, acetic acid 0.5% v/v (pH 6.0), lactic acid 0.5% v/v, 

fumaric acid 1% w/v, malic acid 1% w/v, succinic acid 1% w/v and citric acid 1% w/v (pH 5.5), at 30°C, 

pH 5.0. All compounds used, from glucose to organic acids, were produced by Sigma Aldrich/Merck 

(Germany). Cells were grown in liquid YPD media at 30°C, 200 rpm. Overnight cultures were adjusted to 

an OD640nm of 0.1. Cells were serially diluted (1:10) 3 times and 3 μL drops of each dilution were spotted 

in plates with desired media and incubated at 30°C for 2 days. The phenotypic analysis was carried out 

in triplicate, and results were converted to a classification system between 0 and 3 (0: without growth on 

solid media; 1: weak growth; 2: moderate growth; 3: strong growth on solid media) [34]. Phenotypic 

variability data was analyzed using the Orange software [35]. 

 

4.2.3 MOLECULAR TYPING AND SEQUENCE ANALYSIS 

The genomic DNA was extracted using the protocol described by Lõoke et al., (2011) [36]. The universal 

primer pair ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) was 

used to amplify the intervening hypervariable ribosomal ITS1-5.8S-ITS2 region of each yeast isolate [37, 

38]. PCR was carried out using the following conditions: initial denaturation at 95°C for 6 mins followed 

by 35 cycles of denaturation (95°C for 20 seconds), annealing (53°C for 20 seconds) and extension 

(72°C for 1 minute), followed by a final extension (5 minutes at 72°C). A negative control was included 

in each run by replacing the template DNA with sterile water in the PCR mixture. DNA was visualized by 

electrophoresis in a 1% (w/v) agarose gel, quantified with the NanoDrop ND-1000 (Thermo Scientific, 

USA) and sequenced by Eurofins Genomics (Germany). The collected nucleotide sequences were aligned 

using ClustalW (www.genome.jp/tools-bin/clustalw) to obtain the complete sequence. For the 

identification of yeast species, the sequences were compared to the reference data available in NCBI 

(BLASTn algorithm -- sequence analysis tool) by default and MYCObank (pairwise sequence alignment, 

www.mycobank.org/page/Pairwise_alignment) databases. Identification was based on the probability of 

yeast matching and similarity between standard sequences. 
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4.2.4 MORPHOLOGICAL CHARACTERIZATION OF YEAST SPECIES 

The morphological characterization of yeast isolates included macro- and micromorphology classification 

according to the guidelines provided by Kurtzman et al. (2011) and Wickerham (1951) [39, 40]. 

Macromorphology analysis evaluated colonies grown in the culture media YPD, MEA and SM. Several 

features were analyzed: (i) whole colony appearance (circular, rhizoid, irregular, filamentous, spindle); (ii) 

margin (entire, undulate, lobate, filiform, rhizoid, curled); (iii) surface (smooth, glistening, rough, wrinkled, 

dry/powdery); (iv) elevation (flat, raised, convex, pulvinate, umbonate, crateriform); (v) pigmentation 

(pigmented – purple, red, yellow; or nonpigmented – white, cream) and (vi) optical property (opaque, 

translucent, transparent). In YPD and MEA solid media, growth of isolates was observed after one to 

twelve days, whereas in SM from two to ten days of growth, all at 30ºC (isolate-colony pictures were taken 

upon 3 days of growth). For the micromorphology analysis, morphological traits of asexual cells in distinct 

growth media were evaluated by microscopic observation using the epifluorescence microscope (Olympus 

BX51) coupled with a DP71 digital camera (Olympus Portugal SA, Porto, Portugal). All images were 

acquired using the Olympus cellSens software. Spore formation was evaluated using Schaeffer-Fulton 

staining method for coloration of spores with malachite green and safranin from the isolates grown in SM 

for four days, at 30°C  [41].  

 

4.2.5 WHOLE GENOME RE-SEQUENCING AND DE NOVO ASSEMBLY OF C. JADINII STRAINS 

Yeast DNA was extracted from two C. jadinii isolates (Isolate 7 and TB105 - internal codes for isolates) 

and two collection strains (PYCC2578, PYCC3092) using the DNeasy PowerMax® soil kit (Qiagen), 

following the manufacturer’s instructions. DNA concentration was determined by Nano drop ND-1000 

spectrometer. The whole genome sequence was obtained by Illumina next-generation sequencing, 

according to the manufacture’s protocols (Illumina 2009), in paired end 104 bp mode, using an Illumina 

HiSeq2000 analyser (NOVOGENE Company, Beijing, China). Genome sequencing yielded a total of 3.14 

Gb raw data and produced between 3.9 and 6.4 million sequence reads per strain. Sequence reads were 

quality controlled with FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were firstly 

aligned to the publicly available genomes of C. jadinii (CBS1600, NBRC 0988 and NRRL Y-1542), using 

bowtie2 with default parameters [42]. After results validation, the genome of the strain NBRC 0988 was 

used as a reference for further analysis, due to higher homology detected (data available in the 

Supplementary data section). Sequences were aligned with SAMtools v.1.11 [43] using the commands 

view, sort, index and mpileup. All possible variants including frameshift insertions/deletions (Indels) and 

single nucleotide polymorphisms (SNPs) were then called from the aligned sequences, using Annovar 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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[44], with the following filters: QUAL > 40 and DP > 10. In a second phase, the genomes of the four 

sequenced C. jadinii strains were de-novo assembled using Spades v. 3.14.1 [45], testing k-mer lengths 

21, 33, 55, 77, 99 and 121. 

 

4.2.6 PCA ANALYSIS 

After alignment of C. jadinii genomes to the reference using miniclip2 [46], principal component analysis 

was used to assess differences between isolates. The function “Full genome/assembly alignment” (-ax 

asm10) was used with the divergence level at 1% for better alignments. Having all samples aligned to the 

reference, duplicate reads were excluded using SAMtools [43, 47] markdup function and later samples 

had their unmapped reads removed also using SAMtools. With the samples filtered, these were converted 

into genotype array using pileupCaller (SequenceTools – pileupCaller assessed in 

https://github.com/stschiff/sequenceTools), with the final format being EIGENSTRAT. After this, the 

array was converted to PLINK format where samples were further trimed to remove unnecessary 

information. With the files set up, the final PCA visualization was obtained [48].  

 

4.2.7 GENOME AND FUNCTIONAL ANNOTATION 

The seven C. jadinii genomes were annotated with the AUGUSTUS [49] software, in order to establish 

potential coding regions in each of the C. jadinii´s chromosomes, using S. cerevisiae S288c as training 

set. Relevant information was extracted, in particular start and end positions of coding regions, strain 

orientation and known homologs in the reference genome of S. cerevisiae (strain S288c). The potential 

coding regions reported by AUGUSTUS were extracted from the complete C. jadinii genome into a FASTA 

file. The functional genomic annotation was done by EggNOG-mapper v5.0 [50], in view of the predicted 

proteins using AUGUSTUS, and the results were outlined in the light of the Ontology (GO) terms, KEGG 

pathways [51] and clusters of orthologous groups – COG with their associated functional categories [52]. 

 

4.3 RESULTS 

4.3.1 PHYSIOLOGICAL CHARACTERIZATION OF ISOLATES 

In this study, ten isolates from vegetable-biowastes acidic niches were grown on solid media containing 

monocarboxylic (acetic and lactic acids), dicarboxylic (malic, succinic and fumaric acids) and tricarboxylic 

acids (citric acid), as sole carbon and energy sources at 30°C (Figure 1).  

 

https://github.com/stschiff/sequenceTools
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Figure 1. Growth pattern of ten wild yeast isolates. A) Assimilation profiles on YNB containing 

glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic acid (0.5% v/v; pH 5.0), malic acid 

(1% w/v; pH 5.0), succinic acid (1% w/v; pH 5.0), fumaric acid (1% w/v; pH 5.0) and citric acid 

(1% w/v; pH 5.5) as sole carbon and energy source. B) Heatmap representing the capacity of each isolate 

(I1 to I10) to assimilate the carbon sources shown in A. The color reflects the normalized fitness 

component measure: white =no growth; salmon= weak, light rose= moderate and red=strong growth using 

a particular carbon source. 
 

 

All isolates assimilated effectively glucose as a sole carbon source at 30ºC. Isolates 3 and 4 presented a 

strong growth in all tested carbon sources. Isolates 6, 7, and 8, also showed an improved growth on 

acetate, succinate and fumarate media. Succinate was the carbon source most widely utilized. The 

isolates I2 and I5 were unable to grow in malate, and in particular the I2, presented poor growth in the 

all the carbon sources (Figure 1A). The isolates were grouped according to their phenotypic profile 

demonstrating the great biodiversity found among these ten isolates (Figure 1B).   

 

4.3.2 SPECIES IDENTIFICATION  

The sequence of amplified fragments from the ITS1-5.8S-ITS2 region of the ten isolates was compared 

with sequences available at NCBI and MYCOBank public databases. The PCR-ITS analysis revealed the 



 

87 

identification of 8 species (Table 1) belonging to the genera: Candida (three isolates), Pichia (five isolates), 

Cyberlindnera (one isolate), and Apiotrichum (one isolate). Nine of the identified species belongs to the 

phylum Ascomycota and one, Apiotrichum brassicae, to the phylum Basidiomycota.  

 

Table 1. Identification of the wild yeast isolates by molecular typing using internal transcribed sequencing 

(ITS) 
 

Isolates ITS match Sequence length (bp) Similarity 

I1 Pichia fermentans 588 99.7 

I2 Candida tetrigidarum 478 99.2 

I3 Pichia kudriavzevii 406 100 

I4 Pichia kudriavzevii 434 100 

I5 Candida inconspicua 387 97.5 

I6 Pichia barkeri 368 98.9 

I7 Cyberlindnera jadinii 478 100 

I8 Candida tropicalis 494 99.8 

I9 Pichia fermentans 355 100 

I10 Apiotrichum brassicae 442 99.8 

 

PCR products of ITS polymerized region revealed different band sizes for different species varying between 

355 and 588 nucleotides. The cross-results from the two databases showed that isolates at least 97.5% 

of identity with known species, with a total 99% coverage (Table 1). If distinct taxa were assigned by the 

two databases, we considered the designation attributed by MYCOBank with a more updated 

nomenclature for yeasts.  

 

4.3.3 MORPHOLOGICAL CHARACTERIZATION  

Eight isolates, one per yeast species, were grown on three culture media for 3-days at 30°C (Figure 2) 

aiming at analyzing colony and cellular morphology. The guidelines provided by Kurtzman, et al. (2011) 

[39] were used for colony analysis. The results observed for each species are summarized in Figure 2. 
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Figure 2. Colony morphology of the eight yeast species grown on solid media after 3 days of growth at 30°C. A) Macromorphology of colonies 
considering whole colony, margin, surface, elevation and colony appearance onto distinct growth media. B) Analysis of pigmentation and optical properties of the 
colonies. Initials stand for MEA – malt extract media; YPD – yeast extract-peptone-dextrose and SM – sporulation media.
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Whole colony, margin and surface were more evident among P. fermentans, P. barkeri and 

A. brassicae isolates. The colony elevation was dependent on the culture media. Considering the 

pigmentation and optical properties, all species were nonpigmented and had opaque appearance. 

The micromorphological characterization was conducted through a microscopic analysis of the 

isolates grown in the different culture media (Figure 3). 

Pichia fermentans cells showed distinct growth profiles on YPD and MEA media (12 days of growth 

at 30°C). Cell size varied between 2.0-4.5 x 3.0-6.0 µm, and cells occur isolated and in pairs with 

ovoid form but also apparently are with ability to pseudohyphae. The cell morphology of 

Candida tetrigidarum is ellipsoidal, 2.5-3.5 x 3.7-7.5 µm, and may occur individually and in pairs, 

with holoblastic bipolar budding. Pichia kudriavzevii cells present ellipsoidal but also elongate 

shape occurring in single or in pairs with dimensions 2.3-3.0 by 4.5-8.0 µm, with bipolar budding 

on a wide base. C. inconspicua cells present a cylindrical and ovoid form, a cell size of 

2.0‑3.0 x 3.0-4.5 µm, with presence of asexual cells that reproduce via holoblastic polar budding 

on a narrow base. Pichia barkeri cells have elongate form (2.3-4.0 x 6.0-8.3 µm) with ability to 

produce pseudohyphae on MEA and YPD media. C. jadinii cells display an ellipsoidal and elongate 

shape, a cell size of 3.0-4.5 x 4.5-7.5 µm, occurring in individually and in pairs with associated 

polar budding on a narrow base. Candida tropicalis cells are subglobose, round to ovoid forms, 

with a cell size of 4.5-6.8 x 4.0-6.8 µm, occurring singly and with associated polar budding. The 

basidiomycetous yeast A. brassicae exhibited cells with branched shape and also septate hyphae. 
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Figure 3. Morphology and micromorphology of the wild yeast species. Microscopic 

images were obtained by differential interference contrast (DIC) after one, two, four and twelve 

days of growth on MEA, YPD and SM media. Scale bars = 5-7.5 µm. MEA – malt extract media; 

YPD – yeast extract-peptone-dextrose; SM – sporulation media. 

 

 

4.3.4 MORPHOLOGICAL AND PHYSIOLOGICAL CHARACTERIZATION OF CYBERLINDNERA 

JADINII STRAINS 

The C. jadinii laboratory strains (DSM 2361; PYCC 2578; PYCC 3092) were characterized 

considering the macro- and micromorphological traits (Figure 4). 
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Figure 4. Characterization of Cyberlindnera jadinii strains DSM 2361, PYCC 3092, 

PYCC 2578 and isolate I7. Right panel - Cells were grown at 30°C on MEA, YPD and SM. 

Microscopic images were obtained by differential interference contrast (DIC) with scale bars of 5 

µm for 1 day-YPD and 7.5 µm for the other samples. MEA – malt extract media; YPD – yeast 

extract-peptone-dextrose; SM – sporulation media. Left panel - Heatmap of the capacity of each 

strain to grown on YMB supplemented with glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic 

acid (0.5% v/v, pH 5.0), malic acid (1% w/v, pH 5.0), succinic acid (1% w/v, pH 5.0), fumaric acid 

(1% w/v, pH 5.0) and citric acid (1% w/v, pH 5.5) at 30°C. Color scheme reflects the normalized 

fitness component measure: white = weak, light blue= moderate and dark blue=strong growth using 

a particular carbon source. 
 

 

Cells of C. jadinii DSM 2361 with ovoid and ellipsoidal shape, after twelve days of growth in rich 

media with sizes between 3.0-6.0 x 5.0-8.0 µm, reproduced by polar budding. C. jadinii 

PYCC 3092 cells revealed a rounded to ellipsoidal shape, cell size of 3.0-4.5 x 4.5-6.0 µm, and 

reproduce by multilateral budding. Helmet-shaped ascospores released from deliquescent asci 

were also detected in sporulation media for this strain and for C. jadinii I7 (Figure S1). The cells of 

PYCC 2578 strain exhibited rounded and ovoid forms, with size of 3.0‑4.5 x 6.0-7.5 µm, with polar 

budding. Compared to the laboratory strains, the wild C. jadinii cells displayed a pronounced 

ellipsoid shape. All laboratory strains assimilated glucose as well as carboxylic acids as sole carbon 

and energy sources (Figure 4, heatmap). The isolate I7 presented strong growth in all carboxylates 

tested, with exception for malate. Acetate (monocarboxylate) and succinate (dicarboxylate) were 

the two carboxylates better assimilated by all species. 
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4.3.5 GENOME ANALYSIS OF C. JADINII  

To understand the genomic features that can be related to the phenotypic variations observed in 

C. jadinii strains, we sequenced the genomes of four C. jadinii strains, the I7 wild isolate, two 

lab-collection strains (PYCC 2578 and PYCC 3092) and another isolate (identified as TB105) 

belonging to the Department of Biology collection, also derived from the TransBio project. The 

genomes were sequenced with a high (73-132x) coverage using Illumina de novo assembly 

technology (Table 2). 

 

Table 2. Data characteristics and sequencing statistics from the de-novo assembly of C. jadinii 

wild and collection genomes 
 

Components  Cyberlindnera jadinii strains 
I7 TB105 PYCC 2578 PYCC 3092 

Number of reads 6,406,326 5,081,695 3,981,001 6,243,058 

Coverage 131.4x 73.4x 81.57x 127x 

GC-content (%) 43.0 43.0 43.0 43.0 

De novo Assembly with Spades 
Assembly length (bp) 21,305,676 20,802,315 18,116,029 18,381,892 
Number of scaffolds 12,198 11,873 8,510 9,776 
N50 (bp) 2863 2903 4165 3765 
Number of Ns 36,420 40,900 36,740 38,310 
Number of scaffolds > 
1000pb 5,824 5,532 3,975 3,884 
Assembly length > 
1000pb 17,339,108 16,929,544 15,252,290 14,887,584 
Proteins predicted 5579 5365 4687 4617 

 

All the genomes presented a predicted GC-content of 43%. De novo assembly of the filtered 

high-quality sequences from all genomes resulted in a variable number of scaffolds being higher in 

wild-isolates than in PYCC strains. The N50 was smaller for the wild isolates (2900 bp) than for 

and PYCC 2578 and PYCC 3092 (~4000bp). The total genome length size was higher in wild 

isolates (~ 20Mbp) than in PYCC strains (~18Mbp). The four strains presented a highly variable 

number of predicted proteins, around 4600 in the PYCC strains, and up to 5580 in the I7. The 

N50 value and the high number of scaffolds obtained above 1000 bp suggests a high quality of 

both the sequencing process and the de-novo assembly. For a more comprehensive study of the 

C. jadinii genome, data from genomes already deposited in NCBI belonging to strains NBRC0988, 

CBS 1600 and NRRL Y-1542 [53] were also analyzed. These two last C. jadinii strains are 

described as being alias, however we decided to keep the results from both genome sequencing 

projects in our analysis as the data reported for each sequencing project is different. The results 
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from the overall alignment rate, using strain NBRC0988 as reference, showed the best alignment 

rate, with values above 96% (table S1). Thus, the C. jadinii NBRC0988 genome was used to make 

a comparative genomic study between strains and to generate the principal component analysis 

(PCA) (Figure 5). 

 

 

Figure 5. Genetic diversity obtained for seven Cyberlindnera jadinii strains as 

disclosed by the principal component analysis (PCA) plot. Scores attributed are based on 

the C. jadinii strain distribution. 

 

The PCA diagram depicts the variability of C. jadinii strains, where 40% of the genetic diversity is 

explained by the two first components (PC-1 – 21.3%, PC-2 – 18.6%). The strains were distributed 

into three quadrants/directions in the PCA visualization and three major groups are present; i) 

NRRL Y-1542 and CBS 1600 strains; ii) PYCC 2578, PYCC 3092 and NBRC 0988 strains; iii) wild 

isolates I7 and TB105. In this analysis, the wild isolates are the most distant group, which is in 

accordance to their higher genetic variability, e.g. higher number of ORFs and assembly length. In 

addition, further genetic relatedness was found among strains considering their origin as the closest 

strains share the same habitat (isolation sources), such is the case of the wild isolates originated 

from biowastes (mix of salad). The PYCC 3092 and NBRC 0988 strains were isolated from fodder 

yeast, although in this group is also included the PYCC 2578 strain, isolated from the digestive 

tract of a cow. The genomes from the NRRL Y-1542 and CBS 1600 strain are also clustered in this 



 

94 

analysis, as expected since these resulted from sequencing projects of the same strain. However, 

these two genomes showed slight variance, as detected by the first and second principal 

components, probably due to differences in the sequencing projects and/or artifacts in the genome 

assembly and annotation pipeline used since it was done by different groups. PCA visualization 

using other components was also obtained (figure S2 in supplementary data). However, even 

though the inclusion of the third component (PC-3) still accounts for a relevant data variance, we 

could not find any biological relevance in the analysis. 

In this work, we also analyzed the functional clustering of C. jadinii predicted proteins (Figure 6). 

The basal analysis focused on the functional annotation of the C. jadinii strain NBRC0988 (Figure 

6A), used as reference. From a total of 6435 proteins predicted by AUGUSTUS, egg-NOG software 

attributed 24 COG categories to 5370 proteins (83.4%). The same prediction was performed for 

the other C. jadinii strains (see table S2 in supplementary data). The candidate categories include: 

1) RNA processing/modification, including translation, transcription, replication, recombination 

and repair; 2) proteins associated to energy production and conversion, amino 

acid/carbohydrate/coenzyme/lipid transport, inorganic ion transport and metabolism, and 

secondary metabolites biosynthesis, transport and catabolism; 3) cell processes and signaling, 

such as cell division, cell wall/membrane/envelope biogenesis to intracellular trafficking, secretion, 

and vesicular transport, protein turnover and chaperones functions; 4) poorly characterized or 

without an associated function. Among the 5370 predicted genes, the majority of functional genes 

are classified in the following categories: metabolism (29%; 1552), cellular processes and signaling 

(25%; 1365), information storage and processing (24%; 1291) and unknown function (22%; 1162). 

A comparative analysis between the S. cerevisiae S288c genome and the seven genomes from 

C. jadinii strains, revealed slight differences in the genes clustered in each COG category (fig.6-B). 

The S. cerevisiae strain was used herein as the reference due to the extensive gene functional 

analysis, and its biotechnological relevance. The PYCC 2578 strain presents a considerable smaller 

number of genes involved in the cell energy production and conversion, compared to the other 

C. jadinii and S. cerevisiae strains. As for the clustered genes involved in amino acid 

transport/metabolism (COG-E), all C. jadinii strains present a higher number of genes associated 

to this category, when compared to S. cerevisiae. The same happened for the catabolism of sugars 

(COG-G category: carbohydrate transport and metabolism), secondary metabolites biosynthesis, 

transport, and catabolism category (COG-Q).
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Figure 6. Functional annotation via EggNOG software of Cyberlindnera jadinii and Saccharomyces cerevisiae genes. Annotations were organized in 24 main 
categories belonging to clusters of orthologous groups (COG). A) Number of genes clustered in each of the 24 COG categories for the C. jadinii NBRC0988. Colors stand for the 
functional categories analyzed. B) Comparison of the clustered genes (%) for each COG category between the S. cerevisiae S288c and the seven C. jadinii genomes.
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4.4 DISCUSSION 

Bioprocesses display a promising and environmentally friendly option to take over conventional 

processes currently used to produce added-value products such as fine chemicals, fuels and other 

useful end-products for commercial purposes. The improvement of bioconversion processes can 

be achieved through the development of robust stress-resistant strains able to convert efficiently 

sugars into valuable compounds, e.g. organic acids [17]. In the present study, we identified and 

characterized nine yeast species isolated from acidic environments. This characterization included 

a morphological analysis (colony and cell morphology), as well as an evaluation of the capacity to 

use organic acids as sole carbon and energy sources. 

For C. inconspicua, C. tropicalis and the basidiomycetous A. brassicae, all the morpho- and 

physiological evaluation here provided contribute to enrich the characterization of these species as 

the information available in the literature is very scarce [54-57].  

Pichia fermentans and Pichia barkeri, whose morphology was described by Kurtzman et al. (2011) 

[55] and reported to utilize glucose, D-xylose, DL-lactate, succinate, citrate (weak growth) is also 

able to utilize acetate, fumarate, and malate. 

The morphological data here reported for C. tetrigidarum is in accordance with literature [58]. 

Regarding the capacity to use carboxylic acids as carbon sources, this was extended to 

dicarboxylates, fumarate and malate [59]. 

Physiological screening revealed that P. kudriavzevii, C. tropicalis and C. jadinii wild isolates 

showed a strong growth in all tested organic acids as sole carbon and energy sources. Taking into 

account the data from the drop-test, among the isolates, P. kudriavzevii presented the highest 

ability to growth on carboxylic acids. These observation points to the existence of specific transport 

systems for carboxylates in the plasma membrane, since at the pH values tested, the acids are 

mainly in the dissociated form and cannot diffuse through the plasma membrane, requiring a 

transport system [25]. Previous studies already reported the use of P. kudriavzevii as a host for 

lactate and succinate production, with titers of 135 g/L and 11.63 g/L respectively, due to its 

tolerance to low pH values [60-63]. From these data it is possible to speculate that this species 

may present interesting traits for its exploitation for the industrial bioproduction of carboxylic acids.  

Considering the ability to assimilate carboxylates, P. kudriavzevii, C. tropicalis and C. jadinii might 

also become promising cell factories for the utilization of organic acids present in biowastes. 

The yeast C. utilis, the anamorph of C. jadinii [53], display activity for  carboxylic acid transport in 

the plasma membrane [64, 65]. Other yeast species within the Cyberlindnera clade evidenced 
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relevant features for biotechnological applications [66-68]. Cyberlindnera species were reported to 

easily assimilate sugars, organic acids and nitrogen sources [66, 67, 69]. In particular 

Cyberlindnera jadinii is able to grow in in substrates like biomass-derived wastes (as hardwood 

hydrolysates from the pulp industry), has a high tolerance to the temperature range between 19 to 

37 °C and to long-term mild acid pH [53]. The wild isolates of C. jadinii presented an improved 

growth on carboxylic acids, when compared to the other strains, which suggests that these 

substrates might be present in mixed salad vegetables. Concerning these physiological results, the 

wild I7 isolate was the most promising for the utilization of carboxylic acids. 

At the cell morphology level, similar cell shapes were found in all strains, and DSM 2361 colonies 

were more similar to I7. Reproduction occurred by polar to multilateral budding and, hat- and 

helmet-shaped ascospores were detected in the I7 and PYCC 3092 strains, which is accordance 

with type of spores reported for this yeast [39, 66]. The ascospore morphology is often used as 

tool for genus delimitation, as recognized by Boekhout and Kurtzman [70]. Several ploidy levels 

were reported in C. jadinii strains. A diploid state was detected in the C. jadinii NRRL Y-1542 strain 

[71, 72], the ploidy of the C. jadinii ATCC 9950/DSM 2361/NBRC 0988 varied from 2n, 3n to 4n 

according to the different methodologies used [73-76], and the C. jadinii CCY 39-38-18 strain a 

tetraploid state was reported [77]. 

In this work a comparative analysis of four strains of C. jadinii was performed namely: the DSM 

2361 (NBRC 0988), which genome is already sequenced and available at NCBI; the PYCC 3092 

and the PYCC 2578 strains characterized in previous studies for the transport of carboxylic acids 

[32, 64, 65] and the wild isolate I7. Overall, the C. jadinii I7 and PYCC strains were more similar 

between them. The genomic features, e.g. GC-content and number of proteins, of the previously 

sequenced C. jadinii  strains reanalyzed in this study are in agreement with the published data 

[53]. The PCA visualization suggests the existence of three-clusters. The present landscape of high 

intra-strain diversity might be explained by genetic rearrangements due to selective pressure in 

specific ecological niches [78]. Several studies reported the phenotypic evolution driven by 

environmental adaptation [78, 79]. Moreover, this variation may be associated with different ploidy 

levels, a phenomena already reported in C. jadinii strains that can range from 2n to 5n [53], 

although we were unable to explore this aspect in this study. 

The functional annotation of the seven C. jadinii genomes revealed the presence of a high number 

of genes assigned to categories such as (i) amino acid transport/metabolism (COG-E), (ii) 

carbohydrate transport and metabolism (COG-G) and (iii) secondary metabolites biosynthesis, 
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transport, and catabolism category (COG-Q). This reinforces in part the data that reports that this 

yeast is able to assimilate a considerable amount of compounds when compared to 

Saccharomyces species [53]. In addition, the presence of a high number of genes assigned to the 

COG-G category reflected the ability of C. jadinii to assimilate several carbohydrates such as 

sucrose, glucose, raffinose, glycerol, xylose or maltose [80-82]. The same happens for COG-Q 

category, correspondent to genes involved in secondary metabolites biosynthesis, transport and 

catabolism, in which all seven C. jadinii strains had a higher number of genes assigned than 

S. cerevisiae. The predominance of genes required for the transport of metabolites, such as organic 

acids, can justify the improved growth of C. jadinii strains using these compounds as the sole 

carbon and energy source [32, 64, 65]. As for the annotated proteins with unknown function, it is 

necessary to perform a more detailed study based on the search for homologs and conserved 

domains that can help to predict the function of these proteins. 

 

4.5 CONCLUSIONS 

 

Currently, the sustainable production of organic acids is a major concern of the industrial 

biotechnology. Product toxicity remains one of the major bottlenecks to achieve a cost-effective 

fermentative process for production of carboxylic acids. The biorefinery industry requires hosts that 

exhibit an excellent tolerance to acidic pH values and high product titer conditions, being able to 

grow and produce the target organic acid at high rates. This study explores the morphological and 

physiological characterization of wild yeast, isolated from biowastes, providing novel insights on 

their potential to utilize or even produce carboxylic acids, due to their tolerance to acidic 

environments, with emphasis for Pichia kudriavzevii, Candida tropicalis and Cyberlindnera jadinii. 

In particular, C. jadinii with its GRAS status and its known biotechnological applications, is a 

promising microbial cell factory. Nevertheless, further studies on these wild isolates are required 

to understand its metabolic routes, transport systems and regulatory networks. Concerning the 

species Pichia kudriavzevii and Candida tropicalis, a more in-depth study, including whole genome 

sequencing, may reveal interesting phenotypic and genomic variations occurred due to the 

selection on these specific niches.  

This study, correlating physiological features and the genomic information on C. jadinii strains, 

provide the basis for the development of genetic engineering strategies for the improvement of this 

biotechnologically relevant yeast. 



 

99 

SUPPLEMENTARY DATA 

 
Table S1. Comparison for quality validation over the alignment of sequenced strains deposited 
in NCBI against the Cj-strains in analysis by different parameter setting in variant calling. 
 

 

C. jadinii 

strains 

Alignment with NRRL Y-1542 Alignment with CBS1600 Alignment with NBRC 0988 

Overall 

alignment 

rate 

Variant 

calling 

Filtering 

(QUAL< 

40; DP 

<10) 

Overall 

alignment 

rate 

Variant 

calling 

Filtering 

(QUAL< 

40; DP 

<10) 

Overall 

alignment 

rate 

Variant 

calling 

Filtering 

(QUAL< 

40; DP 

<10) 

I7 89.08 % 268,142 256,339 88.93% 263,822 250,728 96.61 % 250,728 267,649 

TB105 87.28 % 268,802 254,511 87.28 % 261,932 247,785 96.35 % 247,785 262,875 

PYCC2578 88.99 % 272,363 257,357 88.62 % 271,663 255,744 96.77 % 231,821 217,024 

PYCC3092 89.08 % 257,734 244,220 88.47% 262,145 247,548 96.98 % 214,917 202,277 

 

Table S2. Predicted proteins by AUGUSTUS versus functionally annotated proteins by Cluster of 
Orthologous Groups (COG) 
 

 C. jadinii strains 
Proteins predictions 

Augustus COG 

I7 5579 4421 

TB105 5365 4198 

PYCC 2578 4687 3637 

PYCC 3092 4617 3658 

NRRL Y-1542 5919 5028 

CBS 1600 5952 5045 

NBRC0988 6435 5370 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. Helmet-shaped ascospores released from deliquescent asci observed for 
C. jadinii wild isolate (I7). Microscopic image obtained after four days of growth in sporulation media 

using bright field with scale bars = 10 µm, black arrow indicates the spore identified. In the BF images: 
green color – spore and red – vegetative cells.
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Figures S2. Genetic diversity obtained for the seven Cyberlindnera jadinii strains as disclosed by the PCA plot of A) PC-2 vs PC-3 and B) PC-1 

vs PC-3 components. Scores attributed are based on the Cj-strains distribution.
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CHAPTER V 

 

Combined in silico approaches to uncover plasma membrane carboxylate 

transporters in Cyberlindnera jadinii 

 

ABSTRACT 
 

The yeast Cyberlindnera jadinii has great potential in the biotechnology industry due to its ability to 

produce a variety of compounds of interest, such as carboxylic acids. In this work, we aimed at identifying 

the genes encoding carboxylate transporters of this yeast species to explore their efficient use to export 

organic acids by microbial cell factories. Putative plasma membrane carboxylate transporters were 

identified with a bioinformatics pipeline analyzing the inferred proteome of the C. jadinii NRRL Y-1542 

strain. The functional characterization of the relevant hits by heterologous expression in Saccharomyces 

cerevisiae unveiled the existence of sixteen plasma membrane carboxylate transporters belonging to the 

AceTr, SHS, TDT, MCT, SSS, and DASS transporter families. The newly identified C. jadinii transporters 

presented a diverse range of specificity, being able to transport mono-, di- and tricarboxylates alone or in 

combination: sixteen transport monocarboxylates, five transport dicarboxylates (CjAto2p, CjAto5p, 

CjJen6p, CjSlc5p, and CjSlc13-1p) and four transport citrate (CjAto5p, CjJen6p, CjSlc5p, and 

CjSlc13-1p). In this study, a detailed characterization of these transporters was performed which also 

included their phylogenetic reconstruction, 3D-structure prediction, and molecular docking studies. 

 

 

 

 

 

 

 

KEYWORDS: Cyberlindnera jadinii; Carboxylic acids; Plasma membrane transporters; Phylogeny; 

3D structure model; Molecular docking  
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5.1. INTRODUCTION 

 

The yeast Cyberlindnera jadinii is an attractive platform for industrial utilization due to its intrinsic robust 

fermentation characteristics and its ability to utilize a wide range of substrates, including hexoses, 

pentoses, organic acids (including mono-, di- and tricarboxylic acids) and amino acids [1-4]. Membrane 

transporters are powerful tools to improve yeast cell factories aimed at the production of valuable 

chemical compounds [5]. With few exceptions, neither substrates nor products of cell metabolism can 

cross the plasma membrane freely. Instead, these molecules require the activity of membrane transporter 

proteins to cross the cell membrane outwards or inwards.  

The productivity of carboxylic acids by microbial cell factories is significantly affected by the influx of 

substrates and efflux of products and by-products. The expression of suitable exporters avoids the internal 

cell´s toxicity of carboxylic acids and facilitates their purification from the culture broth [6-10]. A unique 

transporter can recognize distinct substrates, and multiple transporters may be associated with the 

transport of a particular substrate across cell membranes [11, 12]. The recent publication of Soares-Silva 

et al. (2020) reviews the most relevant cell membrane transporters (importers and exporters) used for 

the improvement of microbial cell factories’ production of carboxylic acids [5]. The Sialate:H+ symporter 

(SHS) family (TC 2.A.1.12) is a well-characterized family able to transport carboxylates and sugar acids 

[5] to which belongs the Jen1p of S. cerevisiae, the first the monocarboxylate:H+ symporter transporter 

found in fungi [13]. Later, the same group of researchers described the first member of the acetate uptake 

transporter (AceTr) family (TC 2.A.96) in S. cerevisiae, the Ady2/Ato1 [14], which includes both importers 

and exporters of carboxylic acids [15]. Furthermore, the solute carrier (SLC) superfamily, distributed 

throughout all domains of Life, includes well-known transporter families, like the Monocarboxylate 

Transporter (MCT)/SLC16 Family (TC 2.A.1.13) found in Homo sapiens or the Divalent Anion:Na+ 

Symporter (DASS)/SLC13 Family (TC 2.A.47) which can either import and export mono-, di- and 

tricarboxylates [16-18].  

In the 80s, distinct plasma membrane transporter systems for organic acids were physiologically 

characterized in C. jadinii strains [19-21]: (i) a proton-symporter accepting the monocarboxylates L-lactate 

and D-lactate, pyruvate, propionate, and acetate [20]; (ii) a dicarboxylate proton-symporter for L-malate, 

succinate, fumarate, oxaloacetate, and α-ketoglutarate [21, 22]; (iii) a tricarboxylate proton-symporter for 

citrate and isocitrate [19] and (iv) a general organic permease for the facilitated diffusion of amino acids, 

and mono-, di- and tricarboxylic acids with low affinity for the substrate [19, 23]. The genes encoding 

these transporters remain until now unidentified.  Hence, in this work, we searched for S. cerevisiae Ato1 
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and Jen1 homologs present in the C. jadinii genome by sequence homology. In parallel, we have 

developed a bioinformatic pipeline to identify and annotate genes coding for carboxylate transporters. The 

most promising hits were expressed in S. cerevisiae to assess their physiological function. For those 

revealing carboxylic acid transport activity, a phylogenetic and an in silico structural 3D analysis was 

performed. Together these data bring novel insights on the C. jadinii inferred proteome, shedding light on 

the processes of solute plasma membrane transport in this yeast species. 

 

5.2 MATERIALS AND METHODS 

5.2.1 YEAST CULTIVATIONS AND PLASMID CONSTRUCTS 

Yeast strains and plasmids used in this study are listed in tables 1 and 2. The S. cerevisiae W303-1A 

jen1Δ ady2Δ (Soares-Silva et al., 2007) and S. cerevisiae IMX1000 strains (Mans et al., 2017), lacking 

carboxylate uptake under the conditions tested, were used to express putative carboxylate transporters 

[24, 25]. Cultures were maintained on YPD medium, yeast extract (1%, w/v), peptone (1%, w/v), glucose 

(2%, w/v) and agar (2%, w/v), or minimal media with the required supplements for growth of strains with 

auxotrophies. Yeast cells were grown in yeast nitrogen base (YNB, Difco), 0.67%, w/v (YNB medium), 

enriched with adequate requirements for prototrophic growth. Carbon sources used were glucose 

(2%, w/v), acetic acid (0.5%, v/v, pH 6.0), lactic acid (0.5%, v/v, pH 5.0), pyruvic acid (0.5% v/v, pH 5.0), 

fumaric acid (1%, w/v, pH 5.0), succinic acid (1%, w/v, pH 5.0), malic acid (1%, w/v, pH 5.0) and citric 

acid (1%, w/v, pH 5.5). Cell growth was carried out at 30°C, both in liquid and solid media. For growth 

phenotypes, cells were grown on YNB Glu−Ura media until mid-exponential phase and adjusted to an 

OD640nm of 0.1. A set of three 1:10 serial dilutions were performed and 3 μL of each suspension was 

spotted in the desired media, using YNB Glu−Ura as a control. Cells were incubated at 18°C for 22 days. 

At 18°C, carboxylic acid uptake by diffusion is drastically reduced so that growth on CA as sole carbon 

and energy source is directly dependent on a functional transporter [24]. For the transport assays, YNB 

containing (YNB Glu-Ura) media was used for growth of yeast cells under repression conditions. Cultures 

were harvested during the exponential growth phase. For derepression conditions glucose-grown cells 

were centrifuged, washed twice in ice-cold deionized water and cultivated into fresh YNB media 

supplemented with the suitable carbon source. 
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5.2.2 TRANSPORT ASSAYS 

Transport assays were performed as previously described by Ribas et al. (2017) [26]. Cells were 

harvested by centrifugation (5000 rpm, 2 minutes), washed twice in ice-cold deionized water and 

resuspended in ice-cold deionized water to a final concentration of about 25–35 mg cell dry weight/mL. 

The reaction mixtures were prepared in 1.5 mL microtubes tubes containing 60 μL of KH2PO4 (0.1 M, 

pH 5.0), and 30 μL of the yeast cell suspension. After 2 minutes of incubation at 30°C, the reaction was 

started by the addition of 10 μL of a solution of radiolabelled substrate, at the desired pH and 

concentration, rapidly mixed by vortex and incubated at 30°C. After 15-30s the reaction was stopped by 

adding 100 μL of non-labelled substrate tested (in a 100-fold the substrate concentration in the reaction 

mixture), quickly mixed by vortex and chilled on ice. The suspension was centrifuged for 7 minutes at 

13200 rpm. The supernatant was carefully rejected, the pellet was resuspended in 1 mL of desionized 

cold water and centrifuged for 10 minutes at 13200 rpm. The resulting pellet was resuspended in 1 mL 

of scintillation liquid (Opti-Phase HiSafe II; LKB FSA Laboratory Supplies). The labelled carboxylates used 

were [1-14C] acetic acid (Perkin Elmer, Massachusetts, USA); L-[U-14C] lactic acid (Perkin Helmer, 

Massachusetts, USA); [2,3-14C] succinic acid (Moravek Biochemicals, California, USA) and [1,5-14C] citric 

acid (Perkin Elmer, Massachusetts, USA). Working solutions presented a specific activity ranging from 

300 to 4000 dpm, depending on the final carboxylate concentrations. The best-fitting for initial uptake 

rates was determined through computer-assisted non-linear regression analysis, performed by GraphPad 

Prism (California, USA) version 4.0 for Windows. The values for kinetic parameters were obtained with a 

significance level p<0.05. The data shown are mean values of at least three independent experiments, 

with three replicas each. 
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Table 1. Yeast strains used in this study. 

Strain Genotype Source 

Cyberlindnera jadinii DSM 2361 Type strain DSM 2361 DSM collection 

Saccharomyces cerevisiae W303-1A MATα ade2 leu2 his3 trp1 ura3 
Thomas and 
Rothstein (1989)  

S. cerevisiae jen1Δ ato1Δ 
W303-1A; JEN1::KanMX4 
ATO1::HphMX4 

Soares-Silva et al. 
(2007)  

S. cerevisiae CEN.PK113-7D MATα URA3 TRP1 LEU2 HIS3 
Entian and Kötter 
(2007) 

IMX1000 (parental strain 
CEN.PK113-7D) 

MATa ura3-52 trp1-289 leu2-3112 his3Δ 
can1Δ::cas9-natNT2 mch1Δ mch2Δ 
mch5Δ aqy1Δ itr1Δ pdr12Δ mch3Δ 
mch4Δ yil166cΔ hxt1Δ jen1Δ ato1Δ 
aqr1Δ thi73Δ fps1Δ aqy2Δ yll053cΔ 
ato2Δ ato3Δ aqy3Δ tpo2Δ yro2Δ azr1Δ 
yhl008cΔ tpo3Δ 

Mans et al. (2017) 

S. cerevisiae jen1Δ ato1Δ p416GPD jen1Δ ato1Δ transformed with p416GPD 
Soares-Silva et al. 
(2007) 

S. cerevisiae jen1Δ ato1Δ pCaJen2 jen1Δ ato1Δ transformed with pCaJen2 Vieira et al. (2010)  

S. cerevisiae jen1Δ ato1Δ pScAto1 jen1Δ ato1Δ transformed with pScAto1 This work 

S. cerevisiae jen1Δ ato1Δ pCjAto1 jen1Δ ato1Δ transformed with pCjAto1 This work 

S. cerevisiae jen1Δ ato1Δ pCjAto2 jen1Δ ato1Δ transformed with pCjAto2 This work 

S. cerevisiae jen1Δ ato1Δ pCjAto3 jen1Δ ato1Δ transformed with pCjAto3 This work 

S. cerevisiae jen1Δ ato1Δ pCjAto4 jen1Δ ato1Δ transformed with pCjAto4 This work 

S. cerevisiae jen1Δ ato1Δ pCjJen1 jen1Δ ato1Δ transformed with pCjJen1 This work 

S. cerevisiae jen1Δ ato1Δ pCjJen2 jen1Δ ato1Δ transformed with pCjJen2 This work 

S. cerevisiae jen1Δ ato1Δ pCjJen3 jen1Δ ato1Δ transformed with pCjJen3 This work 

S. cerevisiae jen1Δ ato1Δ pCjJen4 jen1Δ ato1Δ transformed with pCjJen4 This work 

S. cerevisiae jen1Δ ato1Δ pCjJen5 jen1Δ ato1Δ transformed with pCjJen5 This work 

S. cerevisiae jen1Δ ato1Δ pCjJen6 jen1Δ ato1Δ transformed with pCjJen6 This work 

IMX1000 pCjAto1 IMX1000 transformed with pCjAto1 This work 

IMX1000 pCjAto2 IMX1000 transformed with pCjAto2 This work 

IMX1000 pCjAto3 IMX1000 transformed with pCjAto3 This work 

IMX1000 pCjAto4 IMX1000 transformed with pCjAto4 This work 

IMX1000 pCjJen1 IMX1000 transformed with pCjJen1 This work 

IMX1000 pCjJen2 IMX1000 transformed with pCjJen2 This work 

IMX1000 pCjJen3 IMX1000 transformed with pCjJen3 This work 

IMX1000 pCjJen4 IMX1000 transformed with pCjJen4 This work 

IMX1000 pCjJen5 IMX1000 transformed with pCjJen5 This work 

IMX1000 pCjJen6 IMX1000 transformed with pCjJen6 This work 

IMX1000 pCjMch4 IMX1000 transformed with pCjMch4 This work 

IMX1000 pCjSlc5 IMX1000 transformed with pCjSlc5 This work 

IMX1000 pCjTDT IMX1000 transformed with pCjTDT This work 

IMX1000 pCjSlc13-1 IMX1000 transformed with pCjSlc13-1 This work 

IMX1000 pCjSlc13-2 IMX1000 transformed with pCjSlc13-2 This work 

IMX1000 pCjAto5 IMX1000 transformed with pCjAto5 This work 

S. cerevisiae jen1Δ ato1Δ pScJen1-
GFP 

jen1Δ ato1Δ transformed with pScJen1-

GFP 
Soares-Silva et al. 
(2003) 

 

file:///C:/Users/david/Desktop/tabelas.xlsx%23RANGE!_ENREF_53
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Table 2. Plasmids used in this study. 

Plasmid Description Reference 

p416GPD Glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter 
Mumberg, Muller 
and Funk (1995) 

pJen1-GFP 
ScJen1 cloned in p416 under the control of GPD promoter with 
the GFP gene 

Soares-Silva et al. 
(2003) 

pCaJen2  CaJen2 cloned in p416 under the control of GPD promoter  Vieira et al. (2010)  

pScAto1 ScAto1 cloned in p416 under the control of GPD promoter This work 

pCjAto1 CEP24587 cloned in p416 under the control of GPD promoter This work 

pCjAto2 CEP20823 cloned in p416 under the control of GPD promoter This work 

pCjAto3 CEP20822 cloned in p416 under the control of GPD promoter This work 

pCjAto4 CEP20690 cloned in p416 under the control of GPD promoter This work 

pCjJen1 CEP23088.1 cloned in p416 under the control of GPD promoter This work 

pCjJen2 CEP21966.1 cloned in p416 under the control of GPD promoter This work 

pCjJen3 CEP22358.1 cloned in p416 under the control of GPD promoter This work 

pCjJen4 CEP21989.1 cloned in p416 under the control of GPD promoter This work 

pCjJen5 CEP21602.1 cloned in p416 under the control of GPD promoter This work 

pCjJen6 CEP25129.1 cloned in p416 under the control of GPD promoter This work 

pCjSlc16 
XP_020067635.1 cloned in p416 under the control of GPD 
promoter 

This work 

pCjSlc5 
XP_020068154.1 cloned in p416 under the control of GPD 
promoter 

This work 

pCjTDT 
XP_020068891.1 cloned in p416 under the control of GPD 
promoter 

This work 

pCjSlc13-1 
XP_020069270.1 cloned in p416 under the control of GPD 
promoter 

This work 

pCjSlc13-2 
XP_020073044.1 cloned in p416 under the control of GPD 
promoter 

This work 

pCjAto5 
XP_020067765.1 cloned in p416 under the control of GPD 
promoter 

This work 

 

 

5.2.3 PIPELINE FOR THE IDENTIFICATION OF CARBOXYLATE TRANSPORTER GENES 

A computational analysis of the Cyberlindnera jadinii transportome was carried out to identify novel 

carboxylate transporters. The proteome from C. jadinii NRRL Y-1542 was downloaded from the NCBI 

database and analyzed using a bioinformatic pipeline (figure 2). This tool was designed to retrieve data 

from a specific database that contains: a) a single representative genome/proteome on the species level; 

b) where multiple matches within a species directly reflects the presence of orthologues, and c) the 

e-values from BLAST searches are statistically more reliable. To avoid redundancy of results we build our 

in-house genetic information database by using the inferred proteome of 13099 species with 
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full-annotated genomes in the NCBI assembly database (RefSeq). In situations where multiple reference 

strains were present for the same species, only the one presenting the higher number of proteins 

uncovered was used. The final database contained a total of 2863 genomes with 11969222 protein 

sequences in which: 30 are from metazoa, 193 from archaea, 2489 from bacteria, 72 from fungi, 34 

from plants and 45 from protists. The proteomes were searched for promising putative carboxylate 

transporters using the following criteria: a) proteins displaying a topology of 4-20 transmembrane 

segments (TMS) predicted by the TMHMM server v2.0 [78]; b) removal of the partial proteins; c) search 

for conserved motifs involved in the transport of carboxylate and d) identification of sequences with 

homology to known di- and tricarboxylate transporters. 

 

 

5.2.4 CLONING AND EXPRESSION OF HETEROLOGOUS GENES 

The target genes selected in 2.3 were amplified by PCR using the genomic DNA from the yeast 

Cyberlindnera jadinii DSM 2361 [27] and cloned in the centromeric plasmid p416GPD [28] under the 

control of a GPD constitutive promoter (pCj-gene plasmids) [24, 25]. As expression hosts the strains 

S. cerevisiae W303-1A jen1Δ ato1Δ and S. cerevisiae IMX1000 were used. The primers used for 

amplification and cloning of pCj-gene are listed in table 3. Sixteen genes were cloned in the centromeric 

plasmid p416GPD, by PCR amplification with proofreading polymerase ACCUZYME Mix DNA (Bioline, 

London, UK) [28]. DNA cloning and manipulation were performed according to standard protocols [29]. 

Primers from ThermoFisher Scientific (USA) contain restriction sites for BamHI and EcoRI (CjAto1-4, 

CjJen1, CjJen3 and CjJen5); EcoRI and HindIII (CjJen2 and CjJen4); XbaI and EcoRI (CjJen6); SpeI and 

SalI (CjSlc16, CjSlc5, CjTDT, CjSlc13-1 genes); SpeI and XhoI (Slc13-2 gene) SpeI and EcoRI (CjAto5), in 

the Forward and Reverse primers respectively. The final products were inserted in the vector p416GPD, 

previously digested with the same restriction enzymes. The resulting pCjgene plasmids were transformed 

in S. cerevisiae strains. 
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Table 3. Oligonucleotides used for strain construction, cloning and expression 
 

Name Sequence 

p416-CJAd1_fwd GCAGGATCCATGTCAGACAAGGAAAGC 

p416-CJAd1_rev GCAGAATTCCTAGGAGTGCACTTGAGC 

p416-CJAd2_fwd GCAGGATCCATGTCTAGTATTAATGAG 

p416-CJAd2_rev GCAGAATTCTCACAAATGGCTAGCACC 

p416-CJAd3_fwd GCAGGATCCATGGCCGCCAACGTTGAC 

p416-CJAd3_rev GCAGAATTCTCAGGCACGCTTTGCACC 

p416-CJAd4_fwd GCAGGATCCATGTCGGACAAGGAAAAC 

p416-CJAd4_rev GCAGAATTCTCAAGAACGCTTTGCACC 

Cjad2-I75L_fwd GCCAATCCAGTCCCTCTGGGTCTCTGTGGGTTC 

Cjad2-I75L_rev GAACCCACAGAGACCCAGAGGGACTGGATTGGC 

p416-CJJen1_fwd GCA GGATCCATGCACAAACTTGAAGAG 

p416-CJJen1_rev GCAGAATTCTCACTTCTTCTCCTGTGG 

p416-CJJen2-new_Fwd GCAGGATCCATGACTTCACCATTGCCT 

p416-CJJen2-new_Rev GCACTCGAGTCACTCACTTGAAGAGCC 

p416-CJJen3_fwd GCAGAATTCATGGCAATGTCTGATGTT 

p416-CJJen3_rev GCAGAATTCTCAGGTTTTTTCATTATG 

p416-CJJen4-new_Fwd GCAGGATCC ATGACTGCTGGGAGATAC 

p416-CJJen4-new_Rev GCACTCGAGCTAGTCTCTAGCAGATTC 

p416-CJJen5_fwd GCAGGATCCATGGACTGGGATGCTTTC 

p416-CJJen5_rev GCAGAATTCTCACTTTGGCTCTATCTT 

Cut-Jen6_Fwd GCCTCTAGAATGGGATTCAAGACGTAC  

Cut-Jen6_Rev GCCGAATTCTCATTTAACCTCAGAAAC 

ct1.635_Fwd GCCACTAGTATGACTGAAATCATCACT 

ct1.635_Rev GCCGTCGACTCAGAATTTACAAATTCT 

ct2.154_Fwd GCCACTAGTATGTTTGCAGAGACCGAG 

ct2.154_Rev GCCGTCGACTCACGAGTTGTCAGCACA 

ct3.891_Fwd GCCACTAGTATGACATCTGATGAGAAT 

ct3.891_Rev CCGTCGACTCAATTCCTTTCACTGTT 

ct4.270_Fwd GCCACTAGTATGAAATTCTCCCTCTCT 

ct4.270_Rev GCCGTCGACTTAACCGTGTAAAGTTGC 

ct8.044_fwd GCCACTAGTATGAAGTTCTCCCATTCG 

ct8.044_rev GCCCTCGAGTCACATCCCTGTTAATCT 

ct9.7765_fwd GCCACTAGTATGTCGACCTCTTCTCTC 

ct9.7765_rev GCCGAATTCCTAAACTCTTGGTGCATG 
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5.2.5 PHYLOGENETIC RECONSTRUCTIONS 

A total of over 10000 inferred proteomes from NCBI Assembly platform were downloaded as individual 

FASTA files, all belonging to the refseq subsection of NCBI and they were converted into a local database. 

To avoid redundancies, only sequences from a single genome of a given species were considered. In 

these cases, the specimen with the higher number of proteins described in the database was the selected. 

A BLAST search, with a cut-off e-value 10-10 and an associated query-cover value higher than 65%, was 

performed on our in-house database using fourteen queries from C. jadinii. We analyzed the six Ato1 

homologs (CjAto1 XP_020073178.1, CjAto2 XP_020073031.1, CjAto3 XP_020073179.1, CjAto4 

XP_020070445.1, CjAto5 XP_020067765.1 and CjAto6 XP_020069005.1) but the results from the six 

queries were merged into a single file by removing redundant proteins across results. The same approach 

was taken for the six queries of Jen1 homologs in C. jadinii (CjJen1 CEP23088.1, CjJen2 CEP21966.1, 

CjJen3 CEP22358.1, CjJen4 CEP21989.1, CjJen5 CEP21602.1 and CjJen6 CEP25129.1). The 

sequences of CjSlc5 (XP_020068154.1) and CjSlc13-1 (XP_020069270.1) were individually used as 

queries for search of homologs of the respective proteins. Given the fact that the general structure of the 

phylogeny of ATO1 was already detailed recently [30] in this case the analysis only included Ascomycota. 

Retrieved protein sequences were aligned using the MAFFT online server [31], that incorporates multiple 

alignment strategies. Sequences that were not matching extensively across the conserved region of the 

alignment were further excluded from the phylogenetic analysis. These sequences, in many cases, could 

represent lower quality of the stretch of the genome where they are located or incomplete annotation of 

the full gene and they should not necessarily be regarded as non-functional genes. 

A phylogenetic reconstruction was performed using Maximum Likelihood, more appropriate for the deeper 

divergences under analysis here, using MEGA7 [32] and the Jones-Taylor-Thornton (JTT) substitution 

model. Bootstrap was performed for 1000 repetitions. Obtained phylogenetic trees were displayed and 

edited in FigTree v.1.4.4. (http://tree.bio.ed.ac.uk/). 

 

5.2.6 SEQUENCE ALIGNMENT AND PERCENTAGE OF IDENTITY SHARED BETWEEN THE ATO 

AND JEN HOMOLOGS 
 

For sequence alignment, the sequence data for C. jadinii genome was obtained from the NCBI database. 

Using the BLASTp program, six ORFs were identified revealing homology to the ATO1 of S. cerevisiae, 

XP_020073178.1 (CjAto1), XP_020073031.1 (CjAto2), XP_020073179.1 (CjAto3), XP_020070445.1 

(CjAto4), XP_020067765.1 (CjAto5) and XP_020069005.1 (CjAto6), and six ORFs revealing homology 

to the JEN1 of S. cerevisiae, CEP23088p (CjJen1), CEP21966p (CjJen2), CEP22358p (CjJen3), 

http://tree.bio.ed.ac.uk/
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CEP21989p (CjJen4), CEP21602p (CjJen5) and CEP25129p (CjJen6). Furthermore, the query 

sequences used for the members of the SLC transporter superfamily over the simple alignments were 

NP_666018.3 (Homo sapiens SLC5 member 8, HsSlc5A8), XP_020068154.1 (C. jadinii SLC5 homolog, 

CjSlc5), NP_001011554.1 (H. sapiens SLC13 member 3, HsSlc13A3) and XP_020069270.1 (C. jadinii 

SLC13 homolog, CjSlc13). Retrieved protein sequences, including homologs present in other 

microorganisms, were aligned with EMBOSS needle and ClustalW through pairwise sequence alignment. 

The TMHMM server (http://www.cbs.dtu.dk/services/TMHMM-2.0/) was used for topology prediction of 

TMS. Multiple sequence alignment was also performed with M-Coffee 

(http://tcoffee.crg.cat/apps/tcoffee/do:mcoffee) for a further validation of identified TMS regions across 

the protein sequences [33].  The percentage of identity shared by protein sequences was calculated using 

Matcher (EMBOSS) tool (https://www.ebi.ac.uk/Tools/psa/emboss_matcher/) (Table S1). The Ato 

homologs selected belong to C. jadinii, Yarrowia lipolytica, S. cerevisiae, Aspergillus nidulans, 

Kluyveromyces lactis, Debaryomyces hansenii, Escherichia coli and Methanosarcina acetivorans. The Jen 

homologs selected belong to C. jadinii, S. cerevisiae, K. lactis, Candida albicans, D. hansenii and 

Y. lipolytica species. The reference sequences used were the following: ScAto1 NP_009936.1, ScAto2 

NP_014399.3, ScAto3 NP_010672.1, Ca XP_710295.1, CaFrp5p XP_716747.2, CaFrp6p 

XP_716748.1, CaAto1 XP_710650.1, CaAto2 XP_718515.2, CaAto5 XP_714703.1, 

CaAto6 XP_714701.1, CaAto7 XP_019330752.1, CaAto9 XP_717951.1, CaAto10 XP_717953.1, 

YlGpr1 XP_502188.1, Yl1 XP_504461.1, Yl2 XP_505489.1, Yl3 XP_505359.1, Yl4 XP_503877.1, Yl5 

XP_502175.1, AnAcpA  XP_662830.1, AnAcpB  XP_659443.1, AnAcpC XP_680586.1, AnAlcS 

XP_682250.1, An XP_681659.1, An XP_657970.1, EcSatP XP_000528538.1, Ma4008 

WP_011023903.1, Ma0103 AAM03557.1, Ma WP_048066054.1, Ma WP_011024272.1, CjAto1 

XP_020073178.1, CjAto2 XP_020073031.1, CjAto3 XP_020073179.1, CjAto4 XP_020070445.1, 

CjAto5 XP_020067765.1 and CjAto6 XP_020069005.1 (table S1-A). For Jen homologs, ScJen1 

NP_012705.1, KlJen1 XP_454682.1, KlJen2 XP_455537.1, CaJen1 XP_716108.1, CaJen2 

XP_717031.1, Dh17 XP_461118.2, Dh18 XP_459308.2, Dh24 XP_002770539.1, Dh27 

XP_461518.2, YlJen1 XP_503239.1, YlJen2 XP_503058.1, YlJen3 XP_504706.1, YlJen4 

XP_501871.1, YlJen5 XP_502090.1, YlJen6 XP_501098.1, CjJen1 CEP23088.1, CjJen2 CEP21966, 

CjJen3 CEP22358.1, CjJen4 CEP21989.1, CjJen5 CEP21602 and CjJen6 CEP25129.1 (table S1-B). 

 

 

http://tcoffee.crg.cat/apps/tcoffee/do:mcoffee
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5.2.7 THREE-DIMENSIONAL MODELLING, MOLECULAR DOCKING STUDIES AND PORE RADIUS 

SIMULATIONS 

The predicted transporter 3D structures, were obtained with the HHPred [34] and LOMETS (Local 

Meta-Threading-Server) [35] softwares. Molecular docking simulations were performed as described by 

Ribas et al. (2017)  [26]. Ligand structures of acetic, lactic, succinic and citric acids for all target proteins 

in the study were downloaded from Zinc database [36]. Only deprotonated forms of each acid were used 

in the docking prediction, with the protonation states adjusted to match a pH of 5.0-6.0. The substrate 

3D structures were built by inputting canonical SMILES (Simplified Molecular Input Line Entry 

Specification) strings in the UCSF Chimera [37], being minimized before molecular docking in PyRx 

software [38] using AutoDock Vina. The simulated interactions were analyzed in 2D and 3D pose views 

using both Chimera and the Maestro v11.2. The HOLE program (2.2.005 Linux) was used to predict the 

pore radius throughout each transporter studied [39]. The radiuses of the homolog transporters were 

compared in a graph with the coordinate in the direction of the channel vector serving as the X-axis. The 

images of the predicted pores were obtained using Visual Molecular Dynamics program (VMD, 1.9.3) 

[40]. 

 

5.3 RESULTS 

5.3.1 CHARACTERIZATION OF CARBOXYLIC ACID TRANSPORT SYSTEMS IN 

CYBERLINDNERA JADINII 
 

The yeast Cyberlindenera jadinii DSM 2361 when grown in acetic (0,5%, v/v; at pH 6.0), lactic 

(0,5%, v/v; at pH 5.0), succinic (1.0%, w/v; at pH 5.0) and citric (1.0%, w/v; at pH 5.5) acids displays 

ability to transport these substrates through a Michaelis-Menten kinetics (Figure 1). The Eadie-Hofstee 

plot of the initial uptake rates of labelled carboxylates revealed complex transporter systems. A non-linear 

regression analysis of the initial uptake rates allowed to determine the kinetic parameters of these 

transport systems that are summarized in fig.1. 
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Figure 1. Initial uptake rates of labelled carboxylic acids as a function of the acid 

concentration of C. jadinii DSM 2361 cells in the presence of (A)14C-acetic acid, pH 6.0; 

(B)14C-lactic acid, pH 5.0; (C)14C-succinic acid, pH 5.0 and (D)14C-citric acid, pH 5.5, at 30°C. 

Mid-exponential grown-cells on YNB glucose were collected, washed and cultivated on YNB containing as 

carbon source acetic acid (A), lactic acid (B), succinic acid (C) or citric acid (D) as described in materials 

and methods. The inserts represent the Eadie-Hofstee plots of the data presented in the respective main 

chart. The data shown are mean values of at least three independent experiments and the error bars 

represent the standard deviation. The bottom-table presents the best fitting transport kinetic values for 

carboxylate transport systems in C. jadinii DSM 2361 cells, obtained using a computer-assisted non-linear 

regression analysis (GraphPaD Prism software). 

Acid 
Km 

(mM) 

Vmax 

(nmol carboxylate s
-1

 mg
-1

 dry wt.) 

Acetate 0.73 ± 0.21 0.38 ± 0.05 

Lactate 
0.014 ± 0.03 
1.16 ± 0.63 

0.12 ± 0.07 
0.74 ± 0.10 

Succinate 0.27 ± 0.08 0.20 ± 0.02 

Citrate 1.62 ± 0.36 0.63 ± 0.06 
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5.3.2 IDENTIFICATION OF THE CYBERLINDNERA JADINII INFERRED TRANSPORTOME  

Currently there are three C. jadinii genomes available at the NCBI. Two of them are from the same strain, 

the CBS 1600 and the NRRL Y-1542 genome, and the other from the NBRC0988 (DSM 2761) strain. 

The information for this latter is not available for BLASTp searches. In an initial approach the 

CBS 1600/NRRL Y-1542 genomes were used to search for homologs of Ato1p and Jen1p transporters 

from S. cerevisiae. Four ScAto1p homologs (CjAto1-4) and six ScJen1p homologs (CjJen1-6) were 

identified having a query cover value higher than 67%, an identity value between 40-58% and a similarity 

between 58-73%. CjAto3 was the most similar to ScAto1 sharing 61.5% of identity (table S1-A from the 

supplementary data). The CjAto1 and CjAto3 are more similar (50% identity) with the AcpA acetate 

transporter from A. nidulans while the CjAto2 is more identical to the acetate transporter Gpr1p from 

Y. lipolytica [30]. CjJen1 shares 58.2% identity with the ScJen1p from S. cerevisiae (table S1-B). CjJen1 

and CjJen2 have a significant 52-57% identity with Jen1 from K. lactis (KlJen1) [41]. On the other hand, 

CjJen5-6 proteins present a higher identity (47-59%) with C. albicans Jen2p, KlJen2p, D. hansenii DH18p 

and DH24p, and Jen1-6 from Y. lipolytica.  

Aiming at identifying other putative plasma membrane transporters encoded in the C. jadinii predicted 

proteome, we designed a new strategy by combining distinct bioinformatic tools (see materials and 

methods). Figure 2A summarizes the pipeline used to infer the proteome of the C. jadinii NRRL Y-1542. 

The outcome of this search was a list of 6147 protein-coding sequences in which 6032 are system-

annotated proteins. From these, 642 display one to three TMSs and, 525 have four to twenty TMSs 

(Figure 2B). In this last group, several annotated proteins are defined as MFS general substrate 

transporters, having the great majority system-annotated protein functions. Nonetheless, several are still 

annotated as hypothetical proteins. Proteins with four to twenty TMSs were screened against the NCBI 

database in order to identify functionally characterized homologs (Figure 2D; detailed information is 

presented in table S2). These 525 proteins were distributed into five major categories: (i) transporters, 

(ii) enzymes, (iii) receptors, (iv) other membrane proteins and (v) unknown proteins. The transporters 

were annotated as: sugar, amino acid, oligopeptides, ABC-type, ATPases (V-type, A-type and P-type), 

carboxylic acid transporters, among others. Transporters associated with carboxylic acid (12,3%), 

polyatomic anions (14,5%), amino acid and oligopeptides (24%), belonging to the Solute carrier (SLC) 

superfamily (SLC5, SLC13-1, SLC13-2, SLC16), to the Tellurite-resistance/Dicarboxylate transporter 

(TDT) family (CjTDT) and one member to the Acetate transporter (AceTr) family (Cj-Ato5) were the most 

promising outcomes of this analysis. 
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Figure 2. Identification of putative membrane proteins encoded in the C. jadinii 

NRRL Y-1542 genome. A) Establishment of a bioinformatic pipeline to analyze inferred proteomes and 

identify putative plasma membrane carboxylate transporters. B) Protein categories detected. C) 

Distribution (%) of the proteins estimated to contain 4 to 20 TMS. D) Estimated function of the 525 

proteins (filtered from C) and distribution by categories (%) of those annotated as “transporters”. 
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5.3.3 HETEROLOGOUS EXPRESSION OF CYBERLINDNERA JADINII PUTATIVE CARBOXYLATE 

TRANSPORTERS IN S. CEREVISIAE 
 

The S. cerevisiae IMX1000 strain transformed with the putative C. jadinii carboxylate transporters cloned 

in the plasmid p416GPD [24, 25] was used to evaluate the cells´ ability to grow on carboxylic acids as 

sole carbon and energy sources (Figure 3). All of the S. cerevisiae transformants were able to grow acetic 

acid, except for cells expressing the CjTDT. The strains transformed with CjAto homologs recovered the 

ability to grow on lactic acid. Furthermore, cells expressing CjAto2p also have an improved growth on 

pyruvic, malic, and succinic acids. The expression of CjAto5 allows cells to grow on all the mono-, di- and 

tricarboxylic acids tested. The CjJen1 and CjJen2 transformed cells were also able to grow on pyruvic 

acid. The expression of CjJen6 improved cells’ growth on dicarboxylic and tricarboxylic acids. The cells 

expressing SLC homologs CjSlc5 and CjSlc13-1 presented an improved growth, although not very strong, 

in all carbon sources tested, namely, lactic, pyruvic, fumaric, malic, succinic and citric acids. The cells 

expressing CjSlc13-2 present slightly decreased growth in lactic and citric acids media when compared 

to the negative control. The expression of CjTDT did not allow an improved growth of the cells in any of 

the carbon sources tested. Cells of C. jadinii DSM 2361 present a strong of growth on all carbon sources 

tested (Figure 3). Equivalent results were obtained using the S. cerevisiae jen1 ato1 strain transformed 

with the putative C. jadinii carboxylate transporters cloned in the plasmid p416GPD (not shown).
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Figure 3. Functional analysis of C. jadinni putative carboxylate transporters in S. cerevisiae IMX1000. Cells were grown at 18 ºC for 22 days on 
YNB media containing glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic acid (0.5% v/v; pH 5.0), pyruvic acid (0.5% w/v; pH 5.0), fumaric acid 
(1% w/v; pH 5.0), malic acid (1% w/v; pH 5.0), succinic acid (1% w/v; pH 5.0) or citric acid (1% w/v; pH 5.5), as sole carbon and energy source. Spot assays 
were performed as described in materials and methods. The C. jadinii DSM 2361 strain was included as a positive control and S. cerevisiae IMX1000 cells 
transformed with p416GPD as a negative control. 
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Cells of S. cerevisiae W303-1A jen1Δ ato1Δ expressing Cj-transporters were used to evaluate the uptake 

of [14C]acetic acid (pH 6.0), [14C]lactic acid and [2,3-14C]succinic acid (pH 5.0) (Figures 4 and 5).  

Cells expressing the CjAto1-4 homologs presented an increased uptake of acetate and lactate (1mM 

concentration) when compared to the strain carrying the empty vector, supporting their role as acetate 

and lactate transporters (Figure 4A). For acetate, the values obtained for CjAto3 and CjAto4, were similar 

to the native ScAto1, while the lactate uptake was higher than for ScJen1. Cells expressing CjAto2 

presented uptake for succinate higher than the uptake for the CaJen2, the dicarboxylate transporter from 

Candida albicans, used as positive control. All the CjJen1-6 homologs presented transport activity for 

lactate and acetate, confirming their function as acetate and lactate transporters (Figure 4B). Succinate 

transporter activity was found to be associated with the expression of CjJen6, CjSlc5 and CjAto5 (data 

not shown) as the estimated velocity (V) for the uptake of 1mM succinate (pH 5.0) in cells transformed 

with the empty vector was 0.039 nmol succinate s-1 mg-1 dry wt., whereas 0.131, 0.240 and 0.277 nmol 

succinate s-1 mg-1 dry wt. was estimated for CjJen6, CjSlc5 and CjAto5, respectively. 

The S. cerevisiae IMX1000 strain was used for the heterologous expression of CjSLC16, CjSLC5, 

CjSLC13-1 and CjSLC13-2, the CjTDT and CjAto5p, as this S. cerevisiae strain is deleted in all known and 

putative carboxylate transporters. All the resulting strains revealed activity for an acetate transporter 

(Figure 4C). 
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Figure 4. Transport of radiolabelled carboxylates in S. cerevisiae jen1 ato1 (A,B) and 
IMX1000 (C) cells expressing the C. jadinii CjAto1-5, CjJen1-6, CjSlc16, CjSlc5, CjTDT, 
CjSlc13-1, CjSlc13-2 proteins and empty vector (pɸ), as negative control. A) Uptake of 1 mM 

of 14C-acetic acid (pH 6.0), 14C-lactic acid (pH 5.0) and 14C-succinic (pH 5.0) acid. B) Uptake of 1 mM of 
14C-acetic acid (pH 6.0) and 1 mM of 14C- lactic acid (pH 5.0). C) Uptake of 1 mM of 14C-acetic acid (pH 
6.0). Cells were grown on YNB-glucose, washed and incubated on YNB containing the respective carbon 
source (see materials and methods) used in the uptake assay for 6 hours (Acetate 0.5 %, pH 6.0) and 5 
hours (Lactate 0.5 %, pH 5.0; Succinate 1 %, pH 5.0). In A) the value of 100% (C+) corresponds to the 
uptake of acetic acid and lactic acid in S. cerevisiae cells transformed with the plasmid p416GPD 
expressing the native transporters Ato1 and Jen1, respectively. For the uptake of succinic acid, the value 
100% (C+) corresponds to isogenic cells expressing the Candida albicans Jen2 transporter. In B) the value 
100% corresponds to the uptake of acetic and lactic acid displayed by cells expressing the native Jen1. 
In C) the value 100% corresponds to the uptake of acetic acid by C. jadinii DSM 2361 cells.  
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The kinetic parameters of acetic acid uptake were estimated in the S. cerevisiae W303-1A jen1Δ ato1Δ 

strain expressing the CjAto and CjJen homologs (table 4). 

 

Table 4. Kinetic parameters for 14C-acetic acid (pH 6.0) transport estimated in cells of 

S. cerevisiae W303-1A jen1Δ ato1Δ expressing the CjAto1, CjAto3-4 and CjJen1-6 genes. Cells were 

cultivated in glucose media until mid-exponential growth phase and shifted to YNB acetate 0.5%, pH 6.0 

for 6 h. 

 

Plasmid Km 
(mM) 

Vmax 
(nmol acetate s

-1
 mg

-1
 dry wt.) 

pCjAto1 12.18±4.67 4.92±1.32 
pCjAto3 9.17±4.70 3.85±1.23 
pCjAto4 1.28±0.38 0.69±0.10 
pCjJen1 2.15±0.60 0.86±0.12 
pCjJen2 1.26±0.35 0.49±0.06 
pCjJen3 3.21±1.07 1.34±0.25 
pCjJen4 1.62±0.43 0.62±0.08 
pCjJen5 5.18±1.51 2.08±0.39 
pCjJen6 3.47±1.08 1.52±0.26 

 

 

The transporters presented a wide range of Vmax, ranging from 0.49 to 4.92 nmol acetate s−1 mg−1 dry wt, 

and Km, from 1.26 to 12.18 mM acetate. 

Cells of S. cerevisiae W303-1A jen1Δ ato1Δ strain expressing the CjAto2 presented a mediated transport 

system for lactate with the following kinetic parameters for lactate and succinate: Km  4.33 ± 0.70 mM 

lactate and Vmax 1.69 ± 0.17 nmol lactate s−1 mg−1 dry wt. Km  3.38 ± 0.82 mM succinate and Vmax 1.14 ± 

0.17 nmol succinate s−1 mg−1 dry wt.) at pH 5.0 (Figure 5A). The initial uptake rates of 14C-succinic acid 

(pH 5.0) estimated in S. cerevisiae IMX1000 transformed with pCjAto5 revealed a Michaelis-Menten 

kinetics with the following parameters Km =  0.45 ± 0.09 mM and Vmax = 0.33 ± 0.02 nmol s-1 mg-1 dry wt 

(Figure 5B). The cells transformed with the empty vector present a first order kinetics associated with the 

diffusion of the acid (Figure 5B). 
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Figure 5. Kinetic parameters for the initial uptake rates of labelled carboxylates of 

S. cerevisiae expressing CjATO2 and CjATO5. A) Eadie-Hofstee plots of labelled carboxylic acids 

(14C-succinic and 14C-lactic acids) as a function of the acid concentration of the S. cerevisiae W303-1A 

jen1Δ ato1Δ strain expressing pCjAto2 at pH 5.0, 30°C. B) Initial uptake rates of radiolabelled 14C-succinic 

acid as a function of the acid concentration of the S. cerevisiae IMX1000 strain expressing the pCjAto5 

and transformed with the expression vector p416GPD, pH 5.0, 30°C. 

 

 

5.3.4 CHARACTERIZATION OF C. JADINII CITRATE TRANSPORTERS  
 

Citrate uptake was evaluated in S. cerevisiae IMX1000 expressing CjJEN6, CjSLC16, CjSLC5, CjTDT, 

CjSLC13-1, CjSLC13-2 and CjATO5 (Figure 6A). A more detailed analysis of citrate transport kinetics was 

done in selected transporters (Figure 6B). The kinetic parameters of the most promising citrate 

transporters, i.e. CjAto5p, CjJen6p, CjSlc5p, are displayed in Figure 6B presenting an affinity (Km) in the 

same range of values. The transporter with the highest activity is the CjSlc5p followed by CjAto5p. Despite 

having the lowest transport activity, CjJen6p still allows the growth of S. cerevisiae cells on media 

containing citrate as sole carbon and energy source (see Figure 3). 
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Figure 6. Citrate transport in S. cerevisiae IMX1000 cells expressing C. jadinii putative 

transporters. (A) Uptake of 14C-citric acid 5 mM at pH 5.5, 30°C, of cells transformed with CjJen6, 

CjSLC16, CjSlc5, CjTDT, CjSlc13-1, CjSlc13-2, CjAto5 and empty vector (pɸ). (B) Initial uptake rates of 

radiolabeled 14C-citric acid as a function of the acid concentration (pH 5.5, 30°C) in cells expressing 

C. jadinii Jen6, Slc5 and Ato5; the table summarizes the estimated kinetic parameters. Cells were grown 

in YNB-glucose, washed and incubated on YNB-citric acid (1.0 %, pH 5.5) for 5 h. The data shown are 

mean values of at least three independent experiments and the error bars represent the standard 

deviation.  

 

 

5.3.5 PHYLOGENETIC ANALYSIS OF CARBOXYLATE TRANSPORTER FAMILIES 
 

A phylogenetic analysis of C. jadinii carboxylate transporters belonging to the SHS (TC 2.A.1.12), SSS (TC 

2.A.21) and DASS (TC 2.A.47) transporter families was carried out throughout the tree of life. For the 

AceTr (TC 2.A.96) family the analysis was limited to Ascomycota, since a broad phylogenetic analysis 

was already presented in a previous study [30]. Homolog nominations and bootstrap values from the 

phylogenetic reconstructions are all available in figures S3 in the Supplementary material section. 

For the AceTr family a total of 319 hits were obtained for the BLAST search in the NCBI’s Assembly 

database, using complete genomes only, using CjAto1-5 homologs as queries. Eight sequences lacking 

large conserved regions were excluded for a final dataset of 311 sequences. The phylogenetic tree 

presents five main clades (E1-E5, Figure 7), depicting the functionally characterized Ato transporters 
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described in literature. Clade E1 includes the Ato1 and Ato2 from S. cerevisiae [14], Gpr1 from 

Y. lipolytica [14, 30], and the eight Ato homologs from C. albicans [42, 43]; the S. cerevisiae Ato3 is in 

the clade E2 [44]; acetate transporters AcpA and AcpB from A. nidulans belongs to E3 clade [45, 46]; 

the acetate transporter A. nidulans AcpC displayed in clade E4 [46] and AlcS from A. nidulans in E5 clade 

[47]. The CjAto homologs were found into two distinct clades, five are located in E1 and CjAto5p appears 

in E2. Half of the AceTr homologs are located in Ato1/Ato2/Gpr1 clade, the majority belong to the 

Debaryomycetaceae (Candida and Debaryomyces species) and Saccharomycetaceae (Saccharomyces, 

Kluyveromyces and Lachancea species) families. Some of these species have homologs in the E2 clade 

too, probably due to the occurrence of a genetic duplication phenomena, as previously reported [30]. 

Homologs from the genus Fusarium spp are dispersed in several clades. 

For the phylogenetic analysis the of SHS family a total of 319 hits were obtained from the BLAST search 

with the six CjJen members. Fourteen sequences that lacked large conserved regions were excluded for 

a final dataset of 305 sequences. The phylogenetic reconstruction proposes a basal split into prokaryotic 

and eukaryotic organisms forming two monophyletic clades (Figure 8). The prokaryotic clade gathers two 

branches, P1 and P2, showing bacterial and archaeal homologs, respectively. P1 clade encloses mostly 

homologs belonging to Proteobacteria, Acidobacteria and Actinobacteria phylum. The P2 clade only 

includes two archaeal homologs that belong to the Thermoplasma genus. The eukaryotic clade splits into 

three branches labelled E1, E2 and E3 clades. The E1 clade comprises two subclades: the 

monocarboxylate transporters Jen1-homologs, namely, ScJen1 from S. cerevisiae [13], CaJen1p from 

C. albicans [48], KlJen1p from K. lactis [41], and two homologs DH17p and DH27p from D. hansenii 

[49]; the dicarboxylate transporters Jen2-homologs, namely, CaJen2p from C. albicans [26, 50], KlJen2p 

from K. lactis [41], DH18p and DH24p from D. hansenii [49], the six clustered-homologs characterized 

from Y. lipolytica as functional mono/dicarboxylate transporters [51], and the PkJEN2‐1 (a dicarboxylate 

transporter) and PkJEN2‐2 (a di- and tricarboxylate transporter) from Pichia kudriavzevii [52]. ln E2 clade 

we find three homologs from Ascomycota phyla Pochonia chlamydosporia and two other from the 

filamentous fungi Aspergillus fumigatus and Zymoseptoria tritici. The E3 clade contains homologs from 

Ascomycota and Basidiomycota, namely Jen1 from Cryptococcus neoformans, reported as a 3-

bromopyruvate transporter [53]. All the CjJen homologs are in the E1 clade, four in the Jen1-cluster 

(CjJen1-4) and two (CjJen5,6) in the Jen2-cluster.
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Figure 7. Maximum likelihood phylogenetic tree of AceTr family members (TCDB 2.A.96) present in ascomycetes. A) Branch lengths are 
proportional to sequence divergence and different colors correspond to the different families. The clades indicated as E1, E2, E3, E4 and E5 were created to 
facilitate the tree description in the main text and are not meant to provide any type of classification. Homologs relevant for the discussion through the manuscript 
are highlighted. B) Simplified scheme of ATO1 native and CjAto proteins with inferred substrate specificities is depicted.
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Figure 8. Maximum likelihood phylogenetic tree of SHS family members (TCDB 2.A.1.12). A) Groups indicated as E1, E2 and E3 for eukaryotic 

clades, P1 and P2 for prokaryotic clades, were established to enable the following of the tree description in the main text and are not meant to provide any type 

of classification. Major taxonomic groups are indicated in shades of blue – bacteria, orange – ascomycetes, brown – basidiomycetes and green – archaea. 

Homologs relevant for the discussion through the manuscript are highlighted. B) Simplified scheme of JEN1 native and CjJen proteins with inferred substrate 

specificities is depicted.  
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The CjJen homologs were found in groups of two suggesting their origin derived from a genetic duplication 

phenomenon. Only microbial genomes were found in the SHS-phylogenetic reconstruction, from which 

around 60% belong to eukaryotic taxa. 

Phylogenetic reconstruction of the SSS-tree (SLC5 member) showed a total of 325 hits obtained from the 

BLAST search. About ten protein sequences that lacked large conserved regions were excluded for a final 

dataset of 315 sequences (Figure 9). The CjSLC5 is manually annotated as member of solute carrier 

superfamilies 5 and 6-like. This superfamily includes a specific solute-binding domain of SLC5 proteins, 

also called the sodium/glucose cotransporters or solute sodium symporters; SLC6 proteins are known 

as Na+/Cl--dependent transporters and nucleobase-cation-symport-1 (NCS1) transporters. CjSl5 homologs 

were only identified in eukaryotic organisms, mostly belonging to Asco- and Basidiomycota phyla. 

Homologs were distributed across three major clades, E1, E2 and E3. The E1 clade contains the sole C. 

jadinii homolog, CjSlc5, that is phylogenetical closer to the homologs from the Metschnikowiaceae, 

Debaryomycetaceae and Saccharomycetaceae families. In E1 there is a minor subclade that includes 

basidiomycetes members from Cryptococcus, Ustilago and Sporisorium genus, as well as the amino acid 

transporters NcMtr/AAP1 and PcMtr from Neurospora crassa [54] and Penicillium chrysogenum [55], 

respectively. 

The E2 and E3 contain mainly yeast homologs and few basiodiomycetes. Interestingly, SLC5 homologs 

are present in several Fusarium species, which together with Aspergillus and Penicillium species, 

constitute 40% of total members present in the phylogenetic tree, however, most of these remain 

uncharacterized. 

The phylogenetic tree of DASS (SLC13 member) family contains a total of 530 members retrieved from 

the BLAST search with two the homologs CjSlc13-1 and CjSlc13-2 (Figure 10). A total of eleven sequences 

that lacked large conserved regions were excluded, resulting in a final dataset of 519 sequences. The 

DASS family is found in bacteria, archaea, and fungi, in a few single-cell eukaryotes from the Leishmania 

and Trypanosoma genus, and in one homolog from the red algae Rhodophyta Cyanidioschyzon merolae. 

Additionally, among the prokaryotic clade, there is an isolated cluster with multicellular eukaryotes. 

Homologs were found in plants, e.g. Zea mays (corn), Beta vulgaris (beet) and Panicum hallii (punch 

grass), and in the nematode Strongyloides ratt. The sections in the CjSlc13-tree were labelled as E1 and 

E2 for the eukaryotic clades, and P1 to P3 for the prokaryotic clades. E1 clade contains SLC13 homologs 

present in ascomycetes and basidiomycetes, namely the S. cerevisiae phosphate transporters Pho87p 

and Pho90p [56, 57], and Pho91p [58], as well as the CjSlc13 member. The E2 clade is defined by the 

microbial eukaryote species and red algae species. P1 clade splits into two branches. 
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Figure 9. Maximum likelihood phylogenetic tree of SSS (SLC5 homolog) family members (TCDB 2.A.21). A) Branch lengths are proportional to 

sequence divergence. Groups indicated as E1, E2 and E3 were defined to enable the following of the tree description in the main text and are not meant to provide 

any type of classification. Homologs relevant for the discussion through the manuscript are highlighted. B) Simplified scheme with predicted topology for CjSlc5 

protein.
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P1 major branch contains two other sub-branches: one extensive containing mostly homologs present in 

the bacterial phylum from Actinobacteria, Firmicutes, Proteobacteria and others, some archaeal 

homologs and others from plant and animal species; the other small sub-branch holds homologs 

belonging to Firmicutes phyla. In the larger P1 sub-branch, the SdcL, a sodium-dependent succinate and 

malate transporter from Bacillus licheniformis, is found [59]. The P1 minor branch holds a high 

percentage of bacterial homologs from Proteobacteria, Spirochaetes phyla and from other bacterial 

categories. Homologs from Proteobacteria species, one from Oleiphilus messinensis (marine bacteria) 

and another from Spirochaetes phyla constitute the P2 clade. Finally, the P3 clade includes homologs 

from Proteobacteria and Firmicutes phyla. Slc13 homologs display a ubiquitous distribution, being mostly 

found in prokaryotic genomes but this could also reflect the higher number of prokaryotic genomes 

present in the database, when compared to eukaryotic and archaeal. 
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Figure 10. Maximum likelihood phylogenetic tree of DASS (SLC13 homolog) family members (TC 2.A.47). A) Branch lengths are proportional to 
sequence divergence. Groups indicated as E1 and E2 for eukaryotic clades, P1, P2 and P3 for prokaryotic clades, were defined to facilitate the following of the 
tree description in the main text and are not meant to provide any type of classification. Major taxonomic groups are indicated in shades of blue – bacteria, orange 
– ascomycetes, green – archaea, yellow – higher eukaryotes, brown – basidiomycetes, grey – Leishmania/Trypanosoma species, red – algae. Homologs relevant 
for the discussion through the manuscript are highlighted. B) Simplified scheme with predicted topology for CjSlc13 protein.
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5.3.6 IN SILICO STRUCTURAL ANALYSIS 
 

The structure of C. jadinii carboxylate transporters was analyzed using (i) conserved residues found in the 

multiple alignment of functionally characterized homologs (Figure S1), (ii) HHPred for 3D structure 

prediction (Table S3.1) and (iii) molecular docking studies with substrates (Figures 11-14). 

 

5.3.6.1 IN SILICO STRUCTURAL ANALYSIS OF THE CJATO2, CJATO5 AND CJATO6 TRANSPORTERS 
 

Multiple-sequence alignments revealed that CjAto1-5, ScAto1-3 and EcSatp share several conserved 

regions (Figure S1). The signature NPAPLGL(M/S) motif of the AceTr family [30], previously reported as 

crucial for substrate uptake, has substitutions in six positions, in which four of them are verified in CjAto6. 

The N89-ScAto1 residue is replaced by D83 in CjAto6p, A91-ScAto1 is substituted by G85 in CjAto6p, 

and the highly conserved L93-ScAto1 is substituted by the hydrophobic residues I75 in CjAto4, I87 in 

CjAto6 and by M85 in CjAto5p. As for L95-ScAto1, a single substitution was found in CjAto6p, to M89. 

Other residues substitutions, such as M107-CjAto5 (L99-ScAto1), both in CjAto6 and ScAto3 were found. 

In ScAto3 and CjAto5, the S89 residue located close to the pore constriction site was also found not to 

be conserved considering G/A97-ScAto1. All these substitutions are located in the first TMS and are likely 

to alter the affinity for the substrates, and as a consequence, can affect transporter specific and activity. 

In the Citrobacter koseri SatP crystal structure the central and narrowest hydrophobic constriction of the 

anion pathway is formed by F17, Y72 and L131 residues [60]. This narrowest constriction in ScAto1 

corresponds to F98-Y155-L219. The F98 residue is highly conserved among the homologs analyzed here, 

but the Y155 is replaced by F147 in CjAto5p, ScAto2 and ScAto3, whose alterations can play a vital role 

in substrate passage through the pore. In the position L219 a neutral substitution occurs in CjAto5 (V210) 

[61]. In the third TMS, there is another signature motif SYG(X)FW that includes the Y155 of the FYL 

constriction site. Here F158 was substituted by Y152 in CjAto6 [62]. This substitution by tyrosine that 

contains a reactive hydroxyl group turns it much more likely to be involved in interactions with the 

substrates. 

The predicted 3D structure was obtained by homology threading using the crystal structure of a bacterial 

homolog, the succinate-acetate permease Ck_SatP (PDB 5YS3) [60], as a template. The identity 

presented with the different homologs was 35% for ScAto1, 32% for CjAto2, 26% for CjAto5 and 30% for 

CjAto6 (Figure 11). Substrate docking studies were carried out for lactate, succinate and citrate. Several 

residues seem to be involved in carboxylate binding in the CjAto protein templates (see table S3.2). In 

the predicted 3-D model, succinate deprotonated forms (mono- and dianionic) present strong interactions 
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with residues S211 (end of TMS5) and Q219 (beginning of TMS6) from CjAto2, two residues that as 

aforementioned were not conserved. A higher number of strong interactions were detected for succinate 

in CjAto2, when compared to ScAto1 that does not transport this acid. Also in CjAto5, succinate is 

predicted to interact with K221 (end of TMS5) and, with E125 (located in TMS2). This latter residue is 

also predicted to interact with citrate, in addition to residues Q103 (TMS1), K230 (TMS6) and D253 

(TMS6). In fact, both Q103 and D253 are not conserved across all the characterized proteins, having 

instead an arginine and a tyrosine in these locations, respectively (Figure S1.1). 

 

Figure 11. Predicted 3D structure of ScAto1, CjAto2, CjAto5 and CjAto6 transporters. A) 

Molecular docking of ScAto1, CjAto2, CjAto5 and CjAto6 3D-models, based on SatP_Ck structure (PDB 

5YS3), with the substrates lactate (blue ligand), succinate (orange ligand) and citrate (green ligand). The 

four binding sites (S1-4) described in SatP-Ck were also found in the CjAto2/5/6. Localization of N- and 

C-terminal of the proteins is depicted. B) Simulations for the pore radius profiles through channel axis in 

the ScAto1 (grey line), CjAto2 (orange dotted line), CjAto5 (dark blue dashed-line) and CjAto6 (blue line) 

proteins. The core of the channel where the constriction is found site is labeled by the vertical dashed red 

lines. 
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The binding affinities of the residues presenting strong and van-der-walls interactions with the substrates 

were analyzed (Table S3.3). In accordance to what is reported for acetate in the homolog CkSatP [60], 

four binding sites were found through the channel axis in all CjAto proteins (Figure 11A). The estimated 

lactate binding affinity values are similar in ScAto1 and CjAto2. A higher number of interactions for lactate 

and succinate was detected in CjAto2. An increased citrate binding affinity was found in the S2 binding-site 

of CjAto5 (residue K221) and CjAto6 (Figure 11A). The pore radius at the FYL-constriction site was 

measured in the four protein models (Figure 11B). A significant increase of the pore radius was found in 

CjAto5, compared to the ScAto1 (1.25 Å)  that can lead to a structural alteration in the channel pore 

constriction site (Figures 11B and S4.2) thus allowing the passage of larger molecules. CjAto6 only 

presents a slight increase of the pore radius. In CjAto2 the constriction pore size is similar to ScAto1, 

although it is able to transport larger molecules like succinate.   

 

5.3.6.2 IN SILICO STRUCTURAL ANALYSIS OF THE CJJEN5 AND CJJEN6 TRANSPORTERS 
 

The multiple-sequence alignment of Jen homologs (using ScJen1 as reference) revealed the conservation 

of some amino acid residues among functionally characterized homologs. The conserved 

motif 379NXX[S/T]HX[S/T]QD387, located at TMS7, is conserved in all the CjJen homologs. The L366 

residue near to this domain is conserved across the CjJen homologs except for CjJen6p that has been 

substituted by V260. In TMS5, conserved S266, whose substitution to Leucine abolished CaJen1 activity 

[48], is a glycine in CjJen3 and CjJen4. On TMS11, Q498 and N501 residues were also found to be 

conserved in all the Jen homologs. CjJen5 and CjJen6 proteins share 75% identity, however they present 

a very different substrate specificity. In TMS1, CjJen6p presents a W in the residue 154, that is also 

present in CaJen2p and KlJen2p which are dicarboxylate transporters [41, 50]. The L-lactate MFS 

transporter of Syntrophobacter fumaroxidans (PDB 6G9X) [63] was used as template for the 3D structure 

prediction by homology threading of ScJen1p (14% of identity), CaJen2p (13% of identity), and CjJen5p 

(13% of identity) and CjJen6p (15% of identity) (Figure 12). Docking studies predicted the amino acid 

residues involved in strong interactions with lactate, succinate and citrate (Table S3.4). Additionally, the 

results revealed that the highest number of interactions for citrate is found for CjJen6 with an increased 

binding affinity in three binding-sites for this acid (positions 1, 2 and 4 in figure 12, see Table S3.5).
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Figure 12. Predicted 3D-structure of ScJen1, CaJen2, CjJen5 and CjJen6. Molecular docking of ScJen1, CaJen2, CjJen5 and CjJen6 3D-models, 

based on S. fumaroxidans crystal structure (PDB 6G9X) of a MFS transporter, with the substrates acetate (pink ligand), lactate (blue ligand), succinate (orange 

ligand) and citrate (green ligand).
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5.3.6.3 IN SILICO STRUCTURAL ANALYSIS OF CJSLC5 TRANSPORTER 
 

An alignment between the Homo sapiens SLC5 member 8 protein and the C. jadinii SLC5 transporter 

was done revealing the existence of conserved residues 32VLGXPS37 on TMS1, 116ALN118 in the TMS3 and, 

in the TMS8 the 287PGLXXXC293 (Figure S1.3; topology prediction depicted in Figure S2). The 3D-protein 

structures of HsSLC5A8 (24% of identity) and CjSLC5 (10%) were predicted based on the crystal structure 

of a sodium/sugar symporter (PDB 3DH4) of Vibrio parahaemolyticus [64]. Docking studies with 

succinate and citrate identified putative critical residues involved in the establishment of strong 

interactions with ligands (Figure 13, Tables S3.6 and S3.7). Two conserved residues were identified as 

interacting with substrates: the F222 in TMS6 (a putative binding-site for succinate and citrate) and the 

L299, at the end of TMS8 (a putative binding-site for citrate). 

 

Figure 13. Predicted 3D structure of the Homo sapiens SLC5 member 8 and C. jadinii SLC5 

homolog. Molecular docking of HsSlc5A8 and CjSlc5 3D-models, based on the Vibrio parahaemolyticus 

crystal structure of a sodium/galactose symporter (vSGLT; PDB 3DH4) with succinate (orange ligand) 

and citrate (green ligand). 

 
 

5.3.6.4 IN SILICO STRUCTURAL ANALYSIS OF SLC13 TRANSPORTER 
 

The alignment of Homo sapiens SLC13 member 3 protein with the CjSLC13 transporter (Figure S1.4; 

topology prediction depicted in Figure S2) revealed the presence of three conserved motifs as follows: in 

the TMS2, 420TEA[I/L]PLXVTXLL431, in the TMS4, 515FLSMW[I/L]SNXAS525 and 706SGL708 in the TMS9 [65]. The 
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crystal structure of the dicarboxylate antiporter Lactobacillus acidophilus INDY-transporter (PDB 6WTW) 

[18] belonging to the DASS family (TC 2.A.47) was used as template to predict the 3D structure of 

HsSLC13A3 (22% of identity) and CjSLC13 (17% of identity) proteins (Figure 14). Modelling studies 

uncovered four conserved residues located in beginning of TMS3, Q462 and T467; K701 in TMS9 and 

T746 in TMS10 involved in citrate binding. None of the aforementioned residues identified by the 

double-alignment and by the molecular docking analysis, belong to the conserved motifs identified in the 

TMS (see table S3.8 with residues). 

 

 

 

Figure 14. Predicted 3D structure of the Homo sapiens SLC13 member 3 and CjSLC13 

homolog. Molecular docking of HsSlc13A3 and CjSlc13 3D-models, based on the Lactobacillus 

acidophilus crystal structure of INDY-transporter (dicarboxylate antiporter, belonging to DASS family) (PDB 

6WTW) with citrate (green ligand).  

 

 

The predicted binding energy of citrate in both Slc13 protein templates was similar (table S3.9), 

supporting the 3-D structural models of these transporters since C. jadinii SLC13 and  HsSlc13A3 (also 

known as NaDC3) are citrate transporters [65]. 
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5.4 DISCUSSION 

5.4.1 THE C. JADINII TRANSPORTOME 
 

To uncover a new transporter in a given organism, diverse strategies can be used. One is to search for 

homologs of already known transporters. Throughout evolution, homologs may retain their activity in the 

new host or developed new characteristics [41, 49, 66]. This method can rely on bioinformatic 

approaches for genome-wide scan or in transcriptomic analysis to pinpoint transporters specific for 

molecules of interest [8].  

In this study, we analyzed the transportome of Cyberlindnera jadinii and identified several carboxylate 

transporters belonging to distinct transporter families. The physiological characterization of the C. jadinii 

DSM 2361 strain revealed the existence of mediated transport systems for acetate, lactate, succinate, 

and citrate. Comparing with the previous studies reported in the C. jadinii IGC/PYCC 3092 strain [19-21] 

differences in the kinetic parameters were found [67], which can be due to the distinct growth conditions 

used, namely pH, growth temperature, and the substrate concentration in the culture media [68, 69]. 

The genetic background is also a source of variation since the two C. jadinii strains with the full genome 

sequenced present differences on genome size and in the number of predicted coding genes [67].  

The complete C. jadinii genomes available in the NCBI database enabled the analysis of the predicted 

transportome of this species. The inferred C. jadinii proteome was determined with BlastP against 

complete genomes available in the NCBI database and data available at the Saccharomyces Genome 

Database. Additionally, the analysis was complemented with topology prediction provided by the TMHMM 

software. This study focused on proteins displaying four to twenty predicted TMSs, as they are more likely 

to include membrane transporters [5, 70]. These constituted 9% of the total inferred proteome, being 

classified into major categories such as transporters, enzymes, and receptors. The proteins with unknown 

function accounted for 2% of the inferred protein coding genes. Our findings are in accordance with 

previous studies analyzing the repertoire of transporters encoded within the complete genome of a yeast 

species [71]. A probable function was assigned to ~75% of the putative proteins identified (see description 

of analyzed genes in the supplementary data, table S2).  

To identify the carboxylate transporters previously reported for the C. jadinii IGC/PYCC 3092 strain [19-

21],  and other present in this yeast, we searched for putative carboxylic acid as well as amino acid 

transporters [72]. 

Besides the well characterized yeast carboxylate transporters belonging to the AceTr and SHS families, 

SLC superfamily members, SLC5, SLC16, SLC13 and SLC22, display a broad affinity for carboxylic acids 
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[73, 74]. For example, SLC5 members possesses a solute-binding domain associated with the transport 

of small solutes, such as sugars, vitamins, amino acids, monocarboxylates and smaller organic ions [75]. 

Members of the SLC13 family are reported as sodium/dicarboxylate cotransporters, namely the NaDC1-

type present in the renal proximal tubule (apical membrane) and at the small intestine in human cells, 

that is able to translocate Krebs cycle intermediates as succinate, citrate and α-ketoglutarate across 

plasma membranes [76].  

The heterologous expression of the CjAto, CjJen, CjTDT and CjSlc in S. cerevisiae strains improved cell 

growth on carboxylic acids, suggesting their role as carboxylate transporters (Figure 3). The five CjAto 

transporters promoted cell growth in acetic and lactic acid as sole carbon and energy source. Surprisingly, 

cells expressing CjAto2 and CjAto5 also presented improved growth on dicarboxylates (malic and succinic 

acids) and CjAto5 on tricarboxylates (citrate). CjAto5p presents an affinity for succinate similar to the Jen 

homologs: Jen2 from C. albicans (Km 0.49 ± 0.27 mM) DH18 (Km 0.31 mM) and DH24 (Km 0.16 mM) 

from D. hansenii, and Jen2 (Km 0.11 mM) from K. lactis [5, 50]. Recently Alves et al. (2020) reviewed the 

evolutionary roots of orthologues of ScAto transporters present in twelve Candida species, however these 

were not yet functionally characterized [43]. Besides ScAto1, Y. lipolytica Gpr1 is the only AceTr yeast 

member functionally characterized as an acetate transporter [30]. The bacterial homolog Satp  from 

Escherichia coli  is able to transport acetate and succinate [77]. 

S. cerevisiae IMX1000 cells expressing CjJen1-6 homologs promoted cell growth on acetic and lactic 

acids corroborating the already characterized monocarboxylate specificities for ScJen1 [13, 24]. The 

CjJen1 and CjJen2 also promoted improved cell growth on pyruvate. Besides improving growth in 

monocarboxylates, cells expressing CjJen6 grew in all di- and tricarboxylates used as sole carbon and 

energy sources. A similar growth pattern was uncovered upon CjSlc5 and CjSlc13-1 expression in 

S. cerevisiae, that also presented an improved growth in all carbon sources tested (lactic, pyruvic, 

fumaric, malic, succinic and citric acid), being the phenotype more evident in CjSlc5 transformant. The 

evaluation of kinetic parameters for the uptake of mono-, di- and tricarboxylates confirmed the role of 

CjSlc5 as a carboxylate transporter. The Slc5 members of the SSS family are reported as monocarboxylate 

transporters [75, 78, 79]. The CjSlc13-1 function is also in accordance with data reported for the DASS 

family (SLC13) members found in rabbit, rat and humans, described as sodium/dicarboxylate 

cotransporters with affinity for succinate, citrate and α-ketoglutarate across the cell plasma membranes 

[76, 80]. With our study, the C. jadinii proteins homologs of the SSS and DASS family members revealed 

to be functional monocarboxylate, dicarboxylate and tricarboxylate transporters in S. cerevisiae yeast.  
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A mild toxic phenotype was observed in S. cerevisiae IMX1000 strain expressing the CjSlc13-2 in media 

containing lactic and citric acids as sole carbon and energy sources. A similar phenotype was found for 

CjJen5p transformant on succinic acid. These observations can be an indication of its role as carboxylate 

exporter, however, no experimental assays were performed to confirm such hypothesis. 

 

5.4.2 UNRAVELLING NOVEL CITRATE TRANSPORTERS IN YEASTS 
 

The industrial bioproduction of citric acid started in the 19th century using Aspergillus niger as workhorse 

[7, 81]. Since then, the market for this acid had a predicted annual growth of 3.7% untill 2020 due to its 

broad range of applications [7, 82]. Despite this long-lasting microbial production, until recently it was 

unclear how citrate could be exported from the cytosol to the extracellular medium. Recent studies 

uncovered three fungal plasma membrane citrate transporters, the CexA citrate exporter from A. niger 

[83, 84], the Cex1 citrate exporter from Y. lipolytica [85] and the PkJEN2‐2 importer from Pichia 

kudriavzevii [52], but no data is available for the kinetic parameters of these transporters [84, 85]. 

In this work, we have found three potential citrate importers in C. jadinii, as the expression of CjAto5, 

CjJen6 and CjSlc5 in S. cerevisiae enabled it to metabolize citric acid as sole carbon and energy source. 

The comparison of the kinetic parameters of these three transformant strains (Figure 6) evidences that 

CjSlc5 displays the higher capacity and lower affinity for citrate. An intermediate behavior was found for 

CjAto5 and the CjJen6p encodes the lower capacity transporter for citrate. Considering the kinetic 

parameters for citrate uptake presented by these transporters, the gene encoding the high-affinity system 

characterized in C. jadinii citrate grown-cells remains unidentified [19] . 

Regardless the fact that the present work only measured the import of carboxylates, previous reports 

demonstrate that carboxylate permeases can work both as importers and exporters of these compounds 

[10, 86]. In summary, CjSlc5p, CjAto5p and CjJen6 can be regarded as general carboxylate permeases 

capable of recognizing a wide range of substrates (mono-, di-, tricarboxylates).  

 

5.4.3 PHYLOGENETIC ROOTS OF THE C. JADINII CARBOXYLATE TRANSPORTERS  
 

The phylogenetic reconstruction of Ato homologs suggests a that CjAto5p is distant from the other five 

CjAtos, that are clustered together in a distinct clade (Figure 7-E1, Ato1/Ato2 cluster). CjAto5p shares 

the same clade with Ato3 from S. cerevisiae [44], which function remains unidentified. Nonetheless, the 

functional analysis of several AceTr family members from bacteria, archaea and fungi evidenced their 

role as carboxylate transporters, including Ato1 and Gpr1 from S. cerevisiae and Y. lipolytica yeasts. 
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The analysis of all the Jen1 homologs so far sequenced, proposes a basal split between fungi, bacteria 

(high prevalence in Proteobacteria) and archaea, forming three monophyletic clades. C. jadinii 

SHS-homologs were found in the Jen1 and Jen2 clusters, where other functionally characterized 

homologs from S. cerevisiae, D. hansenii, C. albicans and Y. lipolytica are also included (Figure 8-E1). 

CjJen1-4 homologs are found in Jen1-cluster together with other yeast mono- and dicarboxylate 

transporters, as the DH17p (malate transporter) and DH27p (acetate transporter) [49], the ScJen1 [13, 

24] and the CaJen1 [48]. As for CjJen5 and CjJen6, they present a closer phylogenetic relationship with 

succinate transporters DH24 from D. hansenii [49], KlJen2  from K. lactis [26, 41, 87] and the CaJen2, 

a dicarboxylate and sugar acid permease from C. albicans [26, 50] than to the succinate transporter 

DH18 from D. hansenii [49] or the dicarboxylate and di/tricarboxylate permeases PkJen2‐1 and 

PkJen2-2 from Pichia kudriavzevii [52]. The divergence of CjJen homologs, particularly for CjJen6, 

supports the distinct growth phenotype behavior of this transporter that presents a wide substrate range, 

including citrate. Nevertheless, despite being phylogenetically close, the specificity of CjJen5p and 

CjJen6p is quite distinct.  

The phylogenetic reconstruction of the CjSLC5 homologs only identified members of the eukaryotic 

domain of life, namely ascomycetes and basidiomycetes. A high prevalence of homologs is found in 

Fusarium species and none was found in S. cerevisiae. The majority of SLC5 homologs are annotated as 

putative neutral amino acid transporters. This fact may be explained by the existence of two homologs 

functionally characterized as amino acid transporters, the Mtr/AAP1 from N. crassa [54] and PcMtr from 

P. chrysogenum [55] (Figure 9, E1 clade). These data suggest that CjSlc5 may also behave as an amino 

acid transporter, withal no functional studies were made to confirm the hypothesis. Cassio et al. (1993) 

reported the presence of a facilitated diffusion system in C. jadinii that is likely to operate as a general 

organic permease, accepting mono-, di-, and tricarboxylates as well as amino acids, as glycine and 

glutamic acid [21].  

In the CjSLC13-tree, homologs are found in all domains of life, including bacteria, eukarya and archaea, 

with a strong prevalent of prokaryotic homologs. The two CjSlc13 homologs are distributed in two distinct 

branches of the eukaryotic clade (Figure 10, E1) and share phylogenetic relationship with Pho87 and 

Pho90 S. cerevisiae transporters [56, 57] suggesting they could also transport phosphate.  

 

5.4.4 STRUCTURAL FEATURES OF THE C. JADINII CARBOXYLATE TRANSPORTERS  
 

To obtain insights on the structural-functional properties of the different transporters, we followed several 

strategies that included multiple-sequence alignments with characterized carboxylate transporters, 
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molecular docking studies and analysis of protein pore size variations. The alterations in the highly 

conserved L93 residue of the signature NPAPLGL(M/S) motif of the AceTr family [30] observed in CjAto5 

(M85) may play a relevant role on its broader substrates specificity. Also in CjAto5, the substitution of 

conserved G/A-97 to a Serine located in TMS1 near the narrowest constriction site formed by F17, Y72 

and L131 residues [60] might influence transporter function[61]. The docking analysis uncovered a 

residue located at the end of TMS5 as a binding-site for succinate present in CjAto2 (S211) and CjAto5 

(K221). According to the literature, these CjAto homologs are the first described in yeast with affinity for 

dicarboxylates [30]. In this regard, the latter exposed residues will need to be further explored by 

site-directed mutagenesis to verify their role on the protein function. In addition, besides dicarboxylates, 

CjAto5 also accepts tricarboxylic acids. From our analysis the non-conserved residues Q103, K230 and 

D253, located in TMS1 and TMS6, may act as putative binding-sites for citrate. As for CjAto6p, functional 

studies are needed to unveil the transporter specificity. 

As for Jen protein members, docking results highlighted two residues in CjJen6p that were not conserved 

across all Jen members. On TMS1, W154 (in ScJen1) was substituted for L65 in CjJen6p and that is also 

present in the succinate transporters CaJen2p [26, 50] and KlJen2p [26, 41, 87]. In addition, in TMS7 

a highly conserved leucine is substituted for valine in residue 260 of CjJen6p.  

Considering the C. jadinii SLC5 member, the F222 located in the TMS6, is predicted to be involved in 

succinate and citrate binding, and the L299 present in the end of TMS8 seems to be specific for citrate 

binding. To infer more accurately the role of these residues in substrate uptake, a site-directed 

mutagenesis approach will be necessary.  

In this study, further insights were also provided for the DASS family members. The conserved motif 

hereby identified, 420TEA[I/L]PLXVTXLL431 located in TMS2, is also conserved in other SLC13 members 

that included the dicarboxylate transporter from Vibrio cholerae (VcINDY) [65]. Also in the highly 

conserved 515FLSMW[I/L]SNXAS525motif located in TMS4, the S521 and N522 residues were reported as 

relevant for carboxylate and sodium binding [65]. The Homo sapiens SLC13 members, belonging to 

Na+-di- and tricarboxylate cotransporters (NaDC), are involved in the transport of succinate, citrate, and 

α-ketoglutarate across cell membranes in kidney, intestine, placenta, liver, brain and testis [16]. The 

citrate binding-affinity values obtained in the molecular docking studies were similar for both protein 

templates which supports the 3D models of these transporters. 
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5.5 CONCLUSIONS 

In the present study, novel C. jadinii carboxylate transporters belonging to a total of six transporter families 

with specificity for a set of organic acids with biotechnological relevance were uncovered and analyzed.  

Two yeast protein members from the AceTr family able to transport succinate, CjAto2, as well as citrate, 

CjAto5p were identified. One member from SHS transporter family, CjJen6, was the first member 

described as a broad range carboxylate transporter, e.g. mono-, di- and tricarboxylates. The two homologs 

from the SSS (SLC member 5) and DASS (SLC member 13) transporter families also showed ability to 

transport mono-, di- and tricarboxylates. To our knowledge, these are the first members from these 

families characterized in yeast as carboxylate transporters. 

With this study novel directions were provided for a possible application of such membrane transporters 

as an additional driving force for the bioproduction of carboxylates.  

 

Figure 15. C. jadinii plasma membrane transporters functionally characterized within 

this work by heterologous expression in S. cerevisiae strains. Color circles represent the 

specificities uncovered for each of the protein-system: monocarboxylic acids — blue filled circle, 

dicarboxylic acids – orange filled circle, and tricarboxylic acids—green filled circle. Initials stand for 

IN – intracellular space; OUT – extracellular space. 

 

To evaluate the contribution of each of these lactate/succinate/citrate transporters to the overall transport 

capacity in C. jadinii, single and multiple deletions of the respective genes are necessary to verify a 

possible loss of carboxylate transport activity. Such deletions can be performed using the CRISPR/Cas 

system that was recently described in a patent application for the knock out and insert of exogenous 
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genes in the C. jadinii ATCC 22023 strain [88]. Additionally, the evaluation of gene expression by RT-PCR 

will unveil the expression patterns of each transporter. 

To assess the role of C. jadinii citrate transporters as possible exporters, engineered S. cerevisiae 

citrate-producer strains will be used as expression hosts. Bioreactor cultivations coupled with metabolite 

quantification in the extracellular media will allow the evaluation of their export capacity. Further studies 

are also needed to clarify the proton-citrate stoichiometry and determine which of the citrate anion form 

is being transported.  

The expression of these membrane transporters in carboxylate producing cell factories defines one of the 

crucial steps to develop new and more efficient strains working as biosustainable platforms in the 

production of biobased compounds. Overall, this work is a contribution to the knowledge on plasma 

membrane transporter proteins that can allow the development of improved bioprocesses with an impact 

in industrial biotechnology. 
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SUPPLEMENTARY MATERIAL 

Table S1. Percentage of shared amino acids between A) Ato1 homologs of C. jadinii, S. cerevisiae, 

Y. lipolytica, A. nidulans, E. coli and M. acetivorans and B) Jen1 homologs of C. jadinii, S. cerevisiae, 
Y. lipolytica, C. albicans, K. lactis and D. hansenii. 
 
(A) 

 

(B) 
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Table S2. Annotation of the inferred transportome of C. jadinii NRRL Y-1542 presenting 4 to 20 predicted 

transmembrane segments (TMSs): (i) annotated function; (ii) function revised after BlastP result with 

more than 40% identity; (iii) predicted localization, (iv) protein length (bp), (v) protein family and (vi) 

topology. In this study, partial proteins were removed for a more accurate analysis of C. jadinii proteome. 

Initials stand for: localization, PM – Plasma membrane, VA – Vacuole, ER – Endoplasmatic reticulum, GC 

– Golgi complex, N – nucleus, M – Mitochondria and for transporter families (listed above, DUF stands 

for domain unknown function). 
 

Acession 
number 

Annotated Function 
Function revised 
(considered with BlastP 
result with 40% identity) 

Predicted 
localization 

Length 
(bp) 

Family 
Topology 
(TMSs) 

XP_020069104.1  MFS general substrate transporter  Sugar transporter PM 527 SP 10 

XP_020073496.1  maltose permease  Maltose permease PM 542 SP 12 

XP_020072909.1  quinate permease-like protein  HXT - Sugar transporter PM 539 HXT 9 

XP_020071255.1  arabinose-proton symporter   arabinose-H+ symporter  PM 598 MFS 8 

XP_020068499.1 
hypothetical protein 
CYBJADRAFT_131513  

Polyol transporter PM 567 HXT 10 

XP_020067682.1 

high-affinity inorganic phosphate 
transporter and low-affinity 
manganese transporter  

Sugar phosphate permease; 
putative low-affinity manganese 
transporter  

PM 532 MFS 11 

XP_020067723.1  general substrate transporter  HXT - Sugar transporter PM 535 HXT 12 

XP_020073619.1 
 hypothetical protein 
CYBJADRAFT_14416  

L-rhamnose-proton symporter PM 352 RhaT 8 

XP_020073488.1  general substrate transporter  HXT - Sugar transporter PM 566 HXT 11 

XP_020073390.1 
 hypothetical protein 
CYBJADRAFT_165648  

High-affinity glucose transporter; 
glucose sensor 

PM 768 SP 12 

XP_020072691.1 
 hypothetical protein 
CYBJADRAFT_161053  

Sugar phosphate permease PM 474 MFS 12 

XP_020072673.1 
 hypothetical protein 
CYBJADRAFT_147912  

Sugar transporter PM 616 SP 12 

XP_020072427.1 
 hypothetical protein 
CYBJADRAFT_46559  

nucleotide-sugar transporters ER 367 SLC 8 

XP_020072304.1  general substrate transporter  HXT - Sugar transporter PM 517 HXT 12 

XP_020072062.1  MFS general substrate transporter  
glycerophosphoinositol and 
glycerophosphocholine 
transporter 

PM 485 MFS 9 

XP_020072019.1  general substrate transporter  Myo-inositol transporter PM 548 SP 12 

XP_020071539.1 
 hypothetical protein 
CYBJADRAFT_138033  

Myo-inositol transporter PM 600 SP 10 

XP_020073509.1 
 hypothetical protein 
CYBJADRAFT_13180  

Sugar phosphate permease; 
Nicotinic acid permease 

PM 518 MFS 12 

XP_020071808.1 
 high affinity nicotinic acid plasma 
membrane permease  

Sugar phosphate permease; 
Nicotinic acid permease 

PM 487 MFS 12 

XP_020071592.1 
 high-affinity glucose transporter of 
the major facilitator superfamily  

galactose transporter PM 569 MFS 12 

XP_020071589.1 
 high-affinity glucose transporter of 
the major facilitator superfamily  

Glucose transporter PM 559 MFS 10 

XP_020072615.1 
 high-affinity glucose transporter of 
the major facilitator superfamily  

Glucose transporter PM 574 MFS 10 

XP_020071526.1 
 hypothetical protein 
CYBJADRAFT_172465  

Myo-inositol transporter PM 530 SP 4 

XP_020071185.1  MFS general substrate transporter  Fucose permease PM 449 MFS 12 

XP_020070843.1  general substrate transporter  HXT4 - Sugar transporter PM 528 HXT 11 

XP_020070629.1 MFS general substrate transporter  Fucose permease PM 440 MFS 12 

XP_020069676.1 General substrate transporter  Sugar transporter PM 505 SP 12 

XP_020068172.1 
hypothetical protein 
CYBJADRAFT_169679  

Sucrose/H+ symporter PM 443 GPH 7 

XP_020069855.1  general substrate transporter  
Sugar transporter (glucose 
transporter - HGT) 

PM 478 SP 11 
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XP_020073641.1  general substrate transporter  Maltose permease PM 537 SP 12 

XP_020070205.1  MFS general substrate transporter  Sugar phosphate permease PM 532 MFS 10 

XP_020068136.1  MFS general substrate transporter  
Sugar phosphate permease; 
Nicotinic acid permease 

PM 517 MFS 8 

XP_020068224.1  MFS general substrate transporter  HXT - Sugar transporter PM 512 HXT 9 

XP_020070790.1  MFS general substrate transporter  
Sugar phosphate permease; D-
galactonate transporter 

PM 520 MFS 8 

XP_020071468.1  allantoate permease  
Sugar phosphate permease; D-
galactonate transporter 

PM 517 MFS 10 

XP_020068066.1  allantoate permease  
Sugar phosphate permease; D-
galactonate transporter 

PM 505 MFS 11 

XP_020069500.1  MFS general substrate transporter  
Sugar phosphate permease; D-
galactonate transporter 

PM 454 MFS 6 

XP_020068391.1  MFS general substrate transporter  Sugar phosphate permease PM 340 MFS 8 

XP_020069947.1  MFS general substrate transporter  
Sugar phosphate permease; D-
galactonate transporter 

PM 548 MFS 8 

XP_020071662.1  MFS general substrate transporter  Sugar phosphate permease PM 560 MFS 11 

XP_020070288.1  MFS general substrate transporter  
Sugar phosphate permease; D-
galactonate transporter 

PM 519 MFS 12 

XP_020068389.1  major facilitator superfamily  Sugar phosphate permease PM 534 MFS 10 

XP_020068494.1  sugar transporter  Maltose permease PM 537 SP 12 

XP_020068676.1  UAA transporter  
UDP-galactose transporter; 
HUT1 

- 274 - 6 

XP_020070544.1  major facilitator superfamily  Sugar phosphate permease PM 510 MFS 9 

XP_020068608.1 
 hypothetical protein 
CYBJADRAFT_164142  

Sugar phosphate permease; D-
galactonate transporter 

PM 510 MFS 10 

XP_020069159.1  general substrate transporter  HXT - Sugar transporter PM 555 HXT 10 

XP_020070804.1  UDP-galactose transporter  UDP-galactose transporter GC/ER 319 - 9 

XP_020069967.1  MFS quinate transporter QutD  Quinate transporter PM 556 SP 12 

XP_020068711.1 
 glycerol proton symporter of the 
plasma membrane  

glycerol proton symporter PM 623 SP 9 

XP_020071189.1  Xanthine/uracil permease  
xanthine-uric acid:H+ symporter 
(UapA) 

PM 507 NAT/NCS2 12 

XP_020073285.1  uric acid-xanthine permease  
xanthine-uric acid:H+ symporter 
(UapA) 

PM 544 NAT/NCS2 12 

XP_020073583.1  Xanthine/uracil permease  
xanthine-uric acid:H+ symporter 
(UapA) 

PM 599 NAT/NCS2 11 

XP_020070234.1 
 DUF1212-domain-containing 
protein  

Putative threonine/serine 
exporter 

- 648 - 9 

XP_020068982.1 
 hypothetical protein 
CYBJADRAFT_130504  

Amino acid permease PM 539 SLC 5 and 6-like 12 

XP_020073346.1  amino acid permease  arginine permease  PM 563 APC 10 

XP_020072765.1  proline specific permease  Proline permease PM 542 APC 12 

XP_020072758.1  amino acid transporter  Methionine permease  PM 577 APC 11 

XP_020072698.1  amino acid permease  high-affinity histidine permease PM 578 APC 12 

XP_020072692.1  amino acid permease  high-affinity histidine permease PM 595 APC 12 

XP_020072219.1  PQ-loop-domain-containing protein  
Putative vacuolar membrane 
transporter for cationic amino 
acids 

V 291 APC 6 

XP_020072117.1  amino acid transporter  GABA permease - 549 APC 12 

XP_020072096.1  amino acid permease  arginine permease  PM 542 APC 12 

XP_020072095.1  amino acid permease  
Lysine permease, one of three 
amino acid permeases 
(Alp1p/Can1p/Lyp1p) 

PM 559 APC 12 

XP_020072046.1  mitochondrial carrier  GABA permease M 865 APC 14 

XP_020071993.1  general amino acid permease  

Transporter of all L-amino acids, 
some D-amino acids, related 
compounds, toxic analogs and 
polyamines 

PM 593 APC 12 

XP_020071781.1 
 very low affinity methionine 
permease  

Methionine permease  PM 541 APC 11 
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XP_020070906.1  amino acid transporter  Methionine permease  PM 446 APC 10 

XP_020070879.1  general amino acid permease  Amino acid permease PM 499 SLC 5 and 6-like 12 

XP_020070372.1  amino acid permease  
L-glutamate and L-aspartate 
transporter 

PM 581 SLC 12 

XP_020069152.1  high-affinity glutamine permease  
high-affinity polyamine 
permease 

PM 557 APC 12 

XP_020068708.1  amino acid transporter  
High-affinity methionine 
permease (MUP1) 

PM 525 APC 12 

XP_020068687.1 
 gamma-aminobutyric acid 
transporter  

GABA permease - 554 APC 12 

XP_020068589.1  amino acid transporter  GABA permease - 539 APC 12 

XP_020070250.1 
 gamma-aminobutyric acid 
transporter  

GABA permease - 576 APC 11 

XP_020068588.1  amino acid transporter  GABA permease - 519 APC 12 

XP_020072671.1  amino acid permease  glutamine permease - 573 - 10 

XP_020068591.1 
 hypothetical protein 
CYBJADRAFT_191930  

Amino acid permease PM 554 SLC 5 and 6-like 13 

XP_020068336.1  high affinity methionine permease  Methionine permease  PM 562 APC 12 

XP_020073538.1 
 hypothetical protein 
CYBJADRAFT_165774  

uptake of cationic amino acids - 550 SLC 5 and 6-like 11 

XP_020072859.1 
 hypothetical protein 
CYBJADRAFT_122835  

Amino acid permease V 406 SLC 5 and 6-like 10 

XP_020072635.1 
 hypothetical protein 
CYBJADRAFT_124199  

neutral amino acid permease - 495 SLC 5 and 6-like 11 

XP_020072543.1 
 hypothetical protein 
CYBJADRAFT_166235  

Proline permease - 557 APC 11 

XP_020072526.1 
 hypothetical protein 
CYBJADRAFT_123422  

Amino acid permease - 569 - 11 

XP_020072469.1 
 hypothetical protein 
CYBJADRAFT_166163  

Aspartate and glutamate 
exporter 

PM 332 SLC 7 

XP_020072189.1 
 hypothetical protein 
CYBJADRAFT_165903  

Amino acid transporter PM 1127 SLC12 11 

XP_020072047.1 
 hypothetical protein 
CYBJADRAFT_166772  

purine-cytosine permease PM 353 NCS1 9 

XP_020071104.1 
 hypothetical protein 
CYBJADRAFT_167449  

large neutral amino acids 
transporter 

V 605 AAAP 10 

XP_020071886.1 
 hypothetical protein 
CYBJADRAFT_193543  

Asparagine/glutamine permease - 555 - 12 

XP_020072054.1 
 hypothetical protein 
CYBJADRAFT_166778  

purine-cytosine permease PM 520 NCS1 12 

XP_020071645.1 
 hypothetical protein 
CYBJADRAFT_124945  

large neutral amino acids 
transporter 

V 432 AAAP 11 

XP_020071283.1 
 hypothetical protein 
CYBJADRAFT_193726  

Amino acid permease - 584 APC 12 

XP_020070552.1 
 hypothetical protein 
CYBJADRAFT_167553  

GABA-glycine transporter V 468 APC 10 

XP_020070247.1 
 hypothetical protein 
CYBJADRAFT_177594  

Proline permease - 567 APC 11 

XP_020067707.1 
hypothetical protein 
CYBJADRAFT_187372  

Uridine permease - 554 SLC 5 and 6-like 12 

XP_020067734.1 
hypothetical protein 
CYBJADRAFT_133015  

Amino acid permease - 524 APC 12 

XP_020068118.1 
hypothetical protein 
CYBJADRAFT_169726  

GABA permease - 523 APC 11 

XP_020067965.1  amino acid transporter  GABA permease - 538 APC 12 

XP_020070370.1 
 hypothetical protein 
CYBJADRAFT_184971  

Amino acid permease - 350 APC 8 

XP_020070752.1 
 hypothetical protein 
CYBJADRAFT_88763  

Amino acid permease V 597 - 13 

XP_020068154.1 
hypothetical protein 
CYBJADRAFT_178724  

Amino acid permease - 451 SLC 5 and 6-like 11 

XP_020068313.1  MFS general substrate transporter  putative aminoacid permease V 558 - 13 

XP_020068388.1  MFS general substrate transporter  putative aminoacid trasnporter V 547 - 12 

XP_020069720.1 
 hypothetical protein 
CYBJADRAFT_168226  

nucleobase-cation-symporter-1 - 595 NCS1 12 
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XP_020069721.1 
 hypothetical protein 
CYBJADRAFT_168227  

nucleobase-cation-symporter-1 - 577 NCS1 11 

XP_020070877.1 
 hypothetical protein 
CYBJADRAFT_150020  

carnitine transporter PM 555 OCTN 12 

XP_020070203.1 
 hypothetical protein 
CYBJADRAFT_168214  

putative nucleobase-cation-
symporter-1 

- 545 NCS1 12 

XP_020073450.1 
 hypothetical protein 
CYBJADRAFT_165694  

large neutral amino acids 
transporter 

V 702  10 

XP_020071097.1 
 hypothetical protein 
CYBJADRAFT_126342  

nucleobase-cation-symporter-1 - 570 NCS1 12 

XP_020071352.1 
 hypothetical protein 
CYBJADRAFT_167001  

Thiamine transporter PM 574 NCS1 12 

XP_020068915.1  small oligopeptide transporter  Oligopeptide transporter PM 809 OPT 13 

XP_020069810.1  OPT-domain-containing protein  Oligopeptide transporter PM 879 OPT 14 

XP_020069892.1  OPT oligopeptide transporter  Oligopeptide transporter PM 748 OPT 14 

XP_020070895.1  PTR2-domain-containing protein  Oligopeptide transporter PM 520 OPT 10 

XP_020071584.1  oligopeptide transporter  Oligopeptide transporter PM 671 OPT 13 

XP_020072614.1  small oligopeptide transporter  Oligopeptide transporter PM 884 OPT 13 

XP_020068934.1  synaptic vesicle transporter  Polyamine transporter PM 550 DHA1 10 

XP_020068307.1 MFS general substrate transporter  Polyamine transporter PM 590 DHA1 12 

XP_020070925.1 MFS general substrate transporter  Polyamine transporter PM 637 DHA1 13 

XP_020073548.1  MFS general substrate transporter  Polyamine transporter  PM 584 DHA1 12 

XP_020068504.1  MFS general substrate transporter  Polyamine transporter PM 608 DHA1 12 

XP_020071598.1 
 hypothetical protein 
CYBJADRAFT_193886  

Na+:urea-polyamine 
cotransporter 

PM 684 SSS 15 

XP_020071597.1 
 hypothetical protein 
CYBJADRAFT_177232  

Na+:urea-polyamine 
cotransporter 

PM 682 SSS 15 

XP_020071599.1 
 hypothetical protein 
CYBJADRAFT_161964  

Na+:urea-polyamine 
cotransporter 

PM 687 SSS 15 

XP_020071587.1 
 hypothetical protein 
CYBJADRAFT_167195  

Na+:urea-polyamine 
cotransporter 

PM 662 SSS 15 

XP_020071600.1  urea transport protein  
Na+:urea-polyamine 
cotransporter 

PM 605 SSS 12 

XP_020067703.1 
hypothetical protein 
CYBJADRAFT_156520  

Urea transporter PM 667 SSS 14 

XP_020068110.1 
hypothetical protein 
CYBJADRAFT_195367  

Urea transporter PM 672 SSS 16 

XP_020068713.1  Na+/solute symporter  Na+:urea cotransporter PM 719 
Solute carrier 
families 5 and 6-
like 

15 

XP_020067650.1 
hypothetical protein 
CYBJADRAFT_180897  

Urea transporter PM 389 
Solute carrier 
families 5 and 6-
like 

9 

XP_020071975.1  ZIP zinc/iron transport family  Zinc/iron transporter PM 385 ZIP 8 

XP_020069858.1  Zip-domain-containing protein  Zinc transporter PM 401 ZIP 7 

XP_020073040.1  ZIP zinc/iron transport family  Zinc/iron transporter PM 373 ZIP 7 

XP_020068969.1 
 hypothetical protein 
CYBJADRAFT_130476  

putative Zinc transporter PM 443 ZIP 7 

XP_020069481.1 
 DUF803-domain-containing 
protein  

putative magnesium transporter PM 361 - 8 

XP_020073120.1 
 hypothetical protein 
CYBJADRAFT_145818  

Manganese transporter PM 324 OST3/OST6 4 

XP_020068314.1 
 natural resistance-associated 
macrophage protein  

Manganese transporter PM 585 OST3/OST6 11 

XP_020071115.1 
 natural resistance-associated 
macrophage protein  

Manganese transporter PM 519 OST3/OST6 11 

XP_020068637.1 
 hypothetical protein 
CYBJADRAFT_164167  

Sulphate permease - 520 SulP 6 

XP_020068935.1 
 hypothetical protein 
CYBJADRAFT_130450  

Sulphate permease V 805 SulP 10 

XP_020069987.1  high affinity sulfate transporter 2  Sulphate permease - 703 SulP 9 

XP_020069499.1 
 hypothetical protein 
CYBJADRAFT_168745  

Sulphur transporter ? 327 - 5 
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XP_020067917.1  nitrate transporter  high-affinity nitrate transporter  PM 541 NRT/MFS 10 

XP_020068695.1 
 Rh-like protein/ammonium 
transporter  

ammonium transporter PM 378 AMT 8 

XP_020071845.1  ammonium transporter  ammonium transporter PM 482 AMT 9 

XP_020071846.1  ammonium transporter  ammonium transporter PM 472 AMT 9 

XP_020071849.1  ammonium transporter  ammonium transporter PM 494 AMT 9 

XP_020070915.1 
hypothetical protein 
CYBJADRAFT_150094  

Siderophore-iron transporter PM 596 ARN 13 

XP_020068393.1 MFS general substrate transporter  Siderophore-iron transporter PM 621 ARN 12 

XP_020069643.1 
hypothetical protein 
CYBJADRAFT_168527  

Siderophore-iron transporter V 308 ARN 5 

XP_020068874.1 MFS general substrate transporter  
siderophore-iron chelates 
transporter 

PM 622 ARN 12 

XP_020067684.1 MFS general substrate transporter  Siderophore-iron transporter PM 634 MFS 14 

XP_020067952.1 
 natural resistance-associated 
macrophage protein  

Putative divalent metal ion 
transporter involved in iron 
homeostasis 

- 486 - 10 

XP_020068163.1  iron permease FTR1  
Putative high-affinity iron 
transporter 

V? 400 ILT 7 

XP_020068199.1  iron permease FTR1  Iron transporter PM? 424 ILT 7 

XP_020069246.1  FTR1-domain-containing protein  High-affinity Fe2+/Pb2+ permease  PM? 394 ILT 7 

XP_020070898.1  FTR1-domain-containing protein  High-affinity Fe2+/Pb2+ permease  PM? 454 ILT 7 

XP_020071914.1  MFS general substrate transporter  Boron transporter PM 426 DAG 11 

XP_020068717.1 
 hypothetical protein 
CYBJADRAFT_131112  

Boron transporter PM 522 DAG 11 

XP_020072519.1 
 hypothetical protein 
CYBJADRAFT_123387  

putative calcium channel V 657 - 7 

XP_020073394.1 
 hypothetical protein 
CYBJADRAFT_146349  

high-affinity calcium channel - 1606 - 20 

XP_020070691.1  TRP-domain-containing protein  Putative calcium channel  V 735 - 9 

XP_020070750.1 
 hypothetical protein 
CYBJADRAFT_167722  

Calcium-activated chloride 
channel 

? 1009 - 5 

XP_020070809.1 
 hypothetical protein 
CYBJADRAFT_167207  

High-affinity copper transporter  PM 255 CTR 4 

XP_020071056.1  Cu-transporting P-type ATPase  Copper transporte  1155 CTR 8 

XP_020069151.1  phosphate permease  Phosphate permease PM 573 PIT 9 

XP_020069206.1  phosphate transporter  Na+:phosphate transport protein PM 583 PIT 9 

XP_020069270.1  SPX-domain-containing protein  Phosphate permease PM 843 PIT 12 

XP_020069943.1 

 high-affinity inorganic phosphate 
transporter and low-affinity 
manganese transporter  

phosphate:H+ symporter PM 524 MFS 11 

XP_020071038.1  MFS general substrate transporter  phosphate:H+ symporter PM 431 MFS 10 

XP_020069515.1 
 hypothetical protein 
CYBJADRAFT_168415  

Macrolide transporter/ATP-
binding cassette permease 

ER? 999 AAA 8 

XP_020069233.1 
 hypothetical protein 
CYBJADRAFT_168857  

ABC-type bacteriocin/lantibiotic 
exporter 

V 1634 PDR 13 

XP_020071812.1 
 P-loop containing nucleoside 
triphosphate hydrolase protein  

ABC-type bacteriocin/lantibiotic 
exporter 

- 1427 PDR 8 

XP_020068423.1  multidrug resistance protein  ATP-binding cassette permease - 1510 PDR 12 

XP_020068721.1 
 hypothetical protein 
CYBJADRAFT_178513  

ABC-type bacteriocin/lantibiotic 
exporter 

M 655 PDR 6 

XP_020068180.1 
 pleiotropic drug resistance protein 
PDR  

ABC transporter actively exports 
various drugs expression 
regulated by Pdr1p 

PM 1495 PDR 12 

XP_020072697.1 
 hypothetical protein 
CYBJADRAFT_161059  

ABC-type bacteriocin/lantibiotic 
exporter 

V 1128 
MRP/CFTR 
family 

12 

XP_020068178.1 
hypothetical protein 
CYBJADRAFT_192230  

Macrolide transporter/ATP-
binding cassette permease 

PM 416 PDR 6 

XP_020068427.1 
 hypothetical protein 
CYBJADRAFT_169435  

Macrolide transporter/ATP-
binding cassette permease 

PM 1114 PDR 11 

XP_020072078.1 
 hypothetical protein 
CYBJADRAFT_161514  

ABC-type bacteriocin/lantibiotic 
exporter 

- 895 ABC 4 
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XP_020068426.1  Orfs10c  ATP-binding cassette permease - 463 PDR 6 

XP_020068428.1 
 pleiotropic drug resistance protein 
PDR  

ATP-binding cassette permease - 1522 PDR 12 

XP_020068503.1 
 plasma membrane ATP-binding 
cassette transporter  

ATP-binding cassette permease PM 1370 PDR 10 

XP_020069109.1  ABC transporter  
Macrolide transporter/ATP-
binding cassette permease 

PM 1262 PDR 12 

XP_020070621.1  mitochondrial ABC transporter  

ATP-binding cassette permease 
responsible to synthesize the 
precursors of iron-sulfur (Fe/S) 
clusters to the cytosol 

M 665 PDR 5 

XP_020071933.1 
 P-loop containing nucleoside 
triphosphate hydrolase protein  

ABC transporter actively exports 
various drugs 

PM 1381 PDR 10 

XP_020072139.1 
 P-loop containing nucleoside 
triphosphate hydrolase protein  

ABC transporter actively exports 
various drugs 

PM 1352 PDR 9 

XP_020072401.1  V0 domain of vacuolar H+ATPase  Protein of unknown function V 793 - 7 

XP_020070368.1 
 hypothetical protein 
CYBJADRAFT_127994  

Alpha-factor-transporting ATPase - 1034 ABC 9 

XP_020070779.1  V-type ATPase  
ATPase V-type proteolipid 
subunit 

V 160 - 4 

XP_020069220.1  potassium/sodium eff  P-type ATPase sodium pump - 1068 - 10 

XP_020069697.1  Cu-transporting P-type ATPase  Cation transport ATPase  - 916 - 8 

XP_020070039.1 
 plasma membrane H+-ATPase, 
pumps protons out of the cell  

H+-transporting ATPase PM 897 - 8 

XP_020070620.1  potassium/sodium eff  ATPase sodium pump - 1062 - 10 

XP_020071470.1  K, P-type ATPase  
Magnesium-transporting ATPase 
(P-type)  

GC? 1069 - 10 

XP_020071820.1  membrane protein  Ca2+-transporting ATPase V 1199 - 10 

XP_020071856.1  cation-transporting ATPase  Ca2+-transporting ATPase V 1326 - 11 

XP_020072990.1  calcium-transporting ATPase  Ca2+-transporting ATPase ER 994 - 8 

XP_020069052.1  calcium-transporting P  
High-affinity Ca2+/Mn2+ P-type 
ATPase 

GC 915 - 8 

XP_020070551.1 
 V0/A0 complex, 116-kDa subunit 
of ATPase  

Protein of unknown function - 829 - 7 

XP_020070887.1  MFS general substrate transporter  mch1 transporter  348 MCT 9 

XP_020070160.1  MFS general substrate transporter  mch2 transporter PM 468 MCT 12 

XP_020070165.1  MFS general substrate transporter  mch2 transporter PM 780 MCT 12 

XP_020072088.1 
 hypothetical protein 
CYBJADRAFT_172054  

mch4 transporter PM 612 MCT 11 

XP_020067635.1 MFS general substrate transporter  mch4 transporter PM 470 MCT 12 

XP_020067736.1 MFS general substrate transporter  
monocarboxylate transporter; 
mch 

PM 487 MCT 11 

XP_020067765.1 
hypothetical protein 
CYBJADRAFT_178915  

putative Ato3 PM or VA 272 AceTr 6 

XP_020069696.1  MFS general substrate transporter  putative mch3 PM 505 MCT 10 

XP_020068891.1 
 hypothetical protein 
CYBJADRAFT_130575  

Dicarboxylate Transporter PM 384 TDT 8 

XP_020068647.1  MFS general substrate transporter  oxalate/formate antiporter PM 470 OFA 12 

XP_020072451.1  Formate/nitrite transporter  Formate/nitrite transporter V 597 OFA 6 

XP_020069263.1  MFS general substrate transporter  
Putative riboflavin transporter; 
mch5 transporter 

PM 491 MCT 12 

XP_020069005.1  transmembrane protein  ATO2 PM 280 AceTr 6 

XP_020070869.1  MFS general substrate transporter  monocarboxylate transporter PM 504 SHS 10 

XP_020069382.1  MFS general substrate transporter  monocarboxylate transporter PM 511 SHS 12 

XP_020071769.1 
 hypothetical protein 
CYBJADRAFT_124710  

monocarboxylate transporter PM 504 SHS 9 

XP_020070445.1 
 hypothetical protein 
CYBJADRAFT_128088  

monocarboxylate transporter PM 279 AceTr 4 

XP_020073031.1 
 hypothetical protein 
CYBJADRAFT_121868  

monocarboxylate transporter PM 269 AceTr 5 
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XP_020073178.1 
 hypothetical protein 
CYBJADRAFT_123057  

monocarboxylate transporter PM 271 AceTr 4 

XP_020073179.1  transmembrane protein  ATO2 Ammonia transporter PM 262 AceTr 6 

XP_020069826.1  MFS general substrate transporter  Allantoate transporter PM 491 MFS 10 

XP_020070263.1  MFS general substrate transporter  Allantoate transporter PM 485 MFS 10 

XP_020071152.1  MFS general substrate transporter  Allantoate transporter PM 524 MFS 10 

XP_020071813.1  MFS general substrate transporter  Allantoate transporter PM 528 MFS 10 

XP_020069269.1  allantoin permease  Allantoate transporter PM 506 MFS 10 

XP_020071707.1 
 plasma membrane permease 
proposed to be  

Allantoate transporter PM 486 MFS 10 

XP_020072609.1  dicarboxylic amino acid permease  
Dicarboxylic amino acid 
permease 

PM 564 - 12 

XP_020073044.1 
 hypothetical protein 
CYBJADRAFT_165372  

sodium/dicarboxylate 
cotransporter 

PM 821 SLC13 12 

XP_020068615.1 
 hypothetical protein 
CYBJADRAFT_131197  

Dicarboxylic amino acid (L-
glutamate and L-aspartate) 
permease 

PM 524 YAT 11 

XP_020069468.1 
 hypothetical protein 
CYBJADRAFT_168724  

Dicarboxylic amino acid 
permease 

PM 567 - 12 

XP_020069774.1  MFS general substrate transporter  
putative oxalate/formate 
antiporter 

PM 476 MFS 12 

XP_020071456.1  MFS general substrate transporter  
putative sialic acid transporter; 
Jen1 homolog 

PM 548 SHS 11 

XP_020069652.1  Tricarboxylate/iron carrier  Tricarboxylate carrier M? 327  4 

XP_020072234.1  MFS general substrate transporter  
putative sialic acid transporter; 
Jen1 homolog 

PM 506 SHS 12 

XP_020069659.1  aquaporin   aquaporin  PM 344 MIP 5 

XP_020073474.1  aquaporin-like protein   aquaporin  PM 223 MIP 5 

XP_020068161.1 
dityrosine transporter A Q 
resistance  

dityrosine transporter ? 488 MFS 12 

XP_020067705.1 MFS general substrate transporter  dityrosine transporter ? 436 MFS 12 

XP_020068827.1  MFS general substrate transporter  Quinidine resistance protein PM 624 DHA1 12 

XP_020070272.1  MFS general substrate transporter  Aminotriazole resistance protein - 534 MFS 13 

XP_020071110.1  MATE efflux family protein  
Oligosaccharidyl-
lipid/polysaccharide (MOP) 
exporter 

PM 545 MATE 10 

XP_020073439.1  MATE efflux family protein  Na+-driven efflux pump PM 543 MATE 10 

XP_020073380.1  MATE efflux family protein  Na+-driven efflux pump PM 642 MATE 11 

XP_020071098.1 
 hypothetical protein 
CYBJADRAFT_189880  

Na+-driven efflux pump PM 486 MATE 11 

XP_020069868.1  MATE efflux family protein  Na+-driven efflux pump PM 480 MATE 11 

XP_020067763.1  MATE efflux family protein  Na+-driven efflux pump PM 490 MATE 11 

XP_020070598.1 
 hypothetical protein 
CYBJADRAFT_167592  

Cation efflux transporter PM 525 ? 5 

XP_020069514.1 
 hypothetical protein 
CYBJADRAFT_173923  

Cation efflux transporter PM 527 ? 6 

XP_020069686.1 
 hypothetical protein 
CYBJADRAFT_168553  

Na:Ca exchanger PM 710 CaCA 11 

XP_020070439.1 
 hypothetical protein 
CYBJADRAFT_167962  

Na:Ca exchanger PM 538 CaCA 9 

XP_020072276.1  endosomal Na+/H+ exchanger  Na+/H+ exchanger - 596 CaCA 10 

XP_020069295.1 
 hypothetical protein 
CYBJADRAFT_163451  

Na+/H+ exchanger - 887 CaCA 9 

XP_020071440.1 
 hypothetical protein 
CYBJADRAFT_167074  

Sodium-solute symporter PM 517 SSS 13 

XP_020071640.1 
 hypothetical protein 
CYBJADRAFT_124719  

Ca2+:H+ antiporter V 924 CaCA 13 

XP_020069658.1  calcium/proton exchanger  H+/Ca2+ exchanger V 398 CaCA 11 

XP_020071450.1 
 UPF0016-domain-containing 
protein  

Putative Ca2+/H+ antiporter GC 284 CaCA 5 
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XP_020070929.1 
 hypothetical protein 
CYBJADRAFT_126498  

Pyridoxine (vitamin B6) 
transporter 

PM 536 NCS1 12 

XP_020071249.1 
 hypothetical protein 
CYBJADRAFT_177061  

Pyridoxine transporter PM 494 NCS1 12 

XP_020070771.1 
 hypothetical protein 
CYBJADRAFT_167740  

Voltage-gated chloride channel GC 765 - 9 

XP_020069557.1 MFS general substrate transporter  H+-pantothenate symporter PM 514 ACS 11 

XP_020067902.1 MFS general substrate transporter  Pantothenate transporter PM 524 P-RFT 9 

XP_020067992.1 MFS general substrate transporter  Pantothenate transporter PM 518 P-RFT 8 

XP_020070852.1 MFS general substrate transporter  Pantothenate transporter PM 531 P-RFT 10 

XP_020071176.1 MFS general substrate transporter  Pantothenate transporter PM 525 P-RFT 10 

XP_020070206.1 pantothenate transporter  Pantothenate transporter PM 509 P-RFT 10 

XP_020070764.1 pantothenate transporter  Pantothenate transporter PM 471 P-RFT 10 

XP_020073174.1  DUF6-domain-containing protein  
Permease of the 
drug/metabolite transporter 
(DMT) superfamily 

- 371 DMT 10 

XP_020068269.1 
 hypothetical protein 
CYBJADRAFT_175365  

Acetyl-coenzyme A transporter ? 527 SLC 7 

XP_020069754.1  voltage-gated potassium channel  voltage-gated potassium channel - 638 - 11 

XP_020069511.1  PQ-loop-domain-containing protein  Lysosomal Cystine Transporter V 266 - 6 

XP_020068308.1  multidrug resistance protein 4  
Putative spermidine export 
pump 

- 616 MFS 12 

XP_020071094.1  MFS general substrate transporter  putative transporter PM 498 DHA1 10 

XP_020072755.1 
 hypothetical protein 
CYBJADRAFT_165142  

Nucleoside transporter  V 414 ENT 10 

XP_020068972.1  MFS general substrate transporter  Protein of unknown function - 575 MFS 12 

XP_020069015.1  UAA transporter  
UDP-N-acetylglucosamine 
transporter 

GC 374 - 10 

XP_020073060.1 
 hypothetical protein 
CYBJADRAFT_160020  

putative Zinc-regulated 
transporter 3  

V 519 ZIP 7 

XP_020073523.1 
 hypothetical protein 
CYBJADRAFT_165762  

putative sugar transferase - 353 - 6 

XP_020073237.1 

 dolichyl pyrophosphate 
Glc1Man9GlcNAc2 alpha-1,3-
glucosyltransferase  

Glycosyltransferase - 577 - 12 

XP_020072571.1  MBOAT-domain-containing protein  lysophospholipid acyltransferase - 559 MBOAT 4 

XP_020070926.1  alkaline ceramidase   alkaline ceramidase  - 283 - 7 

XP_020073043.1  ALG6, ALG8 glycosyltransferase  glycosyltransferase - 543 - 10 

XP_020069072.1 

 
Choline/ethanolaminephosphotran
sferase  

Choline/ethanolaminephosphotr
ansferase 

- 387 - 7 

XP_020073198.1 
 hypothetical protein 
CYBJADRAFT_165490  

Glucosylceramide synthase - 515 GT-A 4 

XP_020069966.1 
hypothetical protein 
CYBJADRAFT_128263  

Glycerophosphocholine 
acyltransferase 

- 377 - 8 

XP_020067654.1 
hypothetical protein 
CYBJADRAFT_195583 

Acyltransferase - 532 MBOAT 12 

XP_020067666.1 
hypothetical protein 
CYBJADRAFT_170103  

Acyltransferase - 395 

membrane-
bound O-
acyltransferase 
family 

6 

XP_020067667.1 
 acyl-CoA:sterol acyltransferase, 
isozyme of Are1p  

Acyltransferase - 530 

membrane-
bound O-
acyltransferase 
family 

8 

XP_020067672.1 
hypothetical protein 
CYBJADRAFT_170090  

Ferric reductase, NADH/NADPH 
oxidase 

- 493 
Ferric reductase, 
NADH/NADPH 
oxidase 

4 

XP_020068011.1 
hypothetical protein 
CYBJADRAFT_169818  

Dolichol kinase ER 541 - 10 

XP_020067844.1 
hypothetical protein 
CYBJADRAFT_169968  

Transferase - 541 
Cytidylyltransfera
se family 

10 
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XP_020070174.1 
 hypothetical protein 
CYBJADRAFT_163012  

Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 453 GT39 6 

XP_020070754.1 
 hypothetical protein 
CYBJADRAFT_167725  

Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 599 GT39 8 

XP_020068361.1 
 hypothetical protein 
CYBJADRAFT_164511  

Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 695 GT39 9 

XP_020069681.1 
 hypothetical protein 
CYBJADRAFT_129185  

Ferric reductase - 704 
Ferric reductase, 
NADH/NADPH 
oxidase 

5 

XP_020069876.1 
 hypothetical protein 
CYBJADRAFT_128930  

UDP-N-acetyl-glucosamine-1-P-
transferase 

ER 448 - 10 

XP_020069995.1 
 hypothetical protein 
CYBJADRAFT_173475  

putative diacylglycerol 
pyrophosphate (DGPP) 
phosphatase 

V 336 PBRBC 6 

XP_020070244.1 
 hypothetical protein 
CYBJADRAFT_127575  

Ferric reductase, NADH/NADPH 
oxidase 

- 581 
Ferric reductase, 
NADH/NADPH 
oxidase 

6 

XP_020070438.1 
 hypothetical protein 
CYBJADRAFT_167960  

putative oxidoreductase/ferric-
chelate reductase 

- 548 
Ferric reductase, 
NADH/NADPH 
oxidase 

7 

XP_020071131.1 
 hypothetical protein 
CYBJADRAFT_167474  

NADPH oxidase ER 493 - 4 

XP_020070569.1 
 hypothetical protein 
CYBJADRAFT_172940  

galactosyltransferase GC 648 GT7 5 

XP_020071669.1 
 hypothetical protein 
CYBJADRAFT_166429  

Phospholipid methyltransferase - 297 - 7 

XP_020071832.1 
 hypothetical protein 
CYBJADRAFT_124665  

Phospholipid methyltransferase - 803 - 8 

XP_020071840.1 
 hypothetical protein 
CYBJADRAFT_166581  

Chitin synthase - 1055 - 7 

XP_020072038.1 
 hypothetical protein 
CYBJADRAFT_166767  

phosphoryltransferase ER 978 - 15 

XP_020073397.1 
 hypothetical protein 
CYBJADRAFT_165654  

iron/copper reductase - 687 - 8 

XP_020072598.1 
 hypothetical protein 
CYBJADRAFT_147754  

putative serine protease GC 274 - 5 

XP_020073266.1 
 hypothetical protein 
CYBJADRAFT_165542  

Chitin synthase - 1006 GT-A 7 

XP_020073402.1 
 hypothetical protein 
CYBJADRAFT_146367  

alpha-1,2 glucosyltransferase ER 510 - 11 

XP_020067856.1  Zn-dependent exopeptidase  metalloprotease ER 979 - 9 

XP_020068928.1 
 hypothetical protein 
CYBJADRAFT_174544  

glycerol-3-phosphate O-
acyltransferase  

- 668 - 4 

XP_020068041.1 
 phospholipid-translocating P-type 
ATPase  

Aminophospholipid translocases  - 1555 - 7 

XP_020068436.1 
 phosphatidate cytidylyltransferase 
(CDP-diglyceride synthetase)  

phosphatidate 
cytidylyltransferase  

- 425 - 6 

XP_020068085.1  PMT-domain-containing protein  
Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 714 GT39 9 

XP_020068550.1 
 dolichyl-phosphate-mannose-
protein mannosyltransferase  

Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 742 GT39 7 

XP_020068856.1  Alg9-like mannosyltransferase  
Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 465 GT39 6 

XP_020068875.1  ICMT-domain-containing protein  
protein-S-isoprenylcysteine O-
methyltransferase 

- 323 - 4 

XP_020069045.1 
 COX15-CtaA-domain-containing 
protein  

Cytochrome c OXidase - 585 - 8 

XP_020069148.1  PMT-domain-containing protein  
Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 765 GT39 9 

XP_020069357.1  sphingolipid delta8-desaturase  Fatty acid desaturase - 559 - 5 

XP_020069415.1 
 phospholipid-translocating P-type 
ATPase  

Phospholipid-translocating P-
type ATPase, Flippase 

- 1489 - 10 

XP_020071674.1 
 phospholipid-translocating P-type 
ATPase  

Phospholipid-translocating P-
type ATPase, Flippase 

- 1105 - 8 

XP_020069444.1  delta 12-fatty acid desaturase  Fatty acid desaturase - 419 - 5 

XP_020069456.1  fatty acid elongase 3  
Elongase involved in fatty acid 
biosynthesis 

- 335 - 7 

XP_020069522.1 
 rhomboid-domain-containing 
protein  

rhomboid protease - 336 - 7 
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XP_020069555.1  MBOAT-domain-containing protein  
D-alanyl-lipoteichoic acid 
acyltransferase 

- 537 MBOAT 11 

XP_020069757.1  3-hydroxyacyl-CoA dehydratase  3-hydroxyacyl-CoA dehydratase - 225 - 5 

XP_020069939.1 
 dolichyl-phosphate-mannose-
protein mannosyltransferase  

Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 739 GT39 11 

XP_020070320.1  chitin synthase 3  Chitin synthase III - 1179 - 6 

XP_020070582.1 
 Dol-P-Man:Man(5)GlcNAc(2)-PP-
Dol alpha-1,3-mannosyltransferase  

Dolichol-P-Man dependent 
alpha(1-3) mannosyltransferase 

- 473 GT39 7 

XP_020070354.1  mannosyltransferase  
Dolichyl-phosphate-mannose-
protein mannosyltransferase 

ER 368 GT39 8 

XP_020070367.1  phospholipid methyltransferase  phospholipid methyltransferase - 211 - 4 

XP_020070814.1 

 CDP-diacylglycerol--glycerol-3-
phosphate 3-
phosphatidyltransferase  

CDP-diacylglycerol-glycerol-3-
phosphate  3-
phosphatidyltransferase 

- 210 - 4 

XP_020072610.1 
 CDP-diacylglycerol--serine O-
phosphatidyltransferase  

phosphatidylserine synthase - 349 - 5 

XP_020071022.1  membrane-spanning Ca-ATPase  
phospholipid-translocating P-type 
ATPase, Flippase 

- 1150 - 8 

XP_020071074.1 
 rhomboid-domain-containing 
protein  

Serine protease M 326 - 6 

XP_020071075.1 
 ERG4/ERG24 ergosterol 
biosynthesis protein  

Phospholipid methyltransferase; 
also similar to C-14 sterol 
reductase 

- 435 - 8 

XP_020071233.1 
 ERG4/ERG24 ergosterol 
biosynthesis protein  

Phospholipid methyltransferase - 478 - 7 

XP_020071538.1 
 dolichyl-P-mannose-protein 
mannosyltransferase  

Dolichyl-phosphate-mannose-
protein mannosyltransferase 

- 761 GT39 9 

XP_020071563.1  alkaline phosphatase-like protein  alkaline phosphatase-like protein - 799 - 12 

XP_020071693.1  fatty acid elongase  
Elongase involved in fatty acid 
biosynthesis 

- 332 - 5 

XP_020071907.1 
 3-hydroxy-3-methylglutaryl-
coenzyme a reductase  

3-hydroxy-3-methylglutaryl-
coenzyme A reductase  

- 934 - 6 

XP_020071872.1 
 phosphatidylinositol N-
acetylglucosaminyltransferase  

phosphatidylinositol N-
acetylglucosaminyltransferase 

- 285 - 5 

XP_020072131.1  PAP2-domain-containing protein  
diacylglycerol pyrophosphate 
phosphatase 

V 256 - 4 

XP_020072734.1 
 para-hydroxybenzoate--
polyprenyltransferase  

4-hydroxybenzoate polyprenyl 
transferase 

- 352 - 4 

XP_020072858.1 
 longevity assurance proteins 
LAG1/LAC1  

Ceramide synthase - 318 - 6 

XP_020073019.1  omega3 fatty acid desaturase  Fatty acid desaturase - 423 - 5 

XP_020073121.1 
phospholipid-translocating P-type 
ATPase  

Phospholipid-translocating P-
type ATPase, Flippase 

- 1313 - 10 

XP_020073131.1  protoheme IX farnesyltransferase  putative Cytochrome c Oxidase - 425 - 6 

XP_020073177.1  phosphatidylinositol synthase  phosphatidylinositol synthase - 224 - 4 

XP_020069085.1 
 hypothetical protein 
CYBJADRAFT_179724  

C-5 sterol desaturase - 359 - 4 

XP_020069333.1 
 hypothetical protein 
CYBJADRAFT_168610  

Dolichyl-phosphate-mannose-
protein mannosyltransferase 

- 400 - 9 

XP_020069427.1 
 hypothetical protein 
CYBJADRAFT_168692  

Dolichol kinase - 319 - 6 

XP_020070789.1 
 sphingolipid long-chain base-1-
phosphate phosphatase  

Membrane-associated 
phospholipid phosphatase 

ER 482 - 7 

XP_020072026.1 

 
Glycosylphosphatidylinositol:protei
n transamidase, GAA1 component  

Glycosylphosphatidylinositol:prot
ein transamidase 

- 571 - 6 

XP_020071270.1 
 hypothetical protein 
CYBJADRAFT_183891  

Membrane-embedded ubiquitin-
protein ligase 

ER 570 - 9 

XP_020068970.1 
 zf-DHHC-domain-containing 
protein  

Subunit of a 
palmitoyltransferase 

- 334 - 4 

XP_020068922.1 
 STT3 subunit of Oligosaccharyl 
transferase  

STT3 subunit of Oligosaccharyl transferase 728 - 11 

XP_020070011.1  1,3-beta glucan synthase  
Catalytic subunit of 1,3-beta-
glucan synthase 

- 1899 - 13 

XP_020069944.1  MFS general substrate transporter  Protein of unknown function - 425 MFS 12 
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XP_020069446.1 
 hypothetical protein 
CYBJADRAFT_129925  

Protein of unknown function - 610 - 8 

XP_020069441.1  MFS general substrate transporter  Protein of unknown function - 1056 - 10 

XP_020069424.1 
 hypothetical protein 
CYBJADRAFT_174246  

Protein of unknown function - 457 - 4 

XP_020069423.1 
 hypothetical protein 
CYBJADRAFT_168690  

Protein of unknown function - 453 - 5 

XP_020069375.1 
 hypothetical protein 
CYBJADRAFT_185812  

Protein of unknown function - 255 - 5 

XP_020069339.1 
 hypothetical protein 
CYBJADRAFT_19366  

Protein of unknown function - 232 - 5 

XP_020069318.1 
 hypothetical protein 
CYBJADRAFT_168600  

Protein of unknown function - 750 - 4 

XP_020069304.1 
 hypothetical protein 
CYBJADRAFT_153097  

Protein of unknown function - 495 SLC 5 and 6-like 10 

XP_020069268.1  MFS general substrate transporter  Protein of unknown function - 499 MFS 11 

XP_020069131.1 
 hypothetical protein 
CYBJADRAFT_130128  

Protein of unknown function - 579 - 11 

XP_020068998.1 
 hypothetical protein 
CYBJADRAFT_130426  

Protein of unknown function - 1513 - 14 

XP_020073529.1  Yip1-domain-containing protein  Protein of unknown function GC 217 - 5 

XP_020073472.1 
 DUF396-domain-containing 
protein  

Protein of unknown function - 202 - 4 

XP_020073418.1  Got1-domain-containing protein  Protein of unknown function GC 139 - 4 

XP_020073395.1  Gpi1-domain-containing protein  Protein of unknown function - 618 - 5 

XP_020073281.1 
 DUF1774-domain-containing 
protein  

Protein of unknown function - 288 - 8 

XP_020073132.1 
 DUF221-domain-containing 
protein  

Protein of unknown function - 891 - 10 

XP_020073056.1 
 mannose-P-dolichol utilization 
defect 1 protein  

Protein of unknown function - 282 - 5 

XP_020072913.1  Rft-1-domain-containing protein  unknown - 541 - 11 

XP_020072672.1  Yip1-domain-containing protein  unknown GC 294 - 5 

XP_020072644.1 
 DUF221-domain-containing 
protein  

unknown - 606 - 7 

XP_020071932.1  SURF4-domain-containing protein  unknown ER 302 - 6 

XP_020071745.1  pali-domain-containing protein  unknown - 654 - 4 

XP_020071732.1  Yip1-domain-containing protein  unknown ER 310 - 5 

XP_020069657.1 
 hypothetical protein 
CYBJADRAFT_163392  

unknown - 356 - 7 

XP_020067730.1 
hypothetical protein 
CYBJADRAFT_170007  

unknown - 261 - 4 

XP_020067771.1 
hypothetical protein 
CYBJADRAFT_156392 

vacuolar membrane protein VA 314 ? 5 

XP_020068055.1 
hypothetical protein 
CYBJADRAFT_169764  

EamA-like transporter family PM 444 DUF6 10 

XP_020068109.1 MFS general substrate transporter  unknown PM 445 MFS 12 

XP_020068372.1 
 hypothetical protein 
CYBJADRAFT_169548  

Membrane-domain of unknow 
function 

- 168 - 4 

XP_020068228.1 
 hypothetical protein 
CYBJADRAFT_175325  

CrcB-like protein, Camphor 
Resistance (CrcB) 

? 332 FLUC 8 

XP_020070087.1 
 hypothetical protein 
CYBJADRAFT_168114  

Putative protein of unknown 
function 

? 274 - 6 

XP_020070587.1 
 hypothetical protein 
CYBJADRAFT_167581  

Putative protein of unknown 
function 

? 719 - 9 

XP_020069469.1 MFS general substrate transporter  
Putative protein of unknown 
function 

? 562 - 13 

XP_020071321.1 
 hypothetical protein 
CYBJADRAFT_161724  

Protein of unknown function - 494 - 5 

XP_020071960.1 
 hypothetical protein 
CYBJADRAFT_166697  

Protein of unknown function - 278 - 7 

XP_020069510.1 
 hypothetical protein 
CYBJADRAFT_15204  

LMBR1-like membrane protein - 616 - 9 

XP_020069726.1 
 hypothetical protein 
CYBJADRAFT_168232  

Transmembrane 9 superfamily 
member 1  

- 627 - 9 



 

168 

XP_020070096.1 
 hypothetical protein 
CYBJADRAFT_168118  

Protein of unknown function - 265 - 4 

XP_020070098.1 
 hypothetical protein 
CYBJADRAFT_173572  

Protein of unknown function - 394 - 4 

XP_020070246.1 
 hypothetical protein 
CYBJADRAFT_90748  

Protein of unknown function - 278 - 4 

XP_020070123.1 
 hypothetical protein 
CYBJADRAFT_173594  

Domain of unknown function - 157 - 4 

XP_020070398.1 
 hypothetical protein 
CYBJADRAFT_167928  

Domain of unknown function 
(DUF4149) 

- 233 - 5 

XP_020069044.1 
 DUF747-domain-containing 
protein  

Domain of unknown function 
(DUF4149) 

- 514 - 4 

XP_020068741.1  MFS general substrate transporter  Protein of unknown function - 587 - 11 

XP_020073415.1 
 hypothetical protein 
CYBJADRAFT_170824  

Putative protein of unknown 
function 

- 339 - 5 

XP_020073336.1 
 hypothetical protein 
CYBJADRAFT_170748  

Putative protein of unknown 
function 

- 333 - 4 

XP_020071689.1 
 hypothetical protein 
CYBJADRAFT_193449  

Putative protein of unknown 
function 

- 516 - 7 

XP_020070440.1 
 hypothetical protein 
CYBJADRAFT_167964  

Putative protein of unknown 
function 

- 291 - 6 

XP_020072875.1  MFS general substrate transporter  
Putative protein of unknown 
function 

- 511 DHA1 12 

XP_020070450.1 
 hypothetical protein 
CYBJADRAFT_181657  

Putative protein of unknown 
function 

- 316 - 4 

XP_020070451.1 
 hypothetical protein 
CYBJADRAFT_181659  

Putative protein of unknown 
function 

- 366 - 4 

XP_020070452.1 
 hypothetical protein 
CYBJADRAFT_190419  

Putative protein of unknown 
function 

- 405 - 4 

XP_020070758.1 
 hypothetical protein 
CYBJADRAFT_173117  

Domain of unknown function 
(DUF92) 

- 293 - 6 

XP_020068905.1  Zip-domain-containing protein  
Domain of unknown function 
(DUF92) 

- 986 - 6 

XP_020068853.1 
 hypothetical protein 
CYBJADRAFT_169171  

Putative protein of unknown 
function 

- 659 - 7 

XP_020068699.1 
 hypothetical protein 
CYBJADRAFT_30155  

Putative protein of unknown 
function 

- 352 - 5 

XP_020070856.1 
 hypothetical protein 
CYBJADRAFT_126658  

Putative protein of unknown 
function 

- 406 - 9 

XP_020070989.1 
 hypothetical protein 
CYBJADRAFT_184365  

Protein of unknown function - 192 - 6 

XP_020071006.1 
 hypothetical protein 
CYBJADRAFT_80850  

Protein of unknown function - 159 - 4 

XP_020073637.1 
 hypothetical protein 
CYBJADRAFT_182754  

Protein of unknown function - 410 - 6 

XP_020071084.1 
 hypothetical protein 
CYBJADRAFT_162218  

Protein of unknown function - 416 - 4 

XP_020068836.1 
 DUF221-domain-containing 
protein  

Protein of unknown function - 832 - 11 

XP_020068772.1  TPT-domain-containing protein  Protein of unknown function - 415 TPT 8 

XP_020072309.1  TPT-domain-containing protein  Protein of unknown function - 377 TPT 9 

XP_020068462.1  PQ-loop-domain-containing protein  Protein of unknown function - 286 - 6 

XP_020073493.1 
 hypothetical protein 
CYBJADRAFT_170893  

Protein of unknown function - 239 - 4 

XP_020071371.1 
 hypothetical protein 
CYBJADRAFT_172314  

Protein of unknown function - 621 - 6 

XP_020071372.1 
 hypothetical protein 
CYBJADRAFT_167026  

Protein of unknown function - 549 - 6 

XP_020068508.1  MFS general substrate transporter  Protein of unknown function - 511 - 12 

XP_020071659.1 
 hypothetical protein 
CYBJADRAFT_166419  

Protein of unknown function - 229 - 6 

XP_020071414.1 
 hypothetical protein 
CYBJADRAFT_167052  

Protein of unknown function - 528 - 6 

XP_020068808.1 
 hypothetical protein 
CYBJADRAFT_169127  

Protein of unknown function - 260 - 7 

XP_020071446.1  MFS general substrate transporter  Protein of unknown function - 446 - 11 



 

169 

XP_020068823.1 
 hypothetical protein 
CYBJADRAFT_27884  

Protein of unknown function - 568 - 7 

XP_020071502.1 
 hypothetical protein 
CYBJADRAFT_73751  

Protein of unknown function - 407 - 8 

XP_020068909.1  MFS general substrate transporter  Protein of unknown function M 509 - 10 

XP_020071660.1 
 hypothetical protein 
CYBJADRAFT_166420  

NSG1, Phosphoprotein ER 264 - 4 

XP_020073458.1 
 hypothetical protein 
CYBJADRAFT_165701  

Protein of unknown function - 231 - 4 

XP_020068743.1 
 hypothetical protein 
CYBJADRAFT_169070  

Protein of unknown function - 268 - 5 

XP_020071984.1 
 hypothetical protein 
CYBJADRAFT_183638  

Protein of unknown function - 549 - 7 

XP_020071798.1 
 hypothetical protein 
CYBJADRAFT_171773  

Protein of unknown function - 422 - 8 

XP_020071987.1  MFS general substrate transporter  Protein of unknown function V 548 - 10 

XP_020068553.1 
 hypothetical protein 
CYBJADRAFT_169362  

Protein of unknown function - 181 - 4 

XP_020072127.1 
 hypothetical protein 
CYBJADRAFT_149001  

Protein of unknown function - 682 - 5 

XP_020072848.1 
 hypothetical protein 
CYBJADRAFT_122780  

Protein of unknown function - 178 - 4 

XP_020073059.1  MFS general substrate transporter  Protein of unknown function - 607 - 11 

XP_020070923.1  auxin efflux carrier  Protein of unknown function - 493 - 9 

XP_020073046.1 
 hypothetical protein 
CYBJADRAFT_182207  

Protein of unknown function M 723 - 12 

XP_020072505.1 
 hypothetical protein 
CYBJADRAFT_160886  

Protein of unknown function - 230 - 6 

XP_020073165.1 
 hypothetical protein 
CYBJADRAFT_7427  

Protein of unknown function - 443 - 10 

XP_020068636.1 
 hypothetical protein 
CYBJADRAFT_191752  

Protein of unknown function - 254 - 4 

XP_020069259.1  RTA1-domain-containing protein  Protein of unknown function - 413 - 7 

XP_020069261.1  RTA1-domain-containing protein  Protein of unknown function - 312 - 7 

XP_020069299.1 
 zf-DHHC-domain-containing 
protein  

Protein of unknown function - 334 - 5 

XP_020072441.1 
 zf-DHHC-domain-containing 
protein  

Protein of unknown function - 376 - 4 

XP_020069445.1  TPT-domain-containing protein  Protein of unknown function - 275 TPT 5 

XP_020069518.1  pali-domain-containing protein  Protein of unknown function - 623 - 5 

XP_020069683.1 
 DUF887-domain-containing 
protein  

Protein of unknown function - 269 - 7 

XP_020070089.1 
 UPF0005-domain-containing 
protein  

Protein of unknown function - 252 - 6 

XP_020070094.1  auxin efflux carrier  Protein of unknown function ER? 460 - 8 

XP_020070109.1 
 membrane fusion mating protein 
FIG1  

Protein of unknown function - 267 - 4 

XP_020070151.1 
 DUF580-domain-containing 
protein  

Protein of unknown function PM 505 - 11 

XP_020070237.1 
 UNC-50-domain-containing 
protein  

Protein of unknown function GC 295 - 5 

XP_020070279.1  TRP-domain-containing protein  Protein of unknown function - 774 - 9 

XP_020070336.1  transport protein SFT2  Protein of unknown function GC 128 - 4 

XP_020070426.1  auxin efflux carrier  Protein of unknown function - 549 - 8 

XP_020070454.1  PQ-loop-domain-containing protein  Protein of unknown function - 240 - 6 

XP_020070521.1  EXS-domain-containing protein  Protein of unknown function - 334 - 5 

XP_020071379.1 
 TMS membrane protein/tumor 
differentially expressed protein  

Protein of unknown function V 467 - 11 

XP_020071381.1  EMP70 Emp70p  Protein of unknown function - 617 - 9 

XP_020071403.1 
 DUF846-domain-containing 
protein  

Protein of unknown function GC 187 - 4 

XP_020071511.1 
 DUF221-domain-containing 
protein  

Protein of unknown function - 865 - 11 
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XP_020071823.1  mitochondrial carrier  Protein of unknown function M 397 - 4 

XP_020072346.1  SFT2-domain-containing protein  Protein of unknown function - 213 - 4 

XP_020072412.1 
 UPF0220-domain-containing 
protein  

Protein of unknown function V 174 - 4 

XP_020072476.1  membrane protein  Protein of unknown function - 296 - 4 

XP_020072542.1  membrane protein  Protein of unknown function - 390 - 7 

XP_020072762.1  auxin efflux carrier  Protein of unknown function - 421 - 10 

XP_020073062.1  COPI associated  Protein of unknown function GC 135 - 4 

XP_020073192.1  mitochondrial carrier  Protein of unknown function M 320 - 5 

XP_020073287.1  HPP-domain-containing protein  Protein of unknown function - 267 - 5 

XP_020073303.1 
 DUF300-domain-containing 
protein  

Protein of unknown function - 421 - 7 

XP_020073610.1 
 UPF0016-domain-containing 
protein  

Protein of unknown function V 358 - 5 

XP_020068938.1 
 hypothetical protein 
CYBJADRAFT_174555  

Protein of unknown function - 178 - 4 

XP_020069016.1 
 hypothetical protein 
CYBJADRAFT_168998  

Protein of unknown function - 304 - 8 

XP_020069096.1 
 hypothetical protein 
CYBJADRAFT_21477  

Protein of unknown function - 223 - 4 

XP_020069103.1 
 hypothetical protein 
CYBJADRAFT_168762  

Protein of unknown function - 497 - 4 

XP_020070874.1  general substrate transporter  Low glucose sensor; SNF3 PM 538 HXT 12 

XP_020069134.1 
 hypothetical protein 
CYBJADRAFT_130034  

Chitin synthase III catalytic 
subunit 

- 303 - 7 

XP_020073183.1 
 transmembrane 9 superfamily 
member 4  

Protein with a role in cellular 
adhesion and filamentous 
growth 

- 631 - 9 

XP_020069864.1 
 hypothetical protein 
CYBJADRAFT_190796  

putative synovial apoptosis 
inhibitor  

- 529 - 6 

XP_020071045.1 
 longevity assurance proteins 
LAG1/LAC1  

Ceramide synthase component - 426 - 7 

XP_020073057.1  PigN-domain-containing protein  
Protein involved in GPI anchor 
synthesis 

ER 930 - 16 

XP_020071703.1 
 hypothetical protein 
CYBJADRAFT_166452  

Regulator of phospholipase D - 368 - 4 

XP_020072134.1 
 hypothetical protein 
CYBJADRAFT_123391  

Protein involved in spore wall 
assembly 

- 1806 - 18 

XP_020072277.1 
 hypothetical protein 
CYBJADRAFT_165992  

Nucleoporin protein N 578 - 7 

XP_020072544.1 
 hypothetical protein 
CYBJADRAFT_123371  

Protein required for normal cell 
wall, plasma membrane, 
cytoskeletal organization, 
endocytosis 

PM 274 - 4 

XP_020072719.1  MFS general substrate transporter  
protein required for efflux of 
amino acids 

V 524 MFS 9 

XP_020073485.1 
 hypothetical protein 
CYBJADRAFT_165727  

Inositol phospholipid synthesis ER 280 - 6 

XP_020073486.1 
 hypothetical protein 
CYBJADRAFT_165728  

Inositol phospholipid synthesis ER 254 - 6 

XP_020071116.1  HlyIII-domain-containing protein  
Membrane protein involved in 
zinc metabolism 

- 513 ZIP 6 

XP_020067853.1  protein CWH43  
putative sensor/transporter protein involved in 
cell wall biogenesis 

930 - 14 

XP_020069976.1 
 hypothetical protein 
CYBJADRAFT_128528  

putative zinc finger protein ER 1023 - 10 

XP_020068846.1  Sec61 protein  
Essential subunit of Sec61 
complex 

ER 479  5 

XP_020067910.1  Cu-transporting P-type ATPase  
Element required for export of 
copper from the cytosol into an 
extracytosolic compartment 

- 1169 - 8 

XP_020068112.1  SecY protein  
Subunit of the Ssh1 translocon 
complex 

- 482 - 10 

XP_020067922.1  batten's disease protein Cln3  
Protein required for the ATP-
dependent transport of arginine; 
cell homeostasis 

V 377 - 7 
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XP_020068412.1  HSP70-domain-containing protein  
Heat shock protein that is highly 
induced upon stress 

V? 920 - 4 

XP_020068718.1  Per1-like protein  
Protein required for GPI-
phospholipase A2 activity 

ER 328 - 5 

XP_020069175.1 
 Shr3 amino acid permease 
chaperone  

Packaging chaperone required 
for incorporation of amino acid 
permeases into COPII coated 
vesicles for transport to the cell 
surface 

ER 211 - 4 

XP_020069758.1 
 GPI-anchored wall transfer protein 
1  

GPI-anchored wall transfer 
protein 1 

- 500 - 11 

XP_020069221.1  PIG-U-domain-containing protein  GPI transamidase subunit PIG-U - 388 - 7 

XP_020069597.1 
 DUF1753-domain-containing 
protein  

Inositolphosphorylceramide 
synthase subunit 

- 207 - 4 

XP_020070589.1 

 vacuolar membrane protein that 
transits through the biosynthetic 
vacuolar protein sorting pathway 

 the biosynthetic vacuolar 
protein sorting pathway 

V 1219 - 13 

XP_020068140.1 
hypothetical protein 
CYBJADRAFT_169650  

Proteolipid membrane potential 
modulator 

PM 150 - 4 

XP_020068268.1 
 hypothetical protein 
CYBJADRAFT_169627  

Protein for Inositol phospholipid 
synthesis  

ER 276 - 6 

XP_020070322.1 
 hypothetical protein 
CYBJADRAFT_91416  

pH sensor component of the 
RIM101 pathway 

PM 503 - 6 

XP_020068298.1 
 hypothetical protein 
CYBJADRAFT_175196  

ASI1 - anti-silencing protein 
(predicted) 

N 597 - 6 

XP_020071012.1  vacuolar protein sorting 55  unknown V 129 - 4 

XP_020071166.1 
 ER lumen protein retaining 
receptor  

integral protein, a HDEL 
receptor 

ER 212 - 5 

XP_020067890.1 
 family A G protein-coupled 
receptor-like protein  

Receptor-like protein  PM 312 - 7 

XP_020067891.1 
 family A G protein-coupled 
receptor-like protein  

Receptor-like protein  PM 271 - 7 

XP_020070346.1 
 hypothetical protein 
CYBJADRAFT_173305  

Putative G-protein coupled 
receptor 

GC 514 - 8 

XP_020072496.1 
 hypothetical protein 
CYBJADRAFT_188575  

putative G protein-coupled 
glucose receptor 

- 447 - 6 

XP_020073219.1 
 fungal pheromone mating factor 
STE2G-protein-coupled receptor  

Putative receptor - 386 - 6 

 

Note, initials stand for: 
MBOAT Membrane-bound O-acyltransferase family 

APC Amino acid-polyamine-organocation family 

AceTr Acetate Transporter family 

P-RFT The prokaryotic riboflavin transporter (p-rft) family 

GPH Glycoside-Pentoside-Hexuronide (GPH):Cation Symporter Family  

PDR The Pleiotropic Drug Resistance (PDR) Family 

SP Sugar porter family 

FLUC The camphor resistance or fluoride exporter (fluc) family 

GT39 The integral membrane glycosyltransferase family 39 (gt39) family 

ARN Siderophore family 

AAA The ATP:ADP Antiporter (AAA) Family 

ACS The Anion:Cation Symporter (ACS) Family 

CaCA The Ca2+:Cation Antiporter (CaCA) Family 

NCS1 Nucleobase:Cation Symporter-1 (NCS1) Family 

PBRBC The lead resistance fusion protein (pbrbc) family 

CTR Copper transporter family 

OCTN Organic cation transporter (OCTN) family 

DHA1 Drug:H(+) antiporter DHA1 family 

MATE Multi antimicrobial extrusion (MATE) family 

AAAP The amino acid/auxin permease (aaap) family 

SSS Sodium:solute symporter (SSS)  family  

DAG DHA2/ARN/GEX, DHA2 drug:H+ antiporters of family 2 , ARN siderophore transporters, GEX - glutathione exchangers family 

ABC ATP-binding cassette transporters 

SLC Solute carrier family 

ENT Equilibrative nucleoside transporter (ENT) family member 

ZIP The zinc (zn(2+))-iron (fe(2+)) permease (zip) family 
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OST Oligosaccharyl transferase complex transporter family 

GT-A Glycosyltransferase family A (GT-A 

RhaT L-rhamnose transporter family 

YAT The Yeast Amino Acid Transporter (YAT) Family 

OFA Oxalate/formate antiporter family 

TDT Tellurite-resistance/Dicarboxylate Transporter Family 

NRT Nitrate transporter family 

ILT The Iron/Lead Transporter (ILT) Family 

AMT The ammonium transporter channel (amt) family  

TPT Triose-phosphate Transporter family 

OPT Oligopeptide transporter family 

PIT The inorganic phosphate transporter (pit) family 

NAT/NCS2 Nucleobase-Ascorbate Transporter/Nucleobase-Cation Symporter family 

 

 

Table S3. Docking parameters and data from the molecular docking studies 
 

Table S3.1 Parameters obtained with HHPred for 3D-model construction. 
 

Protein 
templates 

PDB 
Hit 

Organism E-value Similarity Identity Score 
Probability 

(%) 

ScJen1 

6G9X 
Syntrophobacter 

fumaroxidans 

2.4e
-33

 0.136 14% 281.6 100.0 

CaJen2 9.5e
-37

 0.116 13% 286.6 100.0 

CjJen5 1e
-35

 0.112 13% 270.2 100.0 

CjJen6 2e
-36

 0.171 15% 277.3 100.0 

ScAto1 

5YS3 Citrobacter koseri 

3.7e
-32

 0.566 35% 236.5 100.0 

EcSatP 1.5e
-36

 1.498 92% 235.4 100.0 

CjAto2 6.7e
-33

 0.538 32% 237.2 100.0 

CjAto5 7e
-35

 0.525 26% 252.0 100.0 

CjAto6 6e
-35

 0.568 30% 254.3 100.0 

HsSLC5A8 
3DH4 

Vibrio 
parahaemolyticus 

4.6e
-48

 0.337 24% 425.4 100.0 

CjSlc5 2.2e
-10

 0.063 10% 109.2 99.6 

HsSlc13A3 
6WTW 

Lactobacillus 
acidophilus 

7.5e
-26

 0.306 22% 245.0 99.9 

CjSlc13 3.9e
-30

 0.211 17% 298.5 100.0 
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Table S3.2 Residues of Ato homologs presenting strong intramolecular interactions with lactate, succinate 

and citrate identified by molecular docking studies.  

3D-Protein 
templates 

Lactate Succinate Citrate 
(-1) (-1) (-2) (-3) 

ScATO1 
R111; T238; 
N179; T222; 
T102; S106; 

E140; T209; N255 

T238; N179; R111; T222; 
T102; Q133; S208; N145; 

N255; T209; E140 

R111; N179; T238; 
T222; T209; S208; 

N145 

N255; T209; S208; 
N89; N145; Q133; 
T238; H230; R111; 

N179 

CjATO2 
K244; S189; 

N127; N91; T203; 
I97; T99; Y158 

N236; K244; S189; C185; 
T203; N91; T84; T99; 

D150; R214; Q219; S211; 
W144; Y158 

S189; K244; N127; 
T203; W144; T99; 
Q219; R214; Y158 

ND 

CjATO5 ND E125; K221 K221 
N137; S199; K198; 
N81; K221; Q103; 
T229; K230; G220 

CjATO6 ND N139; E134; T209; Q127; 
N103; Y170; K224; T111 

N139; N103; K224; 
Y170; T111 

N139; C202; N103; 
K224; T111 

 

Note: ND - not determined. 

 

Table S3.3 Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking 

of Ato proteins with the distinct charged substrates tested. 

3D-Protein 
templates 

 Average of binding affinities (kcal/mol) at different binding sites 

Lactate (-1) 

S4 
S3 S2 

S1 

a b c a b 

ScAto1 - -3.8 - -4.1 -3.9 -3.3 -3.1 

EcSatP -3 - - -3.6 -3.8 -3 - 

CjAto2 -3.4 - -3.4 -4.2 -2.6 -3.4 -3.1 

 
Succinate (-1) 

S4 
S3 S2 

S1 

a b c a b 

ScAto1 - -4.0 - -5 -4.5 -3.9 -3.8 

EcSatP -3.6 - - -4.5 -4.6 -4.2 - 

CjAto2 -4.2 - -4.2 -4.7 -3.2 -3.9 -4 

CjAto5 -3.8 - - -3.9 -4.7 - - 

CjAto6 -3.7 - - -4.3 -5.3 -3.9 - 

 

Succinate (-2) 

S4 
S3 S2 

S1 

a b 
a b c 

ScAto1 - -4.0 - -5 -4.4 -3.7 - 

EcSatP -3.4 - - -4.4 -4.7 -4.3 - 

CjAto2 -4 - -4.1 -4.8 -3.1 -4.1 -4 
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CjAto5 -3.8 - - -3.9 -4.6 - - 

CjAto6 -3.7 - - -4.4 -5.3 -3.9 - 

 
Citrate (-3) 

S4 
S3 S2 

S1 

a b c a b 

ScAto1 - -5.0 - -6.1 -3.7 -4.6 - 

EcSatP -4.2 - - -5 -4.3 -4.2 - 

CjAto5 -4 -4 - -3.5 -5.5 -4.5 -4.2 

CjAto6 -4.5 - - -4.9 -4.5 -4.7 - 

 

Table S3.4 Residues of Jen homologs presenting strong intramolecular interactions with lactate, succinate 
and citrate identified by molecular docking studies. 
 

3D-
Protein 

templates 

Lactate Succinate Citrate 
(-1) (-1)  (-2) (-3) 

ScJEN1 
N379; W473; 
Y497; S189; S504; 
G500; A274; Y250; 
Y273; Y246; F277; 
R188; A493 

N379; W473; R188; 
H383; S508; G500; 
S189; F277; Y273; 
Y246; A493; S250; 
A490; T178 

N379; S189; 
W473; R188; 
Q386; S508; 
Y466; S250; 
Y246 

S508; H383; T178; Y273; 
N412; Q386; F277; D387; 
S504; W473; Y497; N379; 
R188; S189; S250; R188; 
S189; S250; R486; Y296; 
Y246; R262 

CjJEN5 ND 

R56; E310; P309; 

A313; E107; R114; 

S115; R312; K171; 

T111; P110; S319; 

S102; W196; A200; 

Q293; Y129; A126; 

Y125; V285; Y129 

R312; K171; 
R56; R114; 
S115; S102; 
S319; Y98; 
G323; Q293; 
K27; S335; 
S331 

R114; A113; S115; P110; 
S307; R383; R255; G323; 
A200; N203; Q293; S331; 
Y129; T215; N236 

CjJEN6 
N273; W366; 
N394; S397; R99; 
Y184; Y188; Y390; 
P379; R115; 
E166; A383; R382 

W366; N394; N273; 
S397; R99; Y157; W60; 
R115; R382; A383; 
S161; K116 

N273; N394; 
W366; R99; 
W60; Y157; 
R115; A383; 
S161; T163 

N273; W366; R99; S397; 
Y184; S89; T405; N394; 
A383; R115; T163; L159; 
S161 

 
 

Note: ND - not determined. 
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Table S3.5 Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking 
of Jen proteins with the distinct charged substrates tested. 
 

3D-Protein 
templates 

Average of binding affinities (kcal/mol) at different binding sites 

Acetate (-1) 

1 
2 

3 4 

a b c a b a b 

ScJen1 -2.9 - - -3.6 -3.3 - - - 

CjJen6 -3.1 - - -3.4 -2.7 - - -2.8 

 
Lactate (-1) 

1 
2 

3 4 

a b c a b a b 

ScJen1 -4.0 - -3.8 -4.4 -3.6 - - - 

CjJen6 - - - -4.4 -3.2 - - -3.8 

 
Succinate (-1) 

1 
2 

3 4 

a b c a b a b 

ScJen1 -4.5 - -4.2 -5.5 -4.9 - - - 

CaJen2 -4.3 - - -3.4 -5.1 - - - 

CjJen5 - -4.0 -3.9 -4.2 -4.6 -4.5 -3.4 -3.7 

CjJen6 -4.6 - - -5.1 -4.1 - - -4.7 

 
Succinate (-2) 

1 
2 

3 4 

a b c a b a b 

ScJen1 - - -4.4 -5.7 -4.8 - - - 

CaJen2 -4.0 - - -3.5 -5.1 - - - 

CjJen5 - -4.1 -3.8 -4.0 -4.5 -4.7 -3.1 -3.3 

CjJen6 -4.1 - - -5.0 -4.1 - - -4.2 

 
Citrate (-3) 

1 
2 

3 4 

a b c a b a b 

ScJen1 -4.8 - - -4.2 -3.0 - -2.0 - 

CjJen5 - -4.4 -4.4 -4.8 -5.7 - -3.7 - 

CjJen6 -5.7 -5.1 - -5.9 -2.3 - - -4.4 
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Table S3.6 Residues of CjSlc5 protein presenting strong intramolecular interactions with succinate and 

citrate identified by molecular docking studies. 

3D-
Protein 

template 

Succinate Citrate 
(-1) (-2) (-1) (-2) (-3) 

CjSLC5 

G26; S221; 
F222; T38; 
Q212; S50; 
G31; Q27; 

Y102; Y303; 
L351; D79; 

L295 

S221; F222; 
Q212; T38; S50; 

Q27; Y102 

S221; F222; G219; 
G26; T38; D349; 
L351; S50; S56; 

Q212; Y303; Y102; 
D79; G219; G26; 
Q27; G31; K302; 

L299 

F222; S221; 
G219; Q27; 
S50; T38; 

Q212; L351; 
G31; Y102; 

D79 

F222; S221; 
T38; S50; L351; 

Q212; Q27; 
Y102; G219; 

K302 

 
 

Table S3.7 Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking 

of Slc5 member proteins with the distinct charged substrates tested. 

3D-Protein 
templates 

 Average of binding affinities (kcal/mol) at different binding sites 
Succinate (-1) 

1 2 3 4 a b a b 
HsSlc5A8 -4.1 - - -4.4 -4.5 -4.3 

CjSlc5 -4.3 -4.0 -3.7 - -3.4 -3.8 

 
Succinate (-2) 

1 2 3 4 a b a b 
HsSlc5A8 -4.2 - - -4.3 -4.5 -4.1 

CjSlc5 -4.3 - -3.8 - -3.4 -3.7 

 
Citrate (-1) 

1 2 3 4 a b a b 
HsSlc5A8 -4.7 -4.7 -4.8 - -5.8 -5.0 

CjSlc5 -5.0 -4.3 -4.9 - -4.1 -5.0 

 
Citrate (-2) 

1 2 3 4 a b a b 
HsSlc5A8 -4.3 -4.4 -4.8 - -5.8 -5.0 

CjSlc5 -5.0 - -4.7 - -4.1 -4.7 

 
Citrate (-3) 

1 2 3 4 a b a b 
HsSlc5A8 -4.2 -4.1 -4.7 - -5.8 -4.9 

CjSlc5 -5.2 -4.4 -4.4 - -4.3 -4.7 
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Table S3.8 Residues of CjSlc13 protein presenting strong intramolecular interactions with citrate identified 

by molecular docking studies. 

 

3D-Protein 
templates 

Citrate 
(-1)  (-2) (-3) 

CjSLC13 

K701;  S461; S457; Q462; 

T467; S466; T746; V743; 

A693; S696; S799; H745; 

V795; N684; Y530; Q534; 

F685; R538; S465; S482 

T746; Q462; S461; K701; 
S457; T467; S466; H745; 
V743; S799; S696; Y530; 
N684; F475; Q534; R538; 

F685 

S466; K701; S457; 
Q462; T467; T746; 
H745; S696; M800; 
Y530; N684; R538; 

Q534; F685 

 

Table S3.9 Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking 

of Slc13 proteins with citrate. 
 

3D-Protein 
templates 

 Average of binding affinities (kcal/mol) at different binding sites 

Citrate (-1) 
1 2 3 4 a b 

HsSlc13A3 -5.8 - - -4.6 -4.8 
CjSlc13 -4.6 -4.7 -5.4 -4.5 -5.3 

 
Citrate (-2) 

1 2 3 4 a b 
HsSlc13A3 -5.6 - - -4.9 -4.8 

CjSlc13 -4.4 -4.4 -4.6 -4.1 -5.0 

 
Citrate (-3) 

1 2 3 4 a b 
HsSlc13A3 -5.7 - - -4.9 -4.8 

CjSlc13 -4.3 -4.3 - -4.0 -4.8 
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Figure S1. Multiple-sequence alignments 

Supplementary figure S1.1 Multiple sequence alignment of Ato homologs in Saccharomyces cerevisiae 
(Ato1, Ato2, Ato3), C. jadinii (six homologs) and the Escherichia coli SatP. The sequence alignment was 
built with ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Localization of transmembrane 
segments (TMSs) was predicted by the PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee). 
Grey background highlight the previously identified and characterized signature motifs of the AceTr family. 
Blue rectangles indicate residues from the narrowest hydrophobic constriction site F98-Y155-L219 (refer 
to ScAto1p) (Qiu et al., 2018).

https://www.ebi.ac.uk/Tools/msa/clustalo/
http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee
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Supplementary figure S1.2 Multiple sequence alignment of Jen homologs in Saccharomyces cerevisiae, Candida albicans (CaJen1 and CaJen2), Kluyveromyces 
lactis (KlJen1 and KlJen2) and C. jadinii (six homologs). The sequence alignment was built with ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and the 
localization of transmembrane segments (TMSs) predicted by the PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee). Grey background highlights the previously 
identified and characterized motifs of the SHS family for carboxylate transporter affinity. 

https://www.ebi.ac.uk/Tools/msa/clustalo/
http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee
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Supplementary figure S1.3 Double alignment of the protein sequences of the Homo sapiens SLC5 

member 8 (NP_666018.3) and Cyberlindnera jadinii SLC5 homolog (XP_020068154.1) was built with 

ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and the localization of transmembrane 

segments (TMSs) predicted by the PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee). 
 

https://www.ebi.ac.uk/Tools/msa/clustalo/
http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee
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Supplementary figure S1.4 Double alignment of the protein sequences of the Homo sapiens SLC13 

member 3 (NP_001011554.1) and Cyberlindnera jadinii SLC13 homolog (XP_020069270.1) was built 

with ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and the localization of transmembrane 

segments (TMSs) predicted by the PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee). 

Blue background highlight the identified and/or characterized motifs of DASS transporter family with 

relevance for ligand and sodium binding. 
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Figure S2. Topology prediction 

• Membrane topology predicted by TMHMM for SLC members 

# XP_020068154.1 Length: 451 

# XP_020068154.1 Number of predicted TMHs:  11 

# XP_020068154.1 Exp number of AAs in TMHs: 242.31863 

# XP_020068154.1 Exp number, first 60 AAs:  37.33048 

# XP_020068154.1 Total prob of N-in:        0.90998 

# XP_020068154.1 POSSIBLE N-term signal sequence 

XP_020068154.1 TMHMM2.0 inside      1    12 

XP_020068154.1 TMHMM2.0 TMhelix     13    35 

XP_020068154.1 TMHMM2.0 outside     36    44 

XP_020068154.1 TMHMM2.0 TMhelix     45    67 

XP_020068154.1 TMHMM2.0 inside     68    94 

XP_020068154.1 TMHMM2.0 TMhelix     95   117 

XP_020068154.1 TMHMM2.0 outside    118   126 

XP_020068154.1 TMHMM2.0 TMhelix    127   144 

XP_020068154.1 TMHMM2.0 inside    145   150 

XP_020068154.1 TMHMM2.0 TMhelix    151   173 

XP_020068154.1 TMHMM2.0 outside    174   204 

XP_020068154.1 TMHMM2.0 TMhelix    205   227 

XP_020068154.1 TMHMM2.0 inside    228   239 

XP_020068154.1 TMHMM2.0 TMhelix    240   259 

XP_020068154.1 TMHMM2.0 outside    260   278 

XP_020068154.1 TMHMM2.0 TMhelix    279   301 

XP_020068154.1 TMHMM2.0 inside    302   321 

XP_020068154.1 TMHMM2.0 TMhelix    322   344 

XP_020068154.1 TMHMM2.0 outside    345   349 

XP_020068154.1 TMHMM2.0 TMhelix    350   372 

XP_020068154.1 TMHMM2.0 inside    373   407 

XP_020068154.1 TMHMM2.0 TMhelix    408   430 

XP_020068154.1 TMHMM2.0 outside    431   451 

 

 

 

 

 

 

Supplementary figure S2.1 CjSLC5 protein topology predicted. 
 

# XP_020069270.1 Length: 843 

# XP_020069270.1 Number of predicted TMHs:  12 

# XP_020069270.1 Exp number of AAs in TMHs: 261.70215 

# XP_020069270.1 Exp number, first 60 AAs:  0 

# XP_020069270.1 Total prob of N-in:        0.00723 

XP_020069270.1 TMHMM2.0 outside      1   376 
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XP_020069270.1 TMHMM2.0 TMhelix    377   396 

XP_020069270.1 TMHMM2.0 inside    397   416 

XP_020069270.1 TMHMM2.0 TMhelix    417   439 

XP_020069270.1 TMHMM2.0 outside    440   458 

XP_020069270.1 TMHMM2.0 TMhelix    459   481 

XP_020069270.1 TMHMM2.0 inside    482   511 

XP_020069270.1 TMHMM2.0 TMhelix    512   534 

XP_020069270.1 TMHMM2.0 outside    535   548 

XP_020069270.1 TMHMM2.0 TMhelix    549   568 

XP_020069270.1 TMHMM2.0 inside    569   588 

XP_020069270.1 TMHMM2.0 TMhelix    589   611 

XP_020069270.1 TMHMM2.0 outside    612   630 

XP_020069270.1 TMHMM2.0 TMhelix    631   650 

XP_020069270.1 TMHMM2.0 inside    651   656 

XP_020069270.1 TMHMM2.0 TMhelix    657   679 

XP_020069270.1 TMHMM2.0 outside    680   688 

XP_020069270.1 TMHMM2.0 TMhelix    689   711 

XP_020069270.1 TMHMM2.0 inside    712   722 

XP_020069270.1 TMHMM2.0 TMhelix    723   756 

XP_020069270.1 TMHMM2.0 outside    757   770 

XP_020069270.1 TMHMM2.0 TMhelix    771   793 

XP_020069270.1 TMHMM2.0 inside    794   813 

XP_020069270.1 TMHMM2.0 TMhelix    814   836 

XP_020069270.1 TMHMM2.0 outside    837   843 

 

 

Supplementary figure S2.2 CjSLC13 protein topology predicted.
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Figure S3. Phylogeny data belonging to AceTr, SHS, SSS and DASS transporter families 
S3.1 Detailed CjATO-phylogenetic tree with all homolog nominations and bootstrap values (Ascomycota) 
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S3.2 Detailed CjJEN-phylogenetic tree with all homolog nominations and bootstrap values 
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S3.3 Detailed CjSLC5-phylogenetic tree with all homolog nominations and bootstrap values 
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S3.4 Detailed CjSLC13-phylogenetic tree with all homolog nominations and bootstrap values 
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Figures S4. Docking studies and pore radius trajectories 

 

Figure S4.1 Molecular docking of Escherichia coli Satp 3D-model, based on SatP_Ck 
structure, with the substrates lactate (blue ligand), succinate (orange ligand) and citrate 
(green ligand). The four binding sites are depicted from S1 to S4 sites, including the localization of N- 
and C-terminal of the protein. The narrowest hydrophobic constriction of the anion pathway formed by 
F17, Y72 and L131 is also represented. 
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Figure S4.2 Channel structures of Ato proteins are depicted in the left-side in cartoon, having the 
color scheme represented by blue (larger aperture), green (intermediate pore size) and red (more 
constricted) colors. In the right-side is depicted the top view of the narrowest hydrophobic constriction 
site of the anion pathway, including the predicted distances (Å) between represented residues. 
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Note:  

The work presented in this chapter is in preparation for publication.  
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CHAPTER VI 
 
Phylogenetical, functional, and structural analysis of the CexA citrate exporter 

from Aspergillus niger 

 

ABSTRACT 
 

The recently identified citrate exporter from Aspergillus niger (AnCexA) is a member of the major facilitator 

superfamily (MFS) and the Drug-H+ antiporter (DHA1) family (TC 2.A.1.2). Phylogenetic analysis revealed 

that the DHA1 family is mostly dispersed in eukaryotic genomes. The disruption of AnCexA in A. niger 

completely abolishes citric acid secretion, while its heterologous expression in Saccharomyces cerevisiae 

promoted the secretion of citric acid during growth on glucose. In this study, we overexpressed the AnCexA 

in a Saccharomyces cerevisiae to further characterize its activity and specificity. We found that A. niger 

transporter is highly specific for citric and isocitric acids, and besides its role as a citrate exporter, it is 

also able to import citrate with low affinity and high capacity at pH 5.5 (Km =29.4 mM of citric acid and 

Vmax=11.40 nmol citric acid s-1 mg-1 dry wt.). In addition, we explored the structure-function relationship of 

AnCexA using rational site-directed mutagenesis based on 3D structure prediction, molecular docking 

analysis, and the identification of conserved amino acid residues within the DHA1 family members. 

Mutants with altered activity and specificity were obtained and provide the first insights on the structure 

of the citrate exporter AnCexA, which can ultimately lead to the improvement of citrate bioproduction. 

 

 

 

 

 

 

 

 

 

 

 

KEYWORDS: Plasma membrane transport; Citrate export; AnCexA transporter; DHA1 transporter family; 

Aspergillus niger; Heterologous expression; In silico studies  
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6.1 INTRODUCTION 

 

Organic acids, such as carboxylic acids, are structurally diverse chemicals, commonly used in many 

industrial formulations from food, pharmaceutical, and cosmetic to polymer/plastics sectors [1]. Citric 

acid, a well-known carboxylic acid, is employed in the food and beverage industry due to its antioxidant 

properties, as a food preservative, or as an acidifier by boosting the flavors and aromas from fruit juices, 

soft drinks, and other beverages [2]. In 2020, the global citric acid market achieved a volume of 2.39 

million tons. By 2026, the citric acid market is estimated to reach 2.91 million tons [3]. A great diversity 

of microbes from bacteria, fungi, to yeast have been reported to be involved in the production of citric 

acid [4-6]. Aspergillus niger is the oldest industrial workhorse, revealing outstanding properties that turn 

it ideal for industrial fermentation. This fungus is used for the industrial production of citric acid since 

1923 [7, 8]. Its natural ability to secrete metabolites, such as organic acids and proteins, coupled with 

its robustness to extreme acid environments, are desired traits that turn A. niger into an important 

industrial bioplatform [9]. Microbes are metabolically engineered to produce specific metabolites and to 

use particular substrates, like industrial wastes and subproducts [10]. Rewiring the plasma membrane 

transport of such molecules in microbial cell factories is one of the key-processes to optimize cellular 

metabolism. Transporter engineering approaches have improved the efficiency of microbial cell factories 

for the production of desired metabolites [11, 12]. Some current limitations for the industrial exploitation 

of microbial cell factories include the ability to assimilate specific carbon and energy sources and product 

accumulation and subsequent toxicity with resulting low product extracellular titers [13, 14]. Low-product 

yield, reactor productivity, and final product concentration can be caused by severe end-product inhibition 

[15]. To surpass these bottlenecks, researchers outlined strategies that include the expression of 

importers and/or exporters, that can be improved by genetic manipulation for increased transport 

capacity or altered specificity [10, 12, 16]. Additionally, the employment of acid-tolerant microorganisms, 

like Saccharomyces cerevisiae, determines one of the crucial steps in effective bioprocess development 

[17, 18]. The coupled superior predisposition for growing at lower pH values and strengthened resistance 

mechanisms to weak carboxylic acid stress turns it into an ideal chassis to produce desired fine chemicals 

[19]. Although several carboxylate importers are known in fungi, few exporters are currently identified 

[10]. Two itaconate exporters were already identified, Itp1 in the fungal pathogen Ustilago maydis [20], 

and MfsA in Aspergillus terreus [21, 22]. The Mae1p from Schizosaccharomyces pombe is a 

proton/dicarboxylate transporter able to export fumarate, succinate, and malate [23, 24]. Despite being 

characterized as monocarboxylate importers, when expressed in an S. cerevisiae strain engineered for 
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lactate production, Jen1 and Ady2 were able to export lactic acid [25]. Recently two citrate exporters were 

identified, AnCexA from A. niger [11, 26] and Cex1 from Yarrowia lipolytica [27]. AnCexA belongs to the 

Drug-H+ Antiporter (DHA1) family (TC 2.A.1.2), while Cex1 belongs to the Drug:H+ Antiporter 2-Family 

(DHA2) (TC 2.A.1.3). The disruption of AnCexA impaired citric acid production in A. niger and its 

heterologous expression in S. cerevisiae, lead to the secretion of citric acid in glucose-grown cells [11, 

26]. Previous studies proposed different molecular mechanisms for citrate export in A. niger: passive 

diffusion, citrate/H+ antiporter, or ΔpH-driven symport with H+ ions [4, 28, 29]. In the present study, we 

present the phylogenetic analysis of the citrate exporter AnCexA, its 3D structure prediction as well as its 

functional characterization through heterologous expression in S. cerevisiae.  

 

6.2 MATERIALS AND METHODS 

6.2.1 PHYLOGENETIC RECONSTRUCTION OF ANCEXA 

About 10000 proteomes were downloaded from the refseq subsection of the NCBI Assembly platform as 

individual FASTA files and converted into a local database. Only sequences derived from a single genome 

of a given species were considered to avoid redundancies. The specimen with the higher number of 

proteins described in the database was selected. A BLAST search, with a cut-off e-value of 10-10 and an 

associated query-cover value higher than 65%, was carried out on this database using the protein 

XP_025452994.1 from Aspergillus niger. Retrieved protein sequences were aligned using the MAFFT 

online server [30], which incorporates multiple alignment strategies. Sequences that were not aligning 

extensively across the conserved region of the alignment were further excluded from the phylogenetic 

analysis. These sequences, in many cases, could represent the lower quality of the stretch of the genome 

where they are located or incomplete annotation of the full gene and they should not necessarily be 

regarded as non-functional genes. Phylogenetic reconstruction was performed using Maximum 

Likelihood, more appropriate for the deeper divergences under analysis here, using MEGA7 [31] and the 

Jones-Taylor-Thornton substitution model. Bootstrap was performed for 1000 repetitions. Obtained 

phylogenetic tree was displayed and edited in FigTree v.1.4.4. (http://tree.bio.ed.ac.uk/). 

 

6.2.2 YEAST CULTIVATIONS, PLASMID CONSTRUCTS, AND GROWTH CONDITIONS 

The yeast strains, plasmids, and primers used in this study are listed in tables 1 and 2, and 3 respectively. 

In this study, two S. cerevisiae CEN.PK strains were used: the CEN.PK 113-5D [32] and the IMX1000 

[33]. The S. cerevisiae CEN.PK 113-5D transformants were maintained on YP agar plates supplemented 

http://tree.bio.ed.ac.uk/
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with 2% (w/v) glucose and 0.3 mg/mL hygromycin B. The S. cerevisiae IMX1000 strains were maintained 

in minimal media with the required supplements for the growth of the auxotrophic strains [11, 33]. 

Yeast cells were grown in yeast nitrogen base (YNB, Difco), 0.67%, w/v (YNB medium), enriched with 

adequate requirements for prototrophic growth. Carbon sources were glucose (2%, w/v), acetic acid 

(0.5%, v/v; pH 6.0), lactic acid (0.5%, v/v; pH 5.0), pyruvic acid (0.5% w/v; pH 5.0), fumaric acid (1%, 

w/v, pH 5.0), succinic acid (1%, w/v, pH 5.0), malic acid (1%, w/v; pH 5.0) and citric acid (1%, w/v; pH 

5.5). Yeast growth was carried out at 30°C, both in liquid and solid media. Cultures were harvested 

during the mid-exponential phase of growth. For growth tests, cells were grown on YNB Glu−Ura media, 

until the mid-exponential phase and adjusted to an OD640nm of 0.1. A set of three 1:10 serial dilutions were 

performed and 3 μL of each suspension was inoculated in the desired media, using YNB Glu−Ura as a 

control carbon source. Cells were incubated at 30°C for 2 days and at 18°C for 14-22 days. At 18°C, 

carboxylic acid uptake by diffusion is drastically reduced so that growth on CA as sole carbon and energy 

source is directly dependent on a functional transporter, as described by Soares-Silva et al. (2007) [34]. 

 

6.2.3 TRANSPORT ASSAYS 

Transport assays were performed as previously described by Ribas et al. (2017) [35] using labelled 

[1,5-14C] citric acid (Perkin Elmer, Massachusetts, USA) with a specific activity of 300 and 1500 

dpm/nmol. Optimal-fitting of the experimental data for initial uptake rate was done through 

computer-assisted non-linear regression analysis performed by GraphPad Prism (California, USA) version 

6.0 for Windows. The kinetic parameters were obtained at a significance level p<0.05. The data presented 

is the mean value of at least three independent experiments, with three replicas each. Inhibition assays 

were carried out through the simultaneous addition of labelled and nonlabelled substrates. The 

determination of non-specific 14C-adsorption to the cells, along with the diffusion component, was 

performed by adding a mixture of labelled acid and unlabeled acid concentrated 1000-fold and measured 

in a PerkinElmer Tri-Carb 4810TR liquid scintillation spectrophotometer, with dpm correction. 
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Table 1. Yeast strains used in this study 

Strain Genotype Source 

S. cerevisiae CEN.PK113-
5D 

MATa MAL2-8C SUC2 ura3-52 
Entian and 
Kötter (2007) 

IMX1000 (parental strain 
CEN.PK113-7D) 

MATa ura3-52 trp1-289 leu2-3112 his3Δ 
can1Δ::cas9-natNT2 mch1Δ mch2Δ mch5Δ 
aqy1Δ itr1Δ pdr12Δ mch3Δ mch4Δ 
yil166cΔ hxt1Δ jen1Δ ato1Δ aqr1Δ thi73Δ 
fps1Δ aqy2Δ yll053cΔ ato2Δ ato3Δ aqy3Δ 
tpo2Δ yro2Δ azr1Δ yhl008cΔ tpo3Δ 

Mans et al. 
(2017) 

S. cerevisiae CEN.PK 113-
5D pɸ 

S. cerevisiae transformed with arscen 
plasmid, empty vector 

Steiger et al. 
(2019) 

S. cerevisiae CEN.PK 113-
5D pTEF1 

S. cerevisiae transformed with pTEF1-cexA-
tCYC1 cassette 

Steiger et al. 
(2019) 

S. cerevisiae CEN.PK 113-
5D pTPI1 

S. cerevisiae transformed with pTPI1-cexA-
tCYC1 cassette 

Steiger et al. 
(2019) 

IMX1000 pɸ 
IMX1000 transformed with arscen plasmid, 
empty vector 

This work 

IMX1000 pTEF1 IMX1000 transformed with pTEF1-CexA This work 
IMX1000 pCexA-S71A IMX1000 transformed with pCexA-S71A This work 
IMX1000 pCexA-S75A IMX1000 transformed with pCexA-S75A This work 
IMX1000 pCexA-N76A IMX1000 transformed with pCexA-N76A This work 
IMX1000 pCexA-P80A IMX1000 transformed with pCexA-P80A This work 
IMX1000 pCexA-D84A IMX1000 transformed with pCexA-D84A This work 
IMX1000 pCexA-G122A IMX1000 transformed with pCexA-G122A This work 
IMX1000 pCexA-R123A IMX1000 transformed with pCexA-R123A This work 
IMX1000 pCexA-R124A IMX1000 transformed with pCexA-R124A This work 
IMX1000 pCexA-R154A IMX1000 transformed with pCexA-R154A This work 
IMX1000 pCexA-F188A IMX1000 transformed with pCexA-F188A This work 
IMX1000 pCexA-R192A IMX1000 transformed with pCexA-R192A This work 
IMX1000 pCexA-Q196A IMX1000 transformed with pCexA-Q196A This work 
IMX1000 pCexA-P200A IMX1000 transformed with pCexA-P200A This work 
IMX1000 pCexA-T207A IMX1000 transformed with pCexA-T207A This work 
IMX1000 pCexA-P235A IMX1000 transformed with pCexA-P235A This work 
IMX1000 pCexA-E236A IMX1000 transformed with pCexA-E236A This work 
IMX1000 pCexA-T237A IMX1000 transformed with pCexA-T237A This work 
IMX1000 pCexA-Y307A IMX1000 transformed with pCexA-Y307A This work 
IMX1000 pCexA-S311A IMX1000 transformed with pCexA-S311A This work 
IMX1000 pCexA-S315A IMX1000 transformed with pCexA-S315A This work 
IMX1000 pCexA-R461A IMX1000 transformed with pCexA-R461A This work 
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Table 2. Plasmids used in this study 

Plasmid Characteristics Reference 

pɸ BB3_arscen_URA_Hygro; empty vector (low copy plasmid)  
118077 in 
Addgene 

pTPI1 
pMST-1312; cassette pTPI1-cexA-tCYC1, constitutive 
expression 

118075 in 
Addgene 

pTEF1 
pMST-1313; cassette pTEF1-cexA-tCYC1, constitutive 
expression  

118076 in 
Addgene 

pCexA-S71A pTEF1 with the substitution S71A in CexA This work 

pCexA-S75A pTEF1 with the substitution S75A in CexA This work 

pCexA-N76A pTEF1 with the substitution N76A in CexA This work 

pCexA-P80A pTEF1 with the substitution P80A in CexA This work 

pCexA-D84A pTEF1 with the substitution D84A in CexA This work 

pCexA-G122A pTEF1 with the substitution G122A in CexA This work 

pCexA-R123A pTEF1 with the substitution R123A in CexA This work 

pCexA-R124A pTEF1 with the substitution R154A in CexA This work 

pCexA-R154A pTEF1 with the substitution R154A in CexA This work 

pCexA-F188A pTEF1 with the substitution F188A in CexA This work 

pCexA-R192A pTEF1 with the substitution R192A in CexA This work 

pCexA-Q196A pTEF1 with the substitution Q196A in CexA This work 

pCexA-P200A pTEF1 with the substitution P200A in CexA This work 

pCexA-T207A pTEF1 with the substitution T207A in CexA This work 

pCexA-P235A pTEF1 with the substitution P235A in CexA This work 

pCexA-E236A pTEF1 with the substitution E236A in CexA This work 

pCexA-T237A pTEF1 with the substitution T237A in CexA This work 

pCexA-Y307A pTEF1 with the substitution Y307A in CexA This work 

pCexA-S311A pTEF1 with the substitution S311A in CexA This work 

pCexA-S315A pTEF1 with the substitution S315A in CexA This work 

pCexA-R461A pTEF1 with the substitution R461A in CexA This work 
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6.2.4 ANCEXA STRUCTURAL MOLECULAR DOCKING STUDIES 

The tridimensional modelling was performed for the AnCexA (XP_001398400.1). For 3D structure 

prediction, the AnCexA amino acid sequence was threaded through the PDB library using HHPred [36] 

and LOMETS (Local Meta-Threading-Server) [37]. The top-ranked threading template was the L-lactate 

transporter from Syntrophobacter fumaroxidans (PDB 6G9X; 2.54 Å resolution) [38]. Molecular docking 

simulations were done as previously described [35], using the ligand structure of citric acid downloaded 

from the Zinc database [39]. Docking prediction was carried out with deprotonated forms of citric acid 

with the protonation states adjusted to match the desired pH. The results were exported in the .mol2 

format. Substrate 3D structures were built by inputting canonical SMILES strings in the UCSF Chimera 

[40], being minimized before molecular docking simulations in PyRx software [41] using AutoDock Vina. 

All simulated interactions were analyzed in 2D and 3D pose views using both Chimera and Maestro v11.2. 

To validate any structural differences that might indicate different substrate preferences for the wild-type 

AnCexA protein and mutant alleles, we used the HOLE program (2.2.005 Linux) to predict the pore radius 

[42]. The image for the pore was obtained using the Visual Molecular Dynamics program (VMD, 1.9.3) 

[43]. The pore radius of the wild-type and the mutants of AnCexA proteins were compared in a graph with 

the coordinate in the direction of the channel vector serving as the X-axis. 

 

6.2.5 CONSTRUCTION OF ANCEXAP MUTATIONS, CLONING, AND EXPRESSION IN 

S. CEREVISIAE 

Oligonucleotide-directed mutagenesis was performed as previously described [34] using the pTEF1-CexA 

plasmid (60 ng) [11]. Twenty-one mutations of the AnCexA were obtained. The oligonucleotides used are 

listed in table 3. Mutations were confirmed by sequencing. The mutant versions of AnCexA were 

transformed in a S. cerevisiae IMX1000 strain [33] using the High Efficiency Transformation Method [44] 

and transformants were selected by complementation of uracil auxotrophy.  
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Table 3. Oligonucleotides used for strain construction, cloning, and expression 
 

Name Sequence 

S71A_fwd CTCGCTGCCATATTTGCTCCGCTTTCGTCGAAC 

S71A_rev GTTCGACGAAAGCGGAGCAAATATGGCAGCGAG 

S75A_fwd CATATTTTCTCCGCTTTCGGCTAACATTTACTTCCCTG 

S75A_rev CAGGGAAGTAAATGTTAGCCGAAAGCGGAGAAAATATG 

N76A_fwd TCTCCGCTTTCGTCGGCTATTTACTTCCCTGCC 

N76A_rev GGCAGGGAAGTAAATAGCCGACGAAAGCGGAGA 

P80A_fwd GTCGAACATTTACTTCGCTGCCCTGGATGATG 

P80A_rev CATCATCCAGGGCAGCGAAGTAAATGTTCGAC 

D84A_fwd CTTCCCTGCCCTGGATGCTGTCTCGAAATCCCTC 

D84A_rev GAGGGATTTCGAGACAGCATCCAGGGCAGGGAAG 

G122A_fwd CATGTCAGACGCCACAGCTAGACGGCCTGTCTTTATTG 

G122A_rev CAATAAAGACAGGCCGTCTAGCTGTGGCGTCTGACATG 

R123A_fwd GTCAGACGCCACAGGTGCTCGGCCTGTCTTTATTG 

R123A_rev CAATAAAGACAGGCCGAGCACCTGTGGCGTCTGAC 

R124A_fwd GACGCCACAGGTAGAGCTCCTGTCTTTATTGGAAC 

R124A_rev GTTCCAATAAAGACAGGAGCTCTACCTGTGGCGTC 

R154A_fwd GAGCTCATGGCCTTCGCTGCCTTGCAGGCTGCTG 

R154A_rev CAGCAGCCTGCAAGGCAGCGAAGGCCATGAGCTC 

F188A_fwd GTAGCTTGGTGGGTATCGCTGGTGGAGTTCGCATG 

F188A_rev CATGCGAACTCCACCAGCGATACCCACCAAGCTAC 

R192A_fwd GTATCTTCGGTGGAGTTGCTATGCTTGGACAGGGAATC 

R192A_rev GATTCCCTGTCCAAGCATAGCAACTCCACCGAAGATAC 

Q196A_fwd GTTCGCATGCTTGGAGCTGGAATCGGGCCGGTTTTC 

Q196A_rev GAAAACCGGCCCGATTCCAGCTCCAAGCATGCGAAC 

P200A_fwd GGACAGGGAATCGGGGCTGTTTTCGGCGGCATTTTC 

P200A_rev GAAAATGCCGCCGAAAACAGCCCCGATTCCCTGTCC 

T207A_fwd GTTTTCGGCGGCATTTTCGCTCAGTATCTCGGATATC 

T207A_rev GATATCCGAGATACTGAGCGAAAATGCCGCCGAAAAC 

P235A_fwd CATTCTGGTGCTTCTTGCTGAGACATTGAGGCCAATTG 

P235A_rev CAATTGGCCTCAATGTCTCAGCAAGAAGCACCAGAATG 

E236A_fwd CTGGTGCTTCTTCCGGCTACATTGAGGCCAATTG 

E236A_rev CAATTGGCCTCAATGTAGCCGGAAGAAGCACCAG 

T237A_fwd GTGCTTCTTCCGGAGGCTTTGAGGCCAATTGCTG 

T237A_rev CAGCAATTGGCCTCAAAGCCTCCGGAAGAAGCAC 

Y307A_fwd CTTTGGAAGTATCGTGGCTACAGTGTGGAGCATG 

Y307A_rev CATGCTCCACACTGTAGCCACGATACTTCCAAAG 

S311A_fwd GTGTACACAGTGTGGGCTATGGTGACATCCAGTAC 

S311A_rev GTACTGGATGTCACCATAGCCCACACTGTGTACAC 

S315A_fwd GTGGAGCATGGTGACAGCTAGTACCACCGACCTCTTC 

S315A_rev GAAGAGGTCGGTGGTACTAGCTGTCACCATGCTCCAC 

R461A_fwd GTGAACAATCTGATGGCTTGCCTGCTTGGAGCTG 

R461A_rev CAGCTCCAAGCAGGCAAGCCATCAGATTGTTCAC 

Primer seq_F GGTCATGTCCTCAACCACGTCCTCA 

Primer seq_R AAGCCTAGTTGCCGTTGGCTTTGGCCT 
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6.3 RESULTS 

6.3.1 EVOLUTIONARY RELATIONSHIPS OF ANCEXA  

A phylogenetic analysis was carried out to study the evolution of the members from the Drug-H+ antiporter 

(DHA1) family (TC 2.A.1.2) present in eukaryotic and prokaryotic genomes. The homolog nominations 

and bootstrap values from the phylogenetic reconstruction are all available in the Supplementary material 

section (Figure S1). The BLASTP search in the NCBI’s assembly database using complete genomes 

retrieved 581 hits. A total of twenty-one sequences that lacked large conserved regions were excluded 

resulting in a final dataset of 560 sequences. 

Sixteen protein homologs to AnCexA were found in the A. niger CBS 513.88 strain in this database 

(Figure 1). For a further study of the present tree, we have highlighted sections according to the 

distribution of homologs among eukaryotic and prokaryotic organisms. The prokaryotic clade is formed 

by the presence of a single homolog from Bacillus anthracis. The yeast and filamentous fungi homologs 

present can be divided into four main eukaryotic clades (E1-E4, in figure1). 

Eukaryotic divisions were defined by the presence of previously characterized transporters. The E1 clade 

includes the CexA protein from A. niger [11], the Itp1 protein, an itaconate transporter characterized in 

Ustilago maydis [20], three homologs from S. cerevisiae, the multidrug transporters Qdr1p [45], Qdr2p 

[46] and Aqr1p [47, 48], and one homolog from Y. lipolytica, YALI0F03751p [27], and other homologs 

present in ascomycetes and basidiomycetes. Aqr1p confers resistance to short-chain monocarboxylic 

acids and quinidine [47, 48], and was implicated in the excretion of excess amino acids in S. cerevisiae 

cells. Qdr1p is involved in the spore wall assembly and provides resistance to drugs like quinidine, barban, 

ketoconazole, fluconazole [45]. Besides its involvement in drug resistance, Qdr2p is also recognized as 

an importer of potassium ions and an exporter of copper [49]. 

The E2 clade is split into two subclades. On the E2-major subsection are the other three homologs 

detected in U. maydis, the remaining homologs from Y. lipolytica, including YALI0E21241g and 

YALI0F25597g characterized as not being involved in citrate secretion [27], some homologs from other 

basidiomycetes such as Cryptococcus, Sporisorium, Phellinus and Malassezia species, the other 

homologs from A. niger, and a large section of homologs from other yeast and fungi. In another subclade 

is the multidrug transporter Qdr3p from S. cerevisiae  [50], and other homologs present in ascomycetes 

and basidiomycetes from Phellinus and Cryptococcus species.  
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Figure 1. Maximum likelihood phylogenetic tree of DHA1 family (TCDB 2.A.1.2) members 

present in eukaryotic and prokaryotic genomes. Branch lengths are proportional to sequence 

divergence. Groups indicated as E1, E2, E3, E4, P1 were created to facilitate tree description in the main 

text and are not meant to provide any type of classification. Major taxonomic groups are indicated in 

shades of blue – bacteria, orange – ascomycetes, and brown – basidiomycetes. Homologs relevant to 

the discussion of the manuscript are here highlighted. 
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Close to this latter subclade is found another major E3 clade that includes two of the homologs from 

Y. lipolytica, YALI0C00847g, and YALI0E10483g, also previously characterized as not being involved in 

citrate production [27] and other homologs present in several ascomycetes and Cryptococcus species. 

E4 clade contains the putative dityrosine transporter Dtr1p from S. cerevisiae [51] and several homologs 

present in other yeasts species. The AnCexAp characterized in this study is phylogenetically closer to 

other homologs from Fusarium species (F. fujikuroi and F. oxysporum), Colletotrichum higginsianum, 

Neurospora crassa, Sclerotinia sclerotiorum, Botrytis cinerea, Penicillium chrysogenum, and one homolog 

from Aspergillus oryzae. A strong presence of AnCexA homologs in several ascomycetes was evidenced. 

The few basidiomycetes members are dispersed across the phylogenetic tree. 

 

6.3.2 FUNCTIONAL STUDIES OF ANCEXA IN SACCHAROMYCES CEREVISIAE 

The S. cerevisiae CEN.PK 113-5D strain was used for heterologous expression of the AnCexA under the 

control of TPI1 and TEF1 constitutive promoters. Cells were grown in media containing mono-, di- and 

tricarboxylic acids as sole carbon and energy at 18 and 30ºC. As observed in Figure 2, all the S. cerevisiae 

CEN.PK 113-5D transformed strains presented growth on all carbon sources, both at 18°C and 30°C, 

with increased growth in the last temperature. The negative control grew better than the cells expressing 

the AnCexA protein. Most probably, cells expressing AnCexA are exporting citrate, as previously reported 

for S. cerevisiae cells [11] which can be essential to sustain long-term cellular growth on solid media. 

The uptake rate of radiolabelled 14C-citric acid 1.0 mM revealed a higher citrate uptake of the S. cerevisiae 

CEN.PK 113-5D strain harboring pAnCexA-TEF1 compared to cells transformed with pAnCexA-TPI1 (data 

not shown). Therefore, the effect of the pH on the initial uptake rates of citrate was determined in 

glucose-grown cells only considering the S. cerevisiae CEN.PK 113-5D pAnCexA-TEF1 strain (Figure 3A).  

The highest transport of citrate occurred at pH 7.0. To assess the transporter activity at different growth 

stages (see Supplementary material section, Figure S2), citrate uptake (10.0 mM, 30°C, pH 7.0) was 

evaluated in four time-points during the exponential growth phase (Figure 3B) revealing that citrate uptake 

capacity increased during the progression of the growth on glucose.
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Figure 2. Growth phenotypes of S. cerevisiae CEN.PK 113-5D strains expressing Aspergillus niger CexA transporter under the control of 

TEF1 and TPI1 promoters. Different media containing glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic acid (0.5% v/v; pH 5.0), pyruvic acid (0.5% w/v; 

pH 5.0), fumaric acid (1% w/v; pH 5.0), malic acid (1% w/v; pH 5.0), succinic acid (1% w/v; pH 5.0) and citric acid (1% w/v; pH 5.5) were tested as sole carbon 

and energy sources. The negative control corresponds to the strain carrying the corresponding empty vector (pɸ). Cells suspension were 1/10 serially diluted; 3 

μL drops of each dilution were spotted in plates and incubated at 18°C for 22 days and 30°C for 2 days. 
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Figure 3. Uptake of 14C-citric acid 10.0 mM in glucose-grown cells of S. cerevisiae CEN.PK 

113-5D transformed with pAnCexA-TEF1. A) Effect of the pH on the uptake of the acid. B) Time-

course of the acid uptake during the exponential growth phase. The data shown are mean values of at 

least three independent experiments and the error bars represent the standard deviation.  

 

The kinetic parameters for the initial uptake rates of radiolabelled citric acid at pH 5.5 and pH 7.0, 30°C, 

were determined in glucose-grown cells of S. cerevisiae CEN.PK 113-5D transformed with AnCexA, 

collected at the O.D. of 0.5  (Figure 4). At pH 7.0, a linear kinetic was obtained for citric acid uptake 

(Figure 4A), as for pH 5.5, citrate uptake presented a Michaelis–Menten kinetics with the following 

Km  29.4 ± 13.7 mM of citric acid and Vmax 11.40 ± 3.66 nmol s-1 mg-1 dry wt. (Figure 4B). These latter 

findings suggest the involvement of AnCexA as low-affinity transporter for citrate in S. cerevisiae and 

evidence its role as a citrate importer. The specificity and energetics of AnCexA were further assessed at 

pH 5.5 (Figure 5). None of the mono- and dicarboxylic acids tested had an inhibition effect on citrate 

uptake (Figure 5A) however it was inhibited by isocitric acid (Figure 5B) suggesting that only 

tricarboxylates are substrates of AnCexA. Additionally, the protonophore CCCP (carbonyl cyanide 

m-chlorophenylhydrazone), a recognized metabolic inhibitor that collapses the proton motive force, did 

not affect citrate transport, revealing that the uptake of citrate is not dependent on the proton motive force 

(Figure 5A).  



212 

 

 

Figure 4. Citric acid transport in S. cerevisiae CEN.PK 113-5D cells expressing AnCexA 

under the control of TEF1. Initial uptake rates of radiolabelled 14C-citric acid as a function of the acid 

concentration at A) pH 7.0 and B) pH 5.5, at 30°C. Cells were grown on YNB-glucose as the sole carbon 

and energy source and collected in the mid-exponential growth phase (OD=0.5). The data shown are 

mean values of at least three independent experiments. Error bars correspond to the standard deviations.  

 

Figure 5. Specificity and energetics of citric acid uptake at pH 5.5, 30°C in S. cerevisiae 

CEN.PK 113-5D cells expressing AnCexA under the control of TEF1. A)  14C-citric acid uptake 

(12 mM) in the presence of non-labelled acetic, lactic, malic, succinic, α-ketoglutaric acids (120 mM), 

and CCCP (5 and 50 M). B) 14C-citric acid (3 mM) uptake in the absence and presence of non-labelled 

citric (30 mM and 120 mM) and isocitric (30 mM) acids. The data shown are mean values of at least two 

independent experiments and the error bars represent the SD. 
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6.3.3 ANCEXA STRUCTURAL CHARACTERIZATION  

The 3D-model structure of AnCexA (Figure 6) was predicted based on the crystal structure of the MFS 

transporter from Syntrophobacter fumaroxidans. This transporter presents twelve transmembrane 

segments with 14% identity with AnCexA and BLASTP analysis presented an E-value of 3.7e-35. The AnCexA 

structure contains four predicted binding sites for citrate (1-4, Figure 6A), one located in the extracellular 

side of the membrane and the other three closer to the central pore of the protein. The putative 

interactions of citrate with amino acid residues at each site were also predicted by this model (Figure 6B). 

Tables S1 and S2 describe the amino acid residues with predicted strong intramolecular interactions with 

deprotonated forms of citric acid and the estimated binding affinity values [kcal/mol] by PyRx software 

for the docking of AnCexAp with the citrate form adjusted for pH 5.5. In the first binding site, citrate 

interacts with T207, I215, and T318 residues establishing hydrogen bonds. In the second binding site, 

citrate also interacts through hydrogen bonds with S75, N76, Q196, Y307, W310, and T314 residues. In 

the third binding site, C343 is found to interact with citrate through a hydrogen bond. The residue R192 

presents a shared salt bridge interaction, that is relevant for the citrate binding located at the third and 

fourth binding sites. Finally, on the fourth binding site, besides R192, citrate also interacts with S71 

through a hydrogen bond. Based on this analysis we have selected these residues as targets for 

mutagenesis of AnCexA (Figure 7). Further amino acid residues were selected based on the residue 

conservation of the AnCexA alignment (Figure 7A). Site-directed mutagenesis in CexA was performed by 

replacing each residue with an alanine residue (Figure 7B). The mutations were tested on media 

containing mono-, di- and tricarboxylic acids as sole carbon and energy sources at 18°C and 30°C (Figure 

8). The S. cerevisiae IMX1000 strain was used as a host background for the heterologous expression of 

AnCexA alleles, under the control of the TEF1 promoter. The growth phenotypes at 30°C revealed three 

distinct types of mutations (Figure 8A). 
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Figure 6. Structure-function analysis of the Aspergillus niger CexAp. A) Molecular docking of citrate with the 3D-model of AnCexA, based on the crystal 

structure of the MFS transporter from S. fumaroxidans (PDB 6G9X). Four binding sites (1-4) were found for citrate in the A. niger CexA. B) The 2D view represents 

the interactions between citrate and AnCexA residues.  
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Figure 7. Structure-function study of AnCexA. A) The conservation logo resulted from the alignment 

of AnCexA homologs visualized with WebLogo (https://weblogo.berkeley.edu). The regions presented 

correspond to residues with more than 90% of aligned sequences. Transmembrane segments (TMSs) 

predicted with PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee) and TMHMM 2.0 

(http://www.cbs.dtu.dk/services/TMHMM/) are highlighted in brown in the logo, and orange arrows and 

boxes (highly conserved) indicate amino acids mutated in this study. B) Predicted topology of CexA. 

Transmembrane segments are colored with the rainbow scheme from I to XII TMS. The residues mutated 

for alanine are shown as grey circles: I TMS (S71, S75, N76, P80, D84), beginning of III TMS (G122, 

R123, R124), IV TMS (R154), V TMS (F188, R192, Q196, P200, T207), VI TMS (P235, E236, T237), VII 

TMS (Y307, S311, S315) and XI TMS (R461). The hydrophilic pore is depicted by the white triangle between 

the I and VII TMSs, pointing to the transport of carboxylate molecules from periplasm to cytoplasm. The 

N- and C-terminal of the exporter are annotated by N and C, respectively.  

https://weblogo.berkeley.edu/
http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee
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Figure 8. Structural-functional analysis of AnCexA. A) Growth phenotypes of S. cerevisiae IMX1000 strains expressing AnCexA transporter, transformed with the empty 

vector and respective AnCexA mutant versions M1, M2 and M3, at 30°C grown on glucose (2% w/v), acetic acid (0.5% v/v; pH 6.0), lactic acid (0.5% v/v; pH 5.0), pyruvic acid 

(0.5% w/v; pH 5.0), fumaric acid (1% w/v ; pH 5.0), malic acid (1% w/v; pH 5.0), succinic acid (1% w/v; pH 5.0) and citric acid (1% w/v; pH 5.5) as sole carbon and energy 

sources. The negative control corresponds to the strain carrying the corresponding empty vector (pɸ). Cells were serially diluted; 3 μL drops of each dilution were spotted in 

plates and incubated for 4 days. B) Cartoon of the simulations using HOLE software for pore shape prediction of AnCexA and mutant proteins M1, M2, and M3:  color scheme 

is ruled by blue (larger aperture), green, and red (more constricted). The plot represents the simulations for the pore radius profiles along the AnCexA (green line), M1 (blue-dotted 

line), M2 (grey line), and M3 (yellow dashed-line) proteins. 



217 

Mutant M1 presented mild growth in all carbon sources, exhibiting a growth profile similar to cells 

expressing AnCexA. This indicated that the mutation did not cause significant alterations at the level of 

the protein transport capacity and specificity. In the M2 mutant, a toxic phenotype was detected which 

might be coupled to a gain of function of the transporter, potentially favoring the export of citrate and thus 

decreasing the ability of cells to grow on organic acids. For the mutant M3 improved growth was found 

on all media with carboxylic acid used as the sole carbon and energy source. This latter mutation might 

be critical for citrate transport resulting in a loss of function since a similar phenotype was displayed by 

the negative control.  

The prediction of the pore shape for the AnCexA protein and the mutants M1, M2, and M3 was explored 

with the Hole software (Figure 8B). An increase of about 2.0 Å on the pore radius was observed in the 

initial section in the M2 mutant when compared to the wild-type AnCexA. As for M1 and M3 mutants’ 

minor differences were observed. 

 

6.4 DISCUSSION 

 

The phylogenetic analysis CexA homologs belonging to the DHA1 transporter family revealed a high 

prevalence in fungi. The single member of the prokaryotic clade is likely to represent a case of horizontal 

gene transfer. On the AnCexA clade, four homologs are functionally characterized: the itaconate 

transporter Itp1p from U. maydis [20], and three multidrug transporters from S. cerevisiae (Qdr1, Qdr2, 

Aqr1) [45-48]. From these, Aqr1p is described as a transporter of carboxylic acids, conferring resistance 

to monocarboxylic acids and quinidine, being also associated with the excretion of amino acids [47, 48]. 

Qdr1 is involved in the resistance to drugs e.g. quinidine, ketoconazole, and fluconazole, and the in spore 

wall assembly [45]. Qdr2p presents a wide substrate specificity, including the transport of several drugs 

and mono- and divalent cations, and the export of copper, also contributing to potassium homeostasis in 

cells [46]. S. cerevisiae has twelve proteins belonging to the DHA1 family, however, the remaining proteins 

were not included in the CexA-phylogenetic tree, e.g. Flr1, Hol1, Tpo1, Tpo2, Tpo3, Tpo4, and Yhk8 [52, 

53].  

In Y. lipolytica, the five AnCexA homologs are not involved in citrate export (YALI0F03751g, 

YALI0C00847g, YALI0E10483g, YALI0F25597g, and YALI0E21241g) and recently uncovered Cex1 

citrate transporter belongs to another transporter family [27]. The function of this group of genes still 

needs to be characterized. 
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Among the AnCexA homologs present in the tree, only AnCexA has been identified as a citrate exporter. 

The number of AnCexA homologs is also strain dependent. In the genome of the A. niger strain ATCC 

1015, only six putative homologs (>30% identity) were identified when compared to the seventeen 

homologs found in the A. niger strain CBS 513.88 reference genome (Figure 1). This is in accordance 

with a high variation reported for this species verified by exo-metabolite profiling and phylogenetic studies 

[54]. In fact, the genome sequencing of the A. niger CBS 513.88 strain revealed an extensive number of 

MFS transporters, such as the AnCexA homologs  [55]. Nonetheless, the functionally characterized 

AnCexA and the AnCexA from CBS 513.88 vary only in one residue I21T that is localized in the N-terminal. 

In this work, the heterologous expression of AnCexA in S. cerevisiae resulted in a decreased growth on 

all carbon sources tested. The growth phenotype obtained in YNB-citric acid (1%) as sole carbon and 

energy source is in accordance with previous results [11], where a decreased growth was observed when 

the citrate exporter is expressed, under the control of a constitutive system, in S. cerevisiae cells. The 

observed growth phenotypes in carboxylic acids may be associated with the export of citrate, or even of 

other carboxylic acids, although the transporter seems to be specific for citrate and isocitrate. In this 

scenario, we hypothesize that the intracellular depletion of citrate and isocitrate affects cell growth 

performance on carboxylic acids. In the study by Steiger et al. (2019), the constitutive expression of CexA 

in A. niger had an impact on cellular traits, namely in the reduction of conidiation pattern verified upon 

growth in solid media plates [11]. In S. cerevisiae it is possible that the expression of AnCexAp also 

interferes with other cellular processes. 

The CexA citrate uptake activity was optimal at pH values between 5.0 to 7.0.  At a pH below the pKa of 

the acid, the undissociated form predominates, being able to enter the cell by simple diffusion [56, 57]. 

For a pH value above the pKa of the acid, the charged anionic form prevails, needing a transporter to 

cross the biological membrane [56]. In our findings, the increase in citrate uptake occurred at higher pH 

suggesting that a charged citrate is transported by AnCexA (pKa1=3.13; pKa2=4.76; pKa3=6.39; 6.40) [4]. 

The reduction in the citrate uptake observed at pH 8.0, is in agreement with previous reports, as this pH 

value is considered critical and non-physiological for S. cerevisiae cells [58]. The optimal pH for citrate 

transport was pH 7.0. At this pH, citric acid is in the fully deprotonated state (pH > pKa3) and simple 

diffusion is limited by its cell membrane permeability. 

The kinetic parameters for citrate uptake obtained at pH 5.5 correspond to a low-affinity and high capacity 

transporter with the following kinetic parameters Km 29.4 ± 13.7 mM of citric acid and 

Vmax 11.40 ± 3.66 nmol s-1 mg-1 dry wt. These values are in accordance with the primary role reported for 

AnCexA, citrate export. In order, to be an efficient exporter, the transporter has to present a low affinity 
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for substrate import, thus preventing a futile cycle. Prior studies have associated low-affinity transport 

systems for carboxylic acids as protein exporters. The low-affinity plasma-membrane monocarboxylate 

transporter MCT4 (TC 2.A.1.13.6) is reported as being an exporter with a major physiological role in 

monocarboxylate efflux [59-61]. 

Inhibition assays suggest that citrate and isocitrate are transported by AnCexAp in S. cerevisiae. The 

AnCexAp transporter was the second plasma membrane citrate transporter identified in fungi [11, 26]. 

The first was the AnBest1, an anion efflux channel from Aspergillus nidulans [62] and more recently the 

citrate exporter YlCex1 from Y. lipolytica [27] and the citrate importer PkJEN2-2 from P. kudriavzevii [63] 

were also identified. However, the kinetic parameters for citrate transport of these three transporters were 

not determined. 

The effect of the protonophore CCCP revealed the non-dependence of this transporter on a proton motive 

force, although one of the mechanisms hypothesized for citrate export was a citrate/H+ antiporter [11]. 

Thus, further assays are needed to clarify the driving force of the citrate transport by AnCexAp, such as 

the utilization of ionophores valinomycin or monensin, to verify if citrate transport is influenced by the 

transmembrane electrochemical potential.   

The structure-function studies of the AnCexA transporter were based on a 3D model and docking studies. 

The AnCexAp 3D-model structure was predicted based on the recently reported crystal structure of a MFS 

transporter belonging to a Solute Carrier (SLC) member 16 family from Syntrophobacter fumaroxidans 

[38]. In this latter family, several family members are carboxylic acid transporters, e.g. the MCT1-4 that 

encode proton:linked monocarboxylate transporters with affinity for L-lactate and pyruvate substrates [64, 

65]. Molecular docking studies of AnCexA suggest four putative binding sites for citrate, one located in 

the extracellular side of the membrane and the other three closer to the central pore of the protein. 

Transmembrane segments (TMSs) I, V and VII contain the majority of the residues involved in strong 

intramolecular interactions with the deprotonated citric acid. Interestingly, the residue R192 seems to 

interact with citrate through a salt bridge. The nature of this interaction is likely to contribute to the 

conformational stability of the protein structure and specificity [66, 67]. With the present mutations, we 

observed three distinct growth patterns (Figure 8A): (i) cell growth similar to native AnCexA; (ii) growth 

similar to the negative control and, finally (iii) a lower growth than the native AnCexA. The projection of 

the pore radius in the mutant M2 revealed a considerable increase of the pore radius near the central 

zone. This suggests a larger aperture of the pore size that could result in an improvement of transport 

capacity as these mutants present a decreased growth when compared to wild-type AnCexA. Further 

studies are needed to confirm this hypothesis, namely the evaluation of the transport capacity and citrate 
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production in these mutants. The site-directed mutagenesis approach enabled the identification of critical 

residues involved in citrate transport.  

 

6.5 CONCLUSIONS 

Tricarboxylic acids, such as citric and isocitric acids, are a group of chemical building-blocks with a high 

demand in the global market driven by their applicability in many sectors from food to beverage fields, 

pharmaceutical to personal care products to the industry of cleaning products (detergents and cleaners) 

[3]. The microbial production of citric acid via fermentation has been strongly related to filamentous fungi, 

particularly to A. niger [68]. Membrane transporter proteins are key players for the optimization of final 

product export, directly influencing the productivity of cell factories. In this work, we have characterized 

the newly identified A. niger CexA transporter by heterologous expression in S. cerevisiae. Our results 

indicate that, besides its role as an exporter, AnCexA can work as an importer of citric acid, although with 

low affinity. 

Further studies are needed to uncover the nature of the molecular transport mechanism involved in citrate 

uptake/efflux by AnCexA. Site-directed mutagenesis strategies played an important role in the 

identification of crucial residues for protein function. The combination of 3D-model refinement, ligand 

docking, and identification of conserved domains by multiple sequence alignment, has become a powerful 

tool for the prediction of key functional residues involved in substrate specificity and transporter function. 

Further experiments are necessary to confirm if the decreased growth in carboxylic acids presented by 

mutant alleles is due to an improved citrate export capacity. Inhibition assays determine if mutant alleles 

present altered substrate specificity. In addition, protein localization assays are necessary to determine if 

the alleles presenting increased growth are the result of AnCexA loss of function or incorrect protein 

localization, or low expression levels. In the future, an extended set of mutations will further uncover the 

structure-function relationship of this transporter, helping to elucidate the mechanism for substrate 

recognition and specificity of AnCexA.
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 SUPPLEMENTARY MATERIAL 

S1. Detailed AnCexA-phylogenetic tree with all homolog nominations. 
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S2. Growth curve of S. cerevisiae CEN.PK 113-5D strain expressing pAnCexA-TEF. Cells were grown in 
2% glucose media, at 30°C.  Time points where the uptake of radiolabeled citric acid (10 mM) was 
measured are highlighted in the blue square. 
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Table S1. AnCexA residues predicted to present strong intramolecular interactions with citrate by 
molecular docking studies. Grey initials IL/H stands for ionic ligation and hydrogen bond. 
 
 

3D-Protein 
template 

Citrate 

(-1) (-2) (-3) 

AnCexA 

A68; S75; N76; P80; D84; 
S161; G189; R192(IL/H); 
Q196; P200; T207; I215; 
Y307; S311; T314; S315; 
T318; S329; C343; S431; 

T432 

P80; D84; 
R192(IL/H); Q196; 
P200; T207; I215; 
Y307; W310; T314; 
T318; S329; C343; 

T432 

S71; N76; R192(IL/H); 
Q196; T207; Y307; 
W310; T314; I215; 

T318; C343 

 

Table S2. Average of the binding affinity values [kcal/mol] calculated with PyRx software for the docking 

of AnCexA with citrate. 

 

3D-Protein 
template 

Average of binding affinities (kcal/mol) at different binding sites 

Citrate 

S1 S2 S3 S4 

AnCexA -5,7 -5,83 -5,3 -4,6 
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CHAPTER VII 
 

The acetate uptake transporter family motif “NPAPLGL(M/S)” is essential for 
substrate uptake 
 

ABSTRACT 
 

Organic acids are recognized as one of the most prevalent compounds in ecosystems, thus the transport 

and assimilation of these molecules represent an adaptive advantage for organisms. The AceTr family 

members are associated with the active transport of organic acids, namely acetate and succinate. The 

phylogenetic analysis shows this family is dispersed in the tree of life. However, in eukaryotes, it is almost 

limited to microbes, though reaching a prevalence close to 100% in fungi, with an essential role in spore 

development. Aiming at deepening the knowledge in this family, we studied the acetate permease AceP 

from Methanosarcina acetivorans, as the first functionally characterized archaeal member of this family. 

Furthermore, we demonstrate that the yeast Gpr1 from Yarrowia lipolytica is an acetate permease, 

whereas the Ady2 closest homologue in Saccharomyces cerevisiae, Fun34, has no role in acetate uptake. 

In this work, we describe the functional role of the AceTr conserved motif NPAPLGL(M/S). We further 

unveiled the role of the amino acid residues R122 and Q125 of SatP as essential for protein activity. 

 

 

 

 

 

 

 

 

 

 

 

 

KEYWORDS: AceTr family phylogeny; Acetate transport; Succinate transport; Carboxylate transporters; 

Cell membrane  
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7.1 INTRODUCTION 

 

Organic acids are one of the most prevalent and abundant organic compounds on earth’s surface 

and they are vital intermediates for cell metabolism [1]. The cell homeostasis of every organism in an 

ecosystem is highly dependent on the transport of specific molecules across the cell membrane. The 

transport of organic acids is influenced by abiotic factors, such as pH and temperature. When the 

environmental pH is below the pKa of the acid, the protonated form predominates and crosses the 

cell membrane by passive diffusion according to its diffusion coefficient. However, when the pH is 

above the acid pKa the anionic form of the acid predominates, requiring a transporter protein to cross 

the membrane [2, 3]. 

The AceTr family was recently reassigned as The Acetate Uptake Transporter Family (TCDB 2.A.96) 

due to the functional characterization of several of its members as acetate transporters. AceTr 

proteins have six predicted transmembrane segments (TMS), sharing the conserved motif 

NPAPLGL(M/S) located at the beginning of the first TMS [3, 4]. The Yarrowia lipolytica Gpr1 protein was 

the first to be characterized. Its transcription was found to be regulated by the presence of acetic acid 

or ethanol [4], being involved in acetic acid sensitivity, cell and colony morphology, yeast-to-hyphae 

transition and cell lifespan [4, 5].  The AceTr member of Saccharomyces cerevisiae, Ady2, was initially 

described as critical for proper ascus formation in the presence of acetate [6]. The ADY2 gene was later 

found to be strongly overexpressed in acetate growth conditions, and acetate uptake assays confirmed 

the role of the Ady2 protein in acetate uptake [7]. S. cerevisiae has two other AceTr homologues, Ato3 

and Fun34 (Ato2), which were reported to be involved in ammonium export, along with Ady2 [8]. In the 

filamentous fungi Aspergillus nidulans, four AceTr homologues are described, AcpA, AcpB, AcpC, and 

AlcS, [9-11]. The AcpA protein was reported to be essential for the uptake and use of acetate as a 

sole carbon source and it is thought to contribute to spore maintenance and homeostasis [9, 11]. 

AcpB was found to be responsible for residual acetate transport in mycelia, whereas no function related 

to acetate transport was found for AcpC [11].  The AlcS protein is not involved in the transport of 

carboxylic acids [10,12]. In Escherichia coli only one AceTr homolog reported is the SatP protein. Unlike 

other AceTr members, it has specificity for both mono- and dicarboxylic acids being a succinate/acetate 

proton symporter, which is mostly active during exponential phase [13]. In archaea, the aceP gene from 

Methanosarcina acetivorans was found to be overexpressed in the presence of acetate, however, this 

high level of expression is only reached when acetate is used as a sole carbon source [14]. Recently two 

AceTr homologues, of the human pathogen Cryptococcus neoformans, referred as Ady2 and Ato2, were 
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reported to play a role in acetate transport, which was demonstrated to be critical for the survival of this 

species in stress and starvation conditions [15]. In this study, we carried out a phylogenetic analysis of 

AceTr family and further characterized two of its members. We heterologously expressed the GPR1 from 

Y. lipolytica in S. cerevisiae and aceP from M. acetivorans in E. coli. We also analyzed the role of each 

residue of the conserved motif NPAPLGL(M/F) in substrate transport of both membrane proteins SatP 

and Ady2. Complementary molecular docking analyzes were used to uncover putative binding sites in 

the vicinity of this conserved motif. 

 

7.2 MATERIALS AND METHODS 

7.2.1 HOMOLOGY SEARCH 

We downloaded over 10000 proteomes from NCBI Assembly platform as individual FASTA files. A 

BLAST search, with a cut-off e-value 10-5, was performed on this database using three queries, a 

bacterial, an archaeal and an eukaryotic member: Satp from the organism E. coli, AceP from 

M. acetivorans and Ady2 from S. cerevisiae. To avoid redundancies, only sequences from a single 

genome of a given species were considered. 

 

7.2.2 ALIGNMENT AND PHYLOGENETIC RECONSTRUCTION 

Retrieved protein sequences were aligned with PROMALS3D [16], a multiple-alignment algorithm that 

incorporates secondary structure prediction. Sequences that were not aligning extensively across the 

conserved region of the alignment were further excluded from the phylogenetic analysis. A phylogenetic 

reconstruction was performed using Maximum Likelihood, more appropriate for the deeper divergences 

under analysis here, using MEGA6 [17] and the Jones-Taylor-Thornton (JTT) substitution model. 

Bootstrap was performed for 1000 repetitions. Obtained phylogenetic tree was displayed and edited in 

FigTree v.1.3.1. (http://tree.bio.ed.ac.uk/). 

 

7.2.3 STRAINS, PLASMIDS AND GROWTH CONDITIONS 

The strains and plasmids used in this work are listed in Tables 1 and 2 respectively. The 

S. cerevisiae strain W303-1A jen1∆ ady2∆, lacking monocarboxylate uptake capacity, was used to 

express the ADY2 alleles and the GPR1 from Y. lipolytica. The cultures were maintained on slants of 

yeast extract (1%, w/v), peptone (1%, w/v), glucose (2%, w/v) and agar (2%, w/v) or yeast nitrogen base 

(Difco), 0.67%, w/v (YNB medium), supplemented with adequate requirements for prototrophic growth. 

http://tree.bio.ed.ac.uk/
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For growth tests, cells were grown as previously described [18]. The E. coli strain actP∆ lldp∆ 

satP∆ (assigned in this study as E. coli 3∆) was used to express the SatP alleles and the aceP gene 

from M. acetivorans. Bacterial strains were grown as previously described [13]. 

 

Table 1. List of plasmids used in this study 

 

Plasmid Characteristics Reference 

pUC18 High-copy plasmid, constitutive expression (Norrander et al. 1983) [19] 

PSatP pUC18 derivative; constitutive expression of SatP (Sá-Pessoa et al, 2013) [13] 

pSatP-N8A pSatP with the substitution N8A in SatP This study 

pSatP-P9A pSatP with the substitution P9A in SatP This study 

pSatP-A10T pSatP with the substitution A10T in SatP This study 

pSatP-P11A pSatP with the substitution P11A in SatP This study 

pSatP-L12A pSatP with the substitution L12A in SatP This study 

pSatP-G13A pSatP with the substitution G13A in SatP This study 

pSatP-L14A pSatP with the substitution L14A in SatP This study 

pSatP-M15A pSatP with the substitution M15A in SatP This study 

p416GPD Glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter (Mumberg et al., 1995) [20] 

pDS1::GFP p416 derivative, constitutive expression of JEN1::GFP (Soares-Silva et al., 2007) [18] 

pAdy2::GFP p416 derivative, constitutive expression of ADY2::GFP This study 

pAdy2::GFP-N89A pAdy2::GFP with substitution N89A in Ady2 This study 

pAdy2::GFP-P90A pAdy2::GFP with substitution P90A in Ady2 This study 

pAdy2::GFP-A91T pAdy2::GFP with substitution A91T in Ady2 This study 

pAdy2::GFP-P92A pAdy2::GFP with substitution P92A in Ady2 This study 

pAdy2::GFP-L93A pAdy2::GFP with substitution L93A in Ady2 This study 

pAdy2::GFP-G94A pAdy2::GFP with substitution G94A in Ady2 This study 

pAdy2::GFP-L95A pAdy2::GFP with substitution L95A in Ady2 This study 

pAdy2::GFP-S92A pAdy2::GFP with substitution S92A in Ady2 This study 

PAceP pUC18 derivative; constitutive expression of aceP This study 

p416::Gpr1 p416GPD with constitutive expression of GPR1 This study 

p416::Gpr1-GFP p416GPD with constitutive expression of GPR1::GFP This study 
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Table 2. List of strains used in this study 

Strain Genotype Reference 

E. coli MG1693 thyA715 (Arraiano et al. 1988) [21] 

E. coli lldP MG1693 lldP ( lldP::CmR) This study 

E. coli 3∆ MG1693 yaaH actP lldP (∆yaaH 

/∆actP/∆lldP::CmR) 

This study 

E. coli 3∆ pUC18 E. coli 3∆ transformed with pUC18 This study 

E. coli 3∆ pSatP E. coli 3∆ transformed with pSatP This study 

E. coli 3∆ pSatP-N8A E. coli 3∆ transformed with pSatP-N8A This study 

E. coli 3∆ pSatP-P9A E. coli 3∆ transformed with pSatP-P9A This study 

E. coli 3∆ pSatP-A10T E. coli 3∆ transformed with pSatP-A10T This study 

E. coli 3∆ pSatP-P11A E. coli 3∆ transformed with pSatP-P11A This study 

E. coli 3∆ pSatP-L12A E. coli 3∆ transformed with pSatP-L12A This study 

E. coli 3∆ pSatP-G13A E. coli 3∆ transformed with pSatP-G13A This study 

E. coli 3∆ pSatP-L14A E. coli 3∆ transformed with pSatP-L14A This study 

E. coli 3∆ pSatP-M15A E. coli 3∆ transformed with pSatP-M15A This study 

E. coli 3∆ pAceP E. coli 3∆ transformed with pAceP This study 

S. cerevisiae W303-1A MATα ade2 leu2 his3 trp1 ura3 
(Thomas and Rothstein 
1989) [22] 

S. cerevisiae jen1Δ ady2Δ W303-1A; JEN1::KanMX4 
ADY2::HphMX4 

(Soares-Silva et al., 2007) 
[18] S. cerevisiae jen1Δ ady2Δ 

p416GPD 
jen1Δ ady2Δ transformed with 

p416GPD 

(Soares-Silva et al., 2007) 
[18] S. cerevisiae jen1Δ ady2Δ pAdy2 jen1Δ ady2Δ transformed with 

p416::Ady2 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP 

jen1Δ ady2Δ transformed with 
pAdy2::GFP 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP-N89A 

jen1Δ ady2Δ transformed with 
pAdy2::GFP-N89A 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP-P90A 

jen1Δ ady2Δ transformed with 
pAdy2::GFP-P90A 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP-A91T 

jen1Δ ady2Δ transformed with 

pAdy2::GFP-A91T 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP-P92A 

jen1Δ ady2Δ transformed with 

pAdy2::GFP-P92A 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP-L93A 

jen1Δ ady2Δ transformed with 

pAdy2::GFP-L93A 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP-G94A 

jen1Δ ady2Δ transformed with 

pAdy2::GFP-G94A 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP-L95A 

jen1Δ ady2Δ transformed with 

pAdy2::GFP-L95A 

This study 

S. cerevisiae jen1Δ ady2Δ 
pAdy2::GFP-S92A 

jen1Δ ady2Δ transformed with 

pAdy2::GFP-S92A 

This study 

Yarrowia lipolytica PYCC 4811 Wild-type Collection 

S. cerevisiae S288c Wild-type Collection 

S. cerevisiae jen1Δ ady2Δ pGpr1 jen1Δ ady2Δ transformed with 

p416::Gpr1 

This study 

S. cerevisiae jen1Δ ady2Δ pGpr1-
GFP 

jen1Δ ady2Δ transformed with 

p416::Gpr1-GFP 

This study 

 

  

file:///C:/Users/david/Desktop/tabelas.xlsx%23RANGE!_ENREF_53
file:///C:/Users/david/Desktop/tabelas.xlsx%23RANGE!_ENREF_53
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7.2.4 CONSTRUCTION OF E. COLI ACTP∆ LLDP∆ SATP∆ 

The lldP null-mutant was constructed using the primer pairs dlldP1/dlldP2 and following the λ-red 

recombinase method [23] with a few modifications, as described previously [13, 24]. The 

chloramphenicol-resistance cassette of plasmid pKD3 replaces nucleotides +50 to +1587 of the lldP 

gene. The gene deletion was verified by colony PCR using the primer pair P1lldP/P2lldP and the 

chromosomal mutation subsequently transferred to a fresh genetic background (MG1693 strain) by P1 

phage transduction, to generate E. coli MG1693 lldP (ΔlldP::CmR) strain. To construct the triple 

yaaH/actP/ lldP mutant, the antibiotic resistance genes of the double yaaH/actP mutant (BBC234) (Sá-

Pessoa et al., 2013) were eliminated using a helper plasmid encoding the FLP recombinase (pCP20) 

and following the procedures previously described [23]. The loss of the kanamycin and chloramphenicol 

resistance was confirmed, and the strain used as receptor, in the P1 phage transduction of lldP mutation 

from the single lldP null-mutant. The chloramphenicol resistance was used for selection of the lldP 

mutation and the presence of the three, yaaH, actP and lldP, gene deletions were confirmed by PCR 

using specific primers: P1yaaH/P2yaaH for yaaH; P1ActP/P4actP for actP and P1lldP/P2lldP for lldP 

(primers listed in Table 3). 

 

7.2.5 CONSTRUCTION OF ADY2 AND SATP MUTANTS 

Site-directed mutagenesis was performed as previously described [18]. For GFP fusion proteins with 

the ADY2, GAP repair technique was performed as previously described [18], using the primers 

listed in Table 3.  

 

7.2.6 HETEROLOGOUS EXPRESSION OF GPR1 

The pGPR1 plasmid was constructed by restriction enzyme cloning and the pGPR1::GFP plasmid through 

GAP repair technique [25]. The GPR1 gene was amplified by PCR, from genomic DNA extracted from 

Yarrowia lipolytica PYCC 4811 [26], using the primers Gpr1_FWD and Gpr1_REV (Table 3). The amplified 

GPR1 was digested using HindIII andSalI enzymes (ThermoFisher Scientific; USA). The final product 

was inserted into the vector p416GPD, previously digested with the same restriction enzymes using the 

same conditions. The resultant plasmid pGPR1 was cloned into S. cerevisiae W303-1A jen1Δ ady2Δ 

strain. To obtain the plasmid pGPR1-GFP, the GFP gene was inserted as described by Bessa et al., 

2012, using the primers Gpr1-gfp_FWD and the Gpr1- gfp_REV (Table 3). 
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Table 3. Oligonucleotides used for strain construction, cloning, expression, site-directed mutagenesis 

and GFP tagging. 

 

Name Sequence 

N89A_FWD GTGCACAAATTTGCTGCTCCTGCGCCCTTAGG 

N89A_REV CCTAAGGGCGCAGGAGCAGCAAATTTGTGCAC 

P90A_FWD CACAAATTTGCTAATGCTGCGCCCTTAGGTC 

P90A_REV GACCTAAGGGCGCAGCATTAGCAAATTTGTG 

A91T_FWD CAAATTTGCTAATCCTACGCCCTTAGGTCTTTC 

A91T_REV GAAAGACCTAAGGGCGTAGGATTAGCAAATTTG 

P92A_FWD GCTAATCCTGCGGCCTTAGGTCTTTCAGCC 

P92A_REV GGCTGAAAGACCTAAGGCCGCAGGATTAGC 

L93A_FWD GCTAATCCTGCGCCCGCAGGTCTTTCAGCCTTC 

L93A_REV GAAGGCTGAAAGACCTGCGGGCGCAGGATTAGC 

G94A_FWD GCTAATCCTGCGCCCTTAGCTCTTTCAGCCTTCGCG 

G94A_REV CGCGAAGGCTGAAAGAGCTAAGGGCGCAGGATTAGC 

L95A_FWD CCTGCGCCCTTAGGTGCTTCAGCCTTCGCGTTG 

L95A_REV CAACGCGAAGGCTGAAGCACCTAAGGGCGCAGG 

N8A_FWD CAACACTAAGTTGGCTGCTCCGGCACCGCTGGGC 

N8A_REV GCCCAGCGGTGCCGGAGCAGCCAACTTAGTGTTG 

P9A_FWD CACTAAGTTGGCTAATGCGGCACCGCTGGGCCTG 

P9A_REV CAGGCCCAGCGGTGCCGCATTAGCCAACTTAGTG 

A10T_FWD CTAAGTTGGCTAATCCGACACCGCTGGGCCTGATGG 

A10T_REV CCATCAGGCCCAGCGGTGTCGGATTAGCCAACTTAG 

P11A_FWD GTTGGCTAATCCGGCAGCGCTGGGCCTGATGGGC 

P11A_REV GCCCATCAGGCCCAGCGCTGCCGGATTAGCCAAC 

L12A_FWD GCTAATCCGGCACCGGCGGGCCTGATGGGCTTC 

L12A_REV GAAGCCCATCAGGCCCGCCGGTGCCGGATTAGC 

G13A_FWD CTAATCCGGCACCGCTGGCCCTGATGGGCTTCGGC 

G13A_REV GCCGAAGCCCATCAGGGCCAGCGGTGCCGGATTAG 

L14A_FWD CCGGCACCGCTGGGCGCGATGGGCTTCGGCATG 

L14A_REV CATGCCGAAGCCCATCGCGCCCAGCGGTGCCGG 

M15A_FWD GGCACCGCTGGGCCTGGCGGGCTTCGGCATGACC 

M15A_FREV GGTCATGCCGAAGCCCGCCAGGCCCAGCGGTGCC 
ady2_gfp_fw
d 

CCCATTACCATCTACTGAAAGGGTAATCTTTAGTAAAGGAGAAGAAC 

ady2_gfp_rev CATAACTAATTACATGACTCGAGCTATTTGTATAGTTCATCCATGCC 

dlldP1 GTTAAGACATAAGCCTGAAGCGTGGTGATCACGCCCACTATACAGGTGAAGAGTGTAGGCTGGAGCTGCTTC 

dlldP2 
ATGAATCTCTGGCAACAAAACTACGATCCCGCCGGGAATATCTGGCTTTCGGTCCATATGAATATCCTCCTTA
G 

P1lldP ACGATGTGCGTGGACTCCAG 

P2lldP ATCAATCAGCGCCCGCAC 

P1yaaH ATGCCGCGCCCTGAAAACACTAC 

P2yaaH AGTGCAAGACGCGACGTTAGCGAAT 

P1actP TCTACATCTGGCGGGCGAAC 

P4actP ACAGAGTGGTTATCGTTAATCAG 

Gpr1_FWD GGCAAGCTTATGAACACCGAAATCCCC  

Gpr1_REV GCGGTCGACTTAGTCCTTCTTGACGAA 
Gpr1-
gfp_FWD 

TTTCCTCAAAGAGATTAAATACTGCTACTGAAAATATGAACACCGAAATCCCCGA  

Gpr1-gfp_REV ACTCGAGGTCGACGGTATCGATAAGCTTTACTATTTGTATAGTTCATCCA 
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7.2.7 CLONING STRATEGY OF ACEP GENE 

The aceP gene was chemically synthesized with an optimal codon usage for expression in E. coli since 

no expression was obtained with the original gene cloned into the pUC18 vector. The synthetic aceP gene 

was codon optimized by the OptimumGene software tool (GenScript, Piscataway, NJ, USA Inc.). The 

synthetic version of aceP flanked by KpnI and NdeI restriction sites was cloned in the puc18 vector, 

originating the pAceP vector. 

 

7.2.8 TRANSPORT ASSAYS 

Measurement of transport activity in yeast and bacterial strains was performed as previously described 

by Soares-Silva et al. (2007) and Sá-Pessoa et al. (2013), respectively. The radiolabeled substrates used 

were the following: [1-14C] acetic acid, sodium salt (GE Healthcare, London, UK) and [2,3-14C] succinic 

acid (Moravek Biochemicals, California, USA). 

 

7.2.9 EPIFLUORESCENT MICROSCOPY 

Microscopy analysis was performed as described in Soares-Silva et al. (2007) on a Leica DM5000B 

epifluorescent microscope with a Leica DFC 350FX R2 digital camera using the LAS AF V1.4.1 software. 

 

7.2.10 STRUCTURAL MODELING AND MOLECULAR DOCKING SIMULATIONS 

To obtain the predicted 3D structure of SatP transporter, the amino residue sequence was threaded 

through The Robetta server (http://robetta.bakerlab.org)  [27]. The molecular docking of substrates with 

SatP transporter was performed as previously described [28].  

 

7.3 RESULTS 

7.3.1 PHYLOGENETIC ANALYSIS OF ACETR FAMILY 
 

A total of 818 hits were obtained for the BLAST search in the NCBI’s Assembly database, using complete 

genomes only, with the 3 proteins of the AceTr family: Ady2, SatP, and AceP. Homologues were present 

across a  wide range of organisms: most of them were detected in bacteria, archaea, and fungi. 

Hypothetical AceTr homologues were also detected in the genus Leishmania of eukaryotic euglenids, 

usually as multiple copies per organism, but also in three Viridiplantae of the family Bathycoccaceae and 

the Rhodophyta Cyanidioschyzon merolae. In order to maximize phylogenetic accuracy 12 sequences 

http://robetta.bakerlab.org/
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that lacked large conserved regions were excluded from a final dataset of 806 sequences in the 

phylogenetic tree. The phylogenetic tree is displayed in Figure 1. 

Relevant homologues to the present study are indicated. For a clearer description of the tree, some 

sections were labelled as E1, E2, and P1 to P4. The Phylogenetic tree suggests a basal split between 

eukaryotic and prokaryotic organisms. The bootstrap value is low as expected for such a deep divergence 

in a protein sequence however, this deep divergence suggests a reliable reconstruction. Eukaryotes and 

prokaryotes form almost two monophyletic clades with an exception from each subclade. The exception 

in the eukaryotic clade is the protein of bacteria Gordonia polyisoprenivorans. The relatively long branch 

of the tree and the undefined position in relation to the neighbouring eukaryotic counterpartssuggests 

that the inclusion of the bacteria G. polyisoprenivorans might be dubious. The exception in prokaryotic 

clade is a clade containing one set of homologues from the pathogenic trypanosome Leishmania genus. 

The clade is quite deeply embroiled in various prokaryotic sub-branches suggesting that it likely represents 

a case of horizontal gene transfer. 

The prokaryotic subclade shows bacterial and archaeal homologues intertwined within the tree. The tree 

splits deeply into two branches, labelled P1-3 and P4 in Figure 1. The less common of these two 

branches (P4) contains mostly homologues present in the bacterial phylum Firmicutes and there is no 

functional characterization described on any of the members of this clade. The second clade (P1-3) also 

contains another split between a clade containing a high percentage of homologues present in 

Actinobacteria (P3), including a monophyletic branch from this group, a monophyletic archaea sub-branch 

and homologues from various other bacteria (including from Phyla Firmicutes, Proteobacteria and others), 

and a second more frequent clade (P1-2) where bacterial homologues from phylum Proteobacteria are 

the most common (forming the totality of minor clade P2). The large subclade P1 also contains other 

bacteria, several archaea and the mentioned-above subclade of eukaryotic Leishmania genus. The P1 

subclade contains the SatP from bacteria E. coli [13] and AceP (this study) from archaea M. 

acetivorans, two transporters functionally characterized as acetate transporters as well as two other 

homologues for the latter organism not functionally characterized (MA_0103 and MA_4393). It is 

important to note that while prokaryotic homologues dominate the tree, only 15% of the genomes in the 

database contained at least one member of the AceTr family (14% in bacteria and 31% in archaea), 

reflecting mostly the large numbers of sequenced prokaryotic genomes. 

The eukaryotic branch has a deep divergence between homologues present in fungi and other eukaryotes. 

This latter clade only contains 9 representative sequences, four from Leishmania sp., Thalassiosira 

pseudonana (a marine diatom), Cyanidioschyzon merolae  (red  algae) photoautotrophic organism that 
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inhabits sulfate-rich hot springs and three in green algae [29]. The presence  of  this deep clade suggest 

a  probable  more ancient  presence in a wider range of eukaryotes, although the AceTr family was only 

found at 10% of the genomes other than fungi analyzed, a value that is likely overestimated due to the 

substantial number of Leishmania genus genomes that contain homologues. The main eukaryotic 

clade contains homologues present in fungi. Homologues belonging to the AceTr family were strikingly 

detected in 97% of the genomes analyzed and the fungi without AceTr members belonged to the 

Encephalitozoon genus. This clade splits also into two clades. The minor one (E2) contains mostly 

homologues present in filamentous ascomycetes, including two homologues present in Aspergillus 

nidulans. 

A second one (E1) includes homologues from a wider taxonomic range of fungi, including Basidiomycota 

and a few filamentous Ascomycetes, namely experimentally tested homologues in Aspergillus nidulans 

AcpA, AcpB, and AcpC. The AcpC homologue in Aspergillus nidulans that is not associated with an 

acetate transport activity [11], is located in an earlier branching of this clade together with the homologues 

from Cryptococcus neoformans involved in acetate transport [15]. In the remaining clade, most 

sequences were mainly detected in Saccharomycetes, including a large sub-clade formed by 

Saccharomycetales only, although one subclade includes the AcpA and AcpB and the homologue in 

Schizosaccharomyces pombe. The large clade containing only Saccharomycetales has the three 

homologues of S. cerevisiae. Ady2 and Ato2 are very similar phylogenetically with Ato3, suggesting a 

duplication and evolution of the gene dating to an earlier divergence within the Saccharomycetales 

evolution. This duplication probably occurred before the whole genome duplication event in yeast, since 

the yeasts Kluyveromyces marxianus and Kluyveromyces lactis have homologues in a cluster together 

with both Ady2/Ato2 and Ato3 from S. cerevisiae. This major clade of Saccharomycetales also contains 

the homologues of Yarrowia lipolytica. Apart from the homologue Gpr1, experimentally tested here, the 

organism contains a set of homologues (five) forming a cluster (probably the result of recent duplications 

of the gene) whose function is yet undetermined. 
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Figure 1. Maximum likelihood phylogenetic tree of AceTr family (TCDB 2.A.96) present 

in eukaryotic and prokaryotic genomes. Branch lengths are proportional to sequence divergence. 

Major taxonomic groups are indicated in different shades of grey. Homologues relevant for the 

discussion through the manuscript are highlighted. Groups indicated as E1, E2, P1, P2, P3, and P4 

were created to facilitate the following of the tree description in the main text and are not meant to 

provide any type of classification. 
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7.3.2 GPR1 MEDIATES ACETATE TRANSPORT IN S. CEREVISIAE 

The functionality of the Gpr1 membrane protein from Y. lipolytica was accessed through heterologous 

expression in a S. cerevisiae W303-1A jen1Δ ady2Δstrain, which does not have activity for plasma 

membrane carboxylate transport under the conditions tested [18, 28, 30, 31]. The control strains and S. 

cerevisiae strain expressing GPR1 were grown in minimal medium YNB-Glu and then transferred to 

minimal media containing 0.5% acetic acid during 6 h. The expression of Gpr1 was able to restore the 

acetate-mediated transport in S. cerevisiae jen1Δ ady2Δ strain with a Km of 0.95 ± 0.21 mM and 

Vmax of 0.37 ± 0.04 nmol acetate s-1mg-1dry weight, at pH6.0 (Figure 2A). A GFP-tagged version of 

Gpr1p was analyzed by fluorescence microscopy revealing that the fusion protein was localized at the 

plasma membrane (Figure 2B). 

 

 

 

Figure 2. A) Initial uptake rates of radiolabeled 14C-acetic acid at different 

concentrations by S. cerevisiae W303-1A jen1Δ ady2Δ cells heterologously expressing 

pGpr1, pAdy2 and p416GPD as a control at pH 6.0, 30°C and respective kinetic 

parameters. Cells were cultivated in glucose until exponential growth phase, washed and transferred 

to YNB supplemented with acetic acid (0.5%) during 6 hours. B) Epifluorescence and contrast phase 

microscopy of a GFP-tagged version of S. cerevisiae W303-1A jen1Δ ady2Δ cells expressing GPR1, 

before and after 4h of exposure of cells to 0.5% acetic acid, at pH6, 30°C. Scale bars = 7.5 μm. 
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7.3.3 THE ACEP GENE CODES FOR A HIGHLY SPECIFIC ACETATE-PROTON SYMPORTER 

Methanosarcina acetivorans uses acetate as a source of carbon and as a source of energy by 

breaking down acetate to produce carbon dioxide and methane. It was previously shown that aceP gene 

from M. acetirovans is overexpressed in the presence of acetate (Rohlin and Gunsalus, 2010).  

The M. acetivorans species has an optimal growth temperature between 35 oC and 45 oC and 

optimal pH between 6.5 and 7 [32], close to the model organism E. coli, which led us to attempt the 

heterologous expression of aceP in this last organism. In addition, the tools for genetic manipulation of 

M. acetivorans are scarce, and culture conditions are difficult to achieve. The heterologous expression 

of aceP was performed in the E. coli 3∆ strain, deleted for three monocarboxylate transporters. An 

optimized version of aceP was created using the GeneScript codon usage adaptation algorithm. The 

vector pAceP was transformed in the E. coli 3∆ strain, and the acetate uptake measured after growth in 

the minimal medium during exponential phase. The E. coli 3∆ pAceP was able to recover the mediated 

transport of acetate, with a Michaelis-Menten kinetics, displaying a Km of 0.49 ± 0.07 mM of acetic acid 

and a Vmax of 46.4 ± 2.9 nmol min-1 mg-1 protein (Figure 3A). 

To further characterize the transport energetics of the E. coli 3∆ pAceP strain, the acetate uptake 

was accessed in the presence of several relevant inhibitors. The protonophore CCCP (carbonyl cyanide 

m-chlorophenylhydrazone), which collapses the proton motive force, lowered acetate transport to almost 

negligible values at pH 6.0 in cells expressing AceP (Figure 3B). The potassium ionophore valinomycin 

and the sodium ionophore monensin, which disrupt the membrane electrical potential (∆ψ), had no 

significant effect on acetate uptake. These data suggest that acetate uptake occurs by a proton symporter 

mechanism, similar to other AceTr members. 

The measurement of labelled acetate uptake in the presence of non-labelled acids allowed the 

identification of potential inhibitors of acetic acid uptake, being indicative of an interaction of these acids 

with the transporter protein. None of the carboxylic acids tested inhibited the acetate uptake in E. coli 3∆ 

cells expressing aceP (Figure 3C). Thus, this acetate transporter is not able to bind the carboxylic acids 

here tested, namely the monocarboxylates lactate, pyruvate and formate, and the dicarboxylates malate 

and succinate.
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Figure 3. Acetic acid kinetics and transport energetics of E. coli 3∆ heterologously 

expressing pAceP. A) Initial uptake rates of radiolabelled 14C-acetic acid at different concentration by 

E. coli 3∆ heterologously expressing pAceP or pUC18, at pH 6.0, 30◦C. Cells were cultivated in 

glucose until exponential growth phase. B) Transport energetics: effect of pH and of CCCP, valinomycin, 

and monensin on the uptake of 0.1 mM 14C-acetic acid in cells of E. coli 3∆ pAceP. Cells were pre-

incubated with the compounds mentioned, at the concentration indicated and pH 6.0 for 1 min before 

adding the radiolabelled substrate. C) transport specificity: the uptake of 0.1 mM 14C-acetic acid in in E. 

coli 3Δ heterologously expressing pAceP or pUC18 measured in the absence and presence of non-

labelled formic, pyruvic, lactic, succinic and malic acid (10 mM), pH 6.0 and 30◦C. Cells were pre-

incubated with the compounds mentioned, at the concentration indicated and pH 6.0 for 1 min before 

adding the radiolabelled substrate. Each data point represents the mean± S.D. for three independent 

experiments. 
 

 

7.3.4 THE CONSERVED MOTIF NPAPLGL(M/S) PLAYS A ROLE IN SUBSTRATE UPTAKE 

A multiple alignment of several AceTr family members described in the literature as acetate transporters, 

as well as the AceP protein above characterized, was performed. Among the conserved regions identified, 

the motif 89NPAPLGL(M/S)96 (numbers refer to Ady2 sequence) exhibited strong conservation in AceTr 

family members. Most of the conserved residues are polar and hydrophobic and thus have the potential 

to interact with charged substrates, e.g. acetate, succinate. The Ady2 topology prediction using the 

PROTTER web server suggests that this motif is found at the beginning of the first transmembrane 

segment (TMS I) in the transition between the cytoplasm and the plasma membrane (data not shown). 

A similar output was also obtained for the topology prediction of SatP transporter. Site-directed 

mutagenesis was performed in the conserved motif NPAPLGL(M/S) of Ady2 and SatP, replacing each 

conserved residue by an alanine residue, excluding the alanine residues 89 (Ady2) and 10 (SatP), 

which were replaced each by a tyrosine residue. All the mutants from both Ady2 or SatP presented an 

abolished acetate transport profile (Figure 4 A, B). Since SatP is known to mediate the transport of 
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succinate, we also measured succinate uptake in the SatP mutant alleles (Figure 4B). Similar to acetate 

uptake, the SatP mutant alleles displayed a succinate uptake capacity significantly reduced when 

compared to the wild-type allele. The Ady2 mutant alleles were also grown in YNB acetic acid (0.5%) as 

sole carbon and energy source. All Ady2 mutant alleles displayed poor growth when compared with 

the native allele. 

 

 

 

Figure 4. A) The percentage of 0.1 mM 
14

C-acetic acid uptake, at pH 6.0, considering 

the velocity of transport found for the S. cerevisiae ady2∆ jen1∆ strains expressing pAdy2 

as 100%. Cells were collected at mid-exponential growth phase from YNB glucose 1 % (w/v), Cells 

were cultivated in glucose until mid- exponential growth phase, washed and transferred during 6 h to 

YNB supplement with the acetic acid (0.5%) and solid YNB acetic acid (0.5 %) for growth tests shown in 

the images above each bar of Ady2 alleles in p416GPD.  B) The percentage of 0.5 mM 1 4 C-acetic 

acid uptake, at pH 6.0, considering the velocity of transport found for the E. coli 3∆ strains expressing 

pSatP as 100%. Cells were collected at mid-exponential growth phase from minimal medium with glucose 

1% (w/v). The data shown are mean values of at least three independent experiments and the error bars 

represent the standard deviation. 
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7.3.5 THE MOTIF NPAPLGL(M/S) IS NOT CRITICAL FOR MEMBRANE TARGETING OF ADY2 
 

Single mutations in the conserved motif NPAPLGL(M/S) residues studied led to lack of Ady2 mediated 

acetate transport activity. In order to formally distinguish whether this is due to an incorrect 

protein location or lack of transporter function, we used mutant alleles expressing an Ady2::GFP chimeric  

transporter. The Ady2::GFP localization  was  determined by fluorescence microscopy. In all cases 

Ady2::GFP mutant alleles were localized, similar to the wild-type version, at the plasma membrane level 

after 6h induction in YNB acetic acid as it was found for the wild- type (Figure 5). These results 

strongly suggest that in these mutants presenting low or no transport capacity this is not a consequence 

of stability or trafficking, but rather due to an effect on the mechanism of substrate transport per se. 

 

 

Figure 5. Epifluorescence microscopy localization of Ady2::GFP expressed in S. cerevisiae 

ady2∆ jen1∆. Cells were collected at mid-exponential growth phase from YNB glucose 1% (w/v), 

washed and transferred during 6 h to YNB, supplement with the acetic acid (0.5%), and observed by 

epifluorescence microscopy. 
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7.3.6 THE CONSERVED MOTIF NPAPLGL(M/S) IS INVOLVED IN THE FORMATION OF A 

PUTATIVE SUBSTRATE BINDING SITE 

To further understand the specific role of each residue in protein activity and specificity, molecular 

docking analysis was performed to uncover putative interactions between the transporter and substrate 

ligand molecules at the molecular level (Figure 6).  Only the 3D predicted structure from SatP displayed 

a level of confidence required for further molecular docking analysis, and thus docking analysis was not 

possible with the Ady2.  Molecular docking results suggest that the residues of the conserved motif 

8NPAPLGL(M/S)15 of SatP may be involved in the formation of a putative binding site (Figure 6). It is 

noticeable that acetate and succinate molecules share a similar spatial location, in which the carboxyl 

group of acetate is superimposed with one of the carboxyl groups of succinate. The residues A10, P11, 

L12, G13, L14, and M15 form a hydrophobic binding pocket for substrates, quite close to the cytoplasmic 

pore entrance. In addition, L12, G13, L14 and M15 residues interact covalently with the carboxyl group 

of both acetate and succinate by hydrogen bonds. 

 

 

Figure 6. Molecular docking of SatP with acetate and succinate. A) Transversal and cytoplasmic 

view of SatP protein surface with the identification of the putative binding site surrounded by a grey 

circle. Ligand molecules are represented in their stick molecular structure. B) 2D view of the interactions 

between ligands (acetate and succinate) and SatP residues. Black arrows represent hydrogen bonds 

between ligands atoms and residue atoms.  
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7.4. DISCUSSION 

The AceTr-Acetate Transporters are found in all domains of life. The phylogenetic analysis of all the 

homologues so far sequenced, suggests basal split between eukaryotic and prokaryotic organisms that 

form almost two monophyletic clades, with an exception from each subclade. Overall, the phylogenetic 

tree suggests that an ancestral form of this family was present in the primordial organisms in the 

root of the tree of life. However, although present in a taxonomically diverse range of organisms, the 

AceTr homologues are limited to  very  specific  groups  of prokaryotic and eukaryotic organisms. This 

fact strongly appoints to their loss in most organisms during evolution. While this trend is obvious for 

most eukaryotic organisms outside fungi (homologues detected in only 10% of analyzed genomes), the 

picture is similar for prokaryotic organisms, with members of the AceTr family detected in only 15% of 

the genomes in the database. On a drastic shift, homologues were detected in 97% of the fungal genomes 

analyzed. These data suggest that these transporters play an important role in fungi. In fact, the Ady2p 

from S. cerevisiae was described as essential for proper ascus formation [6] and later AcpA from A. 

nidulans as the major acetate transporte during  germination of  conidiospores  [11].  In addition, the 

Ady2 homologue of Cryptococcus neoformans was also associated with acetate transport and described 

as indispensable for survival during physiologically relevant starvation conditions [15]. The deletion of 

C. neoformans Ady2 and Ato2 was also found to impair virulence factors-ability to grow at human 

body temperature, produce melanine and the capsule structure, which are major immune modulators 

[15]. Based on this evidence, it is tempting to postulate that this family of transporters is critical for spore 

germination process in fungi, and thus greatly conserved throughout evolution. According to the 

phylogenetic analysis, the only fungal genomes without AceTr members were the Encephalitozoon that 

belongs to phylum Microsporidia. These are atypical fungi, first considered a deeply branching protist 

lineage, lacking mitochondria and peroxisomes, that are obligate intracellular parasites infesting many 

animal groups [33]. 

In this work, we also extended the number of AceTr members functionally characterized as acetate 

transporters, and for the first time to  an  archaealmember, the aceP gene from M. acetivorans. The 

Methanosarcineae are the most metabolically diverse methanogens, thrive in a broad range of 

environments, and are unique among the Archaea in forming complex multicellular structures. Species, 

like M. acetivorans display high methanogenesis metabolic activity. In nature, the methane produced is 

mostly derived from acetate with a strong impact on global warming [34]. Here we demonstrate that the 

aceP from M. acetivorans is mediating the transport of acetic acid, by an acetate-proton symport 

mechanism, highly specific for acetate. 



 

253 

Additionally, we characterized the acetate transport capacity of Gpr1 from Y. lipolytica, an AceTr family 

member, until now only described as being involved in cells´ sensitivity to acetic acid[4]. Gpr1p was 

reported to have an important role over stress cue, triggered by the exposure of cells to acetic acid, and 

to be involved in the repression of genes that encode glyoxylate cycle enzymes [4,5].  Fluorescence  

analysis  of  S. cerevisiae  cells  harbouring  Gpr1-GFP  revealed  that  the  fusion protein was detected 

at the plasma membrane, as expected  [4, 35]. The yeast Y. lipolytica is reported to display specific 

physiological, metabolic and genomic characteristics, which differentiates it from the model yeast S. 

cerevisiae [36]. Although the whole genome duplication event did  not  occur  in  Y.  lipolytica, its  genome  

size  is  almost  de  double  of  S.  cerevisiae.  

Nevertheless, Gpr1 and Ady2, two of the AceTr members of these distinct yeast species, maintained their 

activity as acetate transporters over evolution. To gain insights into the structure of AceTr family members, 

the most conserved motif NPAPLGL(M/S) of Ady2 and SatP proteins, was analyzed by site-directed 

mutagenesis. Until now, no protein structure has been determined for members of this family. Given the 

results presented herein the motif, NPAPLGL(M/S) can be considered as a ‘signature’ motif of this group 

of transporters, as substitutions in the residues of this domain abolished the transport activity and resulted 

in poor growth in acetate, as sole carbon and energy source. Nevertheless, the membrane targeting of 

Ady2 was not affected by mutations in residues of Ady2 motif NPAPLGL(M/S). In a similar mutagenesis 

approach made by Gentsch and colleagues (2008), several residues of Ady2 were randomly mutated and 

characterized regarding acetic acid sensitivity in S. cerevisiae; the mutant alleles A70V, F71V, T74I, A88V, 

E144G N145D, M211K, and F212S were found to be critical for acetic acid sensitivity. Interestingly, the 

A88 residue was placed right before the NPAPLGL(M/S) motif. In addition, it was also reported that the 

deletion of NPAPLGL(M/S) motif in the Gpr1 protein heterologously expressed in S. cerevisiae strain, 

deleted for all AceTr homologues, displayed alterations in acetic acid sensitivity [37]. Thus, the 

NPAPLGL(M/S) is critical for transport activity but the targeting and membrane stability in not driven 

by residues of this motif, at least for Ady2. Molecular docking analysis led to the identification of a 

putative binding site formed by the “8NPAPLGL(M/S)15” motif in a SatP 3D predicted structure. Although 

at the moment, there is no direct experimental evidence that the AceTr protein is an acetate exporter, 

several reports propose the role of these proteins in acetate export [4, 13, 37]. The predicted 

location of this critical conserved motif in the vicinity of the protein pore entrance at the cytoplasm side 

reinforces the hypothesis that SatP plays a role in acetate export. 

According to this study, the members of AceTr family were lost during the evolution of both eukaryotic 

and prokaryotic organisms, excluding few exceptions. Interestingly this evolutionary pattern is also 
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displayed by other carboxylate transporter family, designated as the Jen1 family (TCDB 2.A.1.12). The 

Jen1 family, which includes members characterized as carboxylate transporters, is present in fungi and 

bacteria, but there are no homologues in higher eukaryotes, where other membrane proteins such as the 

members of the Monocarboxylate Transporter Family (TCDB 2.A.1.13), seem responsible for the transport 

of carboxylic acids [2, 3]. 

It is biologically reasonable to consider that evolutionary pressures led to alternate physiological processes 

to evolve from a catalogue of alternatives, present in ancestral organisms (especially in prokaryotic 

organisms characterized by their evolutionary plasticity). However, we must consider the presence of 

AceTr family members in almost all analyzed fungi organisms. This suggests the existence of a specific 

and essential role in fungal evolution, possibly in sexual reproduction through sporulation. 
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CHAPTER VIII 

Evolutionary engineering reveals amino acid substitutions in Ato2 and Ato3 that 
allow improved growth of Saccharomyces cerevisiae on lactic acid 

 

ABSTRACT 
 

In Saccharomyces cerevisiae, the complete set of proteins involved in transport of lactic acid across the 

cell membrane has not been identified, which limits its potential as industrial production host for this bulk 

chemical. In this study we aimed to identify transport proteins not previously described to be involved in 

lactic acid transport via a combination of directed evolution, whole-genome resequencing and reverse 

engineering. Evolution of a strain lacking all known lactic acid transporters on lactate led to the 

identification of mutated Ato2 and Ato3 as two novel lactic acid transport proteins. When compared to 

previously identified S. cerevisiae genes involved in lactic acid transport, ATO3T284C was able to facilitate 

the highest growth rate (0.15 ± 0.01 h-1) on this carbon source. A comparison between (evolved) 

sequences and 3D models of the transport proteins showed that many mutations resulted in a widening 

of the narrowest hydrophobic constriction of the anion channel. We hypothesize that this observation, 

sometimes in combination with an increased binding affinity of lactic acid in the binding sites adjacent to 

this restriction site, are responsible for the improved lactic acid transport in the evolved proteins. 

 

 

 

 

 

 

 

 

 

 

KEYWORDS: Adaptive laboratory evolution; Saccharomyces cerevisiae; Ato transporters; 

Monocarboxylate transporters; Molecular docking studies  
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8.1 INTRODUCTION 

 

Carboxylic acids are widely applied as platform molecules in the chemical, pharmaceutical, food and 

beverage industries. Some organis acids, like succinic and lactic acid, are currently produced on industrial 

scale using biotechnological processes [1-3]. Advantages of bioprocesses are their potential sustainability 

compared to their petrochemical counterparts and, in the case of chiral compounds, their ability to 

selectively produce one of the enantiomers. The latter is of importance for the production of biodegradable 

polymers, which requires the precursors to be optically pure [4]. One of these optically active molecules 

is lactic acid, which is used as a preservative in the dairy industry and as precursor for bioplastic 

formation. The demand for lactic acid was 1.220.000 tons in 2016 and is expected to further increase 

by 16.2% by 2025 [5]. At present, lactic acid is mostly produced by prokaryotic hosts (reviewed by Es, 

Mousavi Khaneghah [6] and McKinlay, Vieille [7]), with titers reaching upwards of 182 g L -1 in fed-batch 

cultures [8]. The limited tolerance of these hosts to low pH implicates that neutralizing agents must be 

added during microbial fermentation under industrial conditions. Subsequent retrieval of the 

undissociated acid requires acidification of the broth, with concomitant production of gypsum, resulting 

in additional costs in downstream processing [9].  

Despite exhibiting the highest growth rate at pH 5.0-5.5 [10], the yeast Saccharomyces cerevisiae is 

known for its tolerance to low pH, and could therefore be an interesting production host for carboxylic 

acids [11-13]. Early attempts to engineer this organisms for industrial production of lactic acid have been 

successful [14, 15] and, more recently, fed-batch cultures of engineered S. cerevisiae strains reached 

titers of 82 g L-1 and 142 g L-1 for the D and L isomer, respectively [16, 17]. Despite our ability to engineer 

the production several organic acids in S. cerevisiae, little is known about their transport across the yeast 

membrane [11, 18]. Transport of carboxylic acids forms an important optimization target for metabolic 

engineering, to stimulate product export (increasing productivity and titers) and to increase tolerance to 

weak organic acid stress [11, 19, 20]. Diffusion of undissociated lactic acid across yeast cell membranes 

is unlikely to be the main mechanism for lactic acid export under physiological conditions [21-23]. 

Therefore, further investigation of the genes involved in lactic acid export in yeast remains important to 

enable the design and construction of future industrial cell factories. 

Two genes encoding transporters for monocarboxylic acids have been identified in S. cerevisiae: JEN1 

and ADY2. Jen1 is a member of the Major Facilitator Superfamily (MFS) which enables uptake of lactic, 

acetic and pyruvic acid, while Ady2, a member of the AceTr family, has been described to function 

predominantly as an acetate transporter [24-26]. While deletion of both genes abolished growth on lactic 
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acid as the sole carbon source, export of lactic acid in an engineered S. cerevisiae strain remained 

unaffected by combined deletion of JEN1 and ADY2 [27, 28]. The difficulty of identifying the export 

system(s) for lactic acid was further illustrated by a recent study, in which the combined deletion of 25 

(putative) transporter-encoding genes in a single yeast strain did not affect the rate of lactic acid export 

[29].  

A powerful strategy to identify genes involved in a specific physiological function is the use of adaptive 

laboratory evolution. Application of a selective pressure is used to enrich for mutants with the phenotype 

of interest, which can subsequently be analysed by whole genome sequencing to identify mutated genes 

related to the evolved phenotype [30]. Whereas the use of this strategy to select for mutants with altered 

lactic acid export remains a challenge, adaptive evolution can be directly applied to select for improved 

lactic acid uptake. This concept was demonstrated in a previous study, in which laboratory evolution of a 

jen1Δ strain in culture medium with lactic acid as sole carbon source led to the identification of mutated 

ADY2 alleles that had an increased uptake capacity for lactic acid [31].  

In this study, we use adaptive laboratory evolution to identify additional transporters, which upon mutation 

can efficiently catalyze lactic acid uptake in S. cerevisiae. Subsequently, we overexpress the complete 

suite of native and evolved lactic acid transporters and characterize the ability of the resulting strains to 

grow on a variety of organic acids. Finally, we identify specific amino acid residues in the evolved 

transporters which play a key role in determining their ability to transport lactic acid and provide a 

mechanistic explanation using three dimensional structure predictions combined with molecular docking 

analysis. 

 

8.2 MATERIALS AND METHODS 

8.2.1 STRAINS AND MAINTENANCE 

The S. cerevisiae strains used in this study (Table ) share the CEN.PK113-7D or the CEN.PK2-1C genetic 

backgrounds [32]. Stock cultures of S. cerevisiae were grown aerobically in 500 mL round-bottom shake 

flasks containing 100 mL synthetic medium (SM) [33] or YP medium (10 g L-1 Bacto yeast extract, 20 g L-1 

Bacto peptone) supplemented with 20 g L-1 glucose. When needed, auxotrophic requirements were 

complemented via addition of 150 mg L-1 uracil, 100 mg L-1 histidine, 500 mg L-1 leucine and/or 75 mg L-1 

tryptophan [34]. For plate cultivation, 2% (w/v) agar was added to the medium prior to heat sterilization. 

Stock cultures of E. coli XL1-Blue Subcloning Grade Competent Cells (Agilent, Santa Clara, CA, USA) that 

were used for plasmid propagation were grown in LB medium (5 g L-1 Bacto yeast extract, 10 g L-1 Bacto 
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tryptone, 10 g L-1 NaCl) supplemented with 100 mg L-1 ampicillin. Media were autoclaved at 121°C for 

20 min and supplements and antibiotics were filter sterilized and added to the media prior to use. Frozen 

culture stocks were prepared by addition of sterile glycerol (to a final concentration of 30% v/v) to 

exponentially growing shake flask cultures of S. cerevisiae or overnight cultures of E. coli and 1 mL 

aliquots were stored at -80°C. 

 

8.2.2 MOLECULAR BIOLOGY TECHNIQUES 

Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) was used for PCR 

amplification for cloning purposes. Diagnostic PCRs were performed using DreamTaq PCR Master Mix 

(2X) (Thermo Fisher Scientific). In both cases, the manufacturer’s protocol was followed, with the 

exception of the use of lower primer concentrations (0.2 μM each). Desalted (DST) oligonucleotide 

primers were used, except for primers binding to coding regions, which were PAGE purified. Primers were 

purchased from Sigma Aldrich (Saint Louis, MO, USA), with the exception of primers 17453 and 17453, 

which were purchased from Ella Biotech (Planegg, Germany). For diagnostic PCR, yeast genomic DNA 

was isolated as described by Lõoke, Kristjuhan [35]. Commercial kits for DNA extraction and purification 

were used for small-scale DNA isolation (Sigma Aldrich), PCR cleanup (Sigma Aldrich), and gel extraction 

(Zymo Research, Irvine, CA, USA). Restriction analysis of constructed plasmids was performed using 

FastDigest restriction enzymes (Thermo Scientific). Gibson assembly of linear DNA fragments was 

performed using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, Ipswich, MA, USA) in 

a total reaction volume of 5 µL. Transformation of chemically competent E. coli XL1-Blue (Agilent) was 

performed according to the manufacturer’s protocol. 

 

8.2.3 PLASMID CONSTRUCTION  

The plasmids and oligonucleotide primers used in this study are listed in Table 1 and Supplementary 

Table 1, respectively. All plasmids were constructed by Gibson assembly of two linear fragments. With 

the exception of the fragments used for the construction of plasmid pUDR420, all fragments were PCR-

amplified from either a template plasmid or from genomic DNA. A detailed description of the parts used 

to make each plasmid can be found in Supplementary Table 2. 

Plasmid pUDR405 was constructed by Gibson assembly of two linear fragments, both obtained via PCR 

amplification of plasmid pROS13 using primers 8664 and 6262 (for the JEN1-gRNA_2μ_ADY2-gRNA 

insert) and 6005 (for the plasmid backbone), as previously described by Mans, van Rossum [36]. Plasmid 

pUDR420 was constructed by Gibson assembly of a double-stranded DNA fragment, obtained by 
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annealing the complementary single-stranded oligonucleotides 8691 and 13552, and a vector backbone 

amplified from plasmid pMEL13 using primers 6005 and 6006. For construction of pUDE813, the linear 

p426-TEF plasmid backbone was amplified from plasmid p426-TEF using primers 5921 and 10547 and 

the ATO3 open reading frame (ORF) was amplified from yeast strain CEN.PK113-7D genomic DNA using 

primers 13513 and 13514. Subsequently, Gibson assembly of the linear p426-TEF plasmid backbone 

and the ATO3 insert yielded pUDE813. pUDE814, pUDE1001, pUDE1002, pUDE1003, pUDE1004, 

pUDE1021 and pUDE1022 were constructed similar to pUDE813, using primers 5921 and 10547 to 

amplify the linear p427-TEF plasmid backbone. The inserts were amplified from genomic DNA of strain 

CEN.PK113-7D (for wildtype genes) or from genomic DNA of the corresponding evolved strain (for 

mutated genes) using primers 13513 and 13514 (pUDE814), 17170 and 17171 (pUDE1001), 17168 

and 17169 (pUDE1002, pUDE1003 and pUDE1004) or 17452 and 17453 (pUDE1021 and pUDE1022). 

For construction of pUDC319, plasmid p426-TEF was amplified using primers 2949 and 17741 and the 

CEN6 origin of replication was amplified from pUDC156 using primers 17742 and 17743. Subsequently, 

Gibson assembly of the linear p426-TEF plasmid fragment and the CEN6 fragment yielded pUDC319. 

pUDC320, pUDC321, pUDC322, pUDC323, pUDC324, pUDC325, pUDC326 and pUDC327 were 

constructed in a similar way using the same primers, but the linear plasmid fragment was amplified from 

pUDE813, pUDE814, pUDE1001, pUDE1002, pUDE1003, pUDE1004, pUDE1021 and pUDE1022, 

respectively.  

 

Table 1. Plasmids used in this study 

Name Relevant characteristic Origin 

pROS13 2μm ampR kanMX gRNA-CAN1 gRNA-ADE2 [36] 

pMEL13 2μm ampR kanMX gRNA-CAN1  [36] 

pUDR405 2μm ampR kanMX gRNA-JEN1 gRNA-ADY2 This study 

pUDR420 2μm ampR kanMX gRNA-ATO3 This study 

p426-TEF 2μm URA3 pTEF1-tCYC1 [37] 

pUDE813 2μm URA3 pTEF1-ATO3-tCYC1 This study 

pUDE814 2μm URA3 pTEF1-ATO3T284C-tCYC1 This study 

pUDE1001 2μm URA3 pTEF1-JEN1-tCYC1 This study 

pUDE1002 2μm URA3 pTEF1-ADY2-tCYC1 This study 

pUDE1003 2μm URA3 pTEF1- ADY2C755G -tCYC1 This study 

pUDE1004 2μm URA3 pTEF1- ADY2C655G-tCYC1 This study 

pUDE1021 2μm URA3 pTEF1-ATO2-tCYC1 This study 
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pUDE1022 2μm URA3 pTEF1-ATO2T653C-tCYC1 This study 

pUDC156 CEN6 URA3 pTEF-CAS9-tCYC1 [38] 

pUDC319 CEN6 URA3 pTEF-tCYC1 This study 

pUDC320 CEN6 URA3 pTEF1-ATO3-tCYC1 This study 

pUDC321 CEN6 URA3 pTEF1-ATO3T284C-tCYC1 This study 

pUDC322 CEN6 URA3 pTEF1-JEN1-tCYC1 This study 

pUDC323 CEN6 URA3 pTEF1-ADY2-tCYC1 This study 

pUDC324 CEN6 URA3 pTEF1- ADY2C755G -tCYC1 This study 

pUDC325 CEN6 URA3 pTEF1- ADY2C655G-tCYC1 This study 

pUDC326 CEN6 URA3 pTEF1-ATO2-tCYC1 This study 

pUDC327 CEN6 URA3 pTEF1-ATO2T653C-tCYC1 This study 

 

 

8.2.4 STRAIN CONSTRUCTION 

S. cerevisiae strains were transformed with the LiAc/ssDNA method [39]. For transformations with a 

dominant marker, the transformation mixture was plated on YP plates, containing glucose (20 g L -1) as 

carbon source, and supplemented with 200 mg L-1 G418 (Invitrogen, Carlsbad, CA, USA). Gene deletions 

were performed as previously described [36]. For transformation of plasmids harboring an auxotrophic 

marker, transformed cells were plated on SM medium with glucose (20 g L -1) as a carbon source and 

when needed, appropriate auxotrophic requirements were supplemented. The tryptophan auxotrophy of 

IMX1000 was the result of a single point mutation in the TRP1 gene (trp1-289) [40] and was 

spontaneously reverted by plating the strain on SM medium supplemented with uracil, histidine and 

leucine, and picking a tryptophan prototrophic colony, yielding strain IMX2486. Strain IMX2487 was 

constructed by transforming IMX2486 with a linear fragment, obtained by PCR amplification of the LEU2 

gene from CEN.PK113-7D, using primers 1742 and 1743. Strain IMX2488 was constructed by 

transforming IMX2487 with a linear fragment, obtained by PCR amplification of the HIS3 gene from 

CEN.PK113-7D, using primers 1738 and 3755. Strain IMK875 was constructed by transforming the 

Cas9-expressing strain IMX585 with plasmid pUDR405 and two double stranded repair oligonucleotides 

obtained by annealing oligonucleotides 8597 to 8598 and 8665 to 8666. Strain IMK876 was constructed 

by transforming the Cas9-expressing strain IMX581 with plasmid pUDR405 and two double stranded 

repair oligonucleotides obtained by annealing oligonucleotides 8597 to 8598 and 8665 to 8666. Strains 

IMK882 and IMK883 were obtained by transforming strains IMK875 and IMK876, respectively, with 

plasmid pUDR420 and a double stranded repair oligonucleotide obtained by annealing oligonucleotides 

14120 and 14121. Plasmids p426-TEF, pUDE813, pUDE814, pUDE1001, pUDE1002, pUDE1003, 
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pUDE1004, pUDE1021, pUDE1022, pUDC319, pUDC320, pUDC321, pUDC322, pUDC323, pUDC324, 

pUDC325, pUDC326 and pUDC327 were transformed in strain IMX2488, yielding IME581, IME582, 

IME583, IME584, IME585, IME586, IME587, IME588, IME589, IMC164, IMC165, IMC166, IMC167, 

IMC168, IMC169, IMC170, IMC171 and IMC172, respectively. Single colony isolates from evolution 

cultures (‘IMS’-strains) were obtained by plating the evolved culture on solid medium and restreaking a 

grown colony to a fresh plate three consecutive times.  

 

Table 2. Saccharomyces cerevisiae strains used in this study 

Strain name Relevant genotype a Origin 

CEN.PK113-7D Prototrophic reference, MATa [32] 

IMX581 MATa ura3-52 can1::cas9-natNT2 [36] 

IMX585 MATa can1::cas9-natNT2 [36] 

IMK341 MATa ura3::loxP ady2::loxP-hphNT1-loxP jen1::loxP [27] 

IMW004 MATa URA3 ADY2C755G jen1::loxP-KanMX4-loxP [27] 

IMW005 MATa URA3 ADY2C655G jen1::loxP-KanMX4-loxP [27] 

IMX1000 MATa ura3-52 trp1-289 leu2-3112 his3Δ can1Δ::cas9-

natNT2 mch1Δ mch2Δ mch5Δ aqy1Δ itr1Δ pdr12Δ 

mch3Δ mch4Δ yil166cΔ hxt1Δ jen1Δ ady2Δ aqr1Δ 

thi73Δ fps1Δ aqy2Δ yll053cΔ ato2Δ ato3Δ aqy3Δ 

tpo2Δ yro2Δ azr1Δ yhl008cΔ tpo3Δ 

[41] 

IMK875 MATa can1::cas9-natNT2 jen1Δ ady2Δ This study 

IMK876 MATa can1::cas9-natNT2 ura3-52 jen1Δ ady2Δ This study 

IMK882 MATa can1::cas9-natNT2 jen1Δ ady2Δ ato3Δ This study 

IMK883 MATa can1::cas9-natNT2 ura3-52 jen1Δ ady2Δ ato3Δ This study 

IMS807 IMK341 evolved for growth on lactate, evolution line A This study 

IMS808 IMK341 evolved for growth on lactate, evolution line A This study 

IMS809 IMK341 evolved for growth on lactate, evolution line A This study 

IMS810 IMK341 evolved for growth on lactate, evolution line B This study 

IMS811 IMK341 evolved for growth on lactate, evolution line B This study 

IMS1122 IMK882 evolved for growth on lactate This study 
IMS1123 IMK882 evolved for growth on lactate This study 
IMS1130 IMK882 evolved for growth on lactate This study 

IMX2486 IMX1000 ura3-52 TRP1, leu2-3112, his3Δ This study 

IMX2487 IMX1000 ura3-52 TRP1, LEU2, his3Δ This study 

IMX2488 IMX1000 ura3-52 TRP1, LEU2, HIS3 This study 



266 

IME581 IMX2488 p426-TEF (2μm) This study 

IME582 IMX2488 pUDE813 (2μm ATO3) This study 

IME583 IMX2488 pUDE814 (2μm ATO3T284C) This study 

IME584 IMX2488 pUDE1001 (2μm JEN1) This study 

IME585 IMX2488 pUDE1002 (2μm ADY2) This study 

IME586 IMX2488 pUDE1003 (2μm ADY2C755G) This study 

IME587 IMX2488 pUDE1004 (2μm ADY2C655G) This study 

IME588 IMX2488 pUDE1021 (2μm ATO2) This study 

IME589 IMX2488 pUDE1022 (2μm ATO2T653C) This study 

IMC164 IMX2488 pUDC319 (CEN6) This study 

IMC165 IMX2488 pUDC320 (CEN6 ATO3) This study 

IMC166 IMX2488 pUDC321 (CEN6 ATO3T284C) This study 

IMC167 IMX2488 pUDC322 (CEN6 JEN1) This study 

IMC168 IMX2488 pUDC323 (CEN6 ADY2) This study 

IMC169 IMX2488 pUDC324 (CEN6 ADY2C755G) This study 

IMC170 IMX2488 pUDC325 (CEN6 ADY2C655G) This study 

IMC171 IMX2488 pUDC326 (CEN6 ATO2) This study 

IMC172 IMX2488 pUDC327 (CEN6 ATO2T653C) This study 

 

 

8.2.5 MEDIA AND CULTIVATION 

Evolution experiments were performed in 500 mL shake-flask cultures containing 100 mL synthetic 

medium [33] with 84 mM lactic acid as sole carbon source. The pH of the medium was set at 5.0 and 

the cultures were incubated at 30°C in an Innova incubator shaker (New Brunswick Scientific, Edison, 

NJ, USA) set at 200 rpm. Auxotrophic requirements were supplemented as needed.  

Strains were characterized in SM supplemented with different carbon sources. To achieve an initial carbon 

concentration of 250 mM, the culture media contained either 42 mM glucose, 83 mM lactic acid, 125 

mM acetic acid or 83 mM pyruvic acid. The characterization was performed in a Growth-Profiler system 

(EnzyScreen, Heemstede, The Netherlands) equipped with 96-well plates in a culture volume of 250 μL, 

set at 250 rpm and 30°C. The measurement interval was set at 30 minutes. Raw green values were 

corrected for well-to-well variation using measurements of a 96-well plate containing a culture with an 

externally determined optical density of 3.75 in all wells. Optical densities were calculated by converting 

green values (corrected for well-to-well variation) using a calibration curve that was determined by fitting 

a third-degree polynomial through 22 measurements of cultures with known OD values between 0.1 and 

20. Growth rates were calculated using the calculated optical densities of at least 15 points in the 
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exponential phase. Exponential growth was assumed when an exponential curve could be fitted with an 

R2 of at least 0.985.  

 

8.2.6 ANALYTICAL METHODS 

Culture optical density at 660 nm was measured with a Libra S11 spectrophotometer (Biochrom, 

Cambridge, United Kingdom). In order to measure within the linear range of the instrument (OD between 

0.1 and 0.3), cultures were diluted in an appropriate amount of demineralized water. Metabolite 

concentrations in culture supernatants and media were analyzed using an Agilent 1260 Infinity HPLC 

system equipped with a Bio-rad Aminex HPX-87H ion exchange column, operated at 60°C with 5 mM 

H2SO4 as mobile phase at a flow rate of 0.600 mL min-1.  

 

8.2.7 DNA EXTRACTION AND WHOLE GENOME SEQUENCING 

Strain IMK341 and the evolved single colony isolates (IMS-strains) were grown in 500 mL shake flasks 

containing 100 mL YP medium supplemented with glucose (20 g L -1) as a carbon source. The cultures 

were incubated at 30°C until the strains reached stationary phase and genomic DNA was isolated using 

the Qiagen 100/G kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions and 

quantified using a Qubit® Fluorometer 2.0 (Thermo Fisher Scientific). The isolated DNA was sequenced 

in-house on a MiSeq (Illumina, San Diego, CA, USA) with 300 bp paired-end reads using TruSeq PCR-free 

library preparation (Illumina). For all the strains, the reads were mapped onto the S. cerevisiae 

CEN.PK113-7D genome [42] using the Burrows–Wheeler Alignment tool (BWA) and further processed 

using SAMtools and Pilon for variant calling [43-45].  

 

8.2.8 3D MODELLING AND MOLECULAR DOCKING OF ADY2, ATO2 AND ATO3 

The three-dimensional modelling analysis was performed for the protein sequences of Ato1, Ady2L219V, 

Ady2A252G, Ato2, Ato2L218S, Ato3 and Ato3F95S. The amino acid sequences were retrieved from the 

Saccharomyces Genome Database [46]. To determine the predicted transporter 3D structures, the amino 

acid sequences were threaded through the PDB library using LOMETS (Local Meta-Threading-Server) 

[47]. The Citrobacter koseri succinate acetate permease (CkSatP, PDB 5YS3) was the top ranked 

template threading identified in LOMETS for Ady2, Ato2 and Ato3 [48]. Since the CkSatP 

three-dimensional modelling obtained the best score for protein structure prediction, it was further 

considered for molecular docking analysis. Molecular docking simulations were performed as described 

by Ribas et al., 2017 [49]. Ligand structures of acetic, lactic and pyruvic acids for all target proteins in 
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the study were downloaded from Zinc database [50]. Structures used for docking were all confirmed in 

Maestro v11.2 before ligand-protein simulations using AutoDock Vina in PyRx software [51]. The docking 

studies were performed with dissociated forms of each carboxylic acid. The protonation states were 

adjusted to match a pH of 5.0-6.0 and exported in the mol2 format. Docking was performed with four 

docking-boxes for each protein complex, containing top, bottom and middle-structure parts for a more 

robust use of Autodock Vina program. Exhaustiveness parameter was set up for 1000 calculations for 

each one of grid-zones defined for docking. The generated docking scores and 2-3D pose views were 

evaluated for the establishment of molecular interactions and ligand binding affinities. 

 

8.3. RESULTS 

8.3.1 LABORATORY EVOLUTION ON LACTIC ACID LEADS TO POINT MUTATIONS IN ATO2 OR 

ATO3 

In an attempt to identify additional transporters able to catalyze uptake of lactic acid transport after gaining 

point mutations, we incubated strains IMK341 and IMX1000 in duplicate shake flasks cultures containing 

synthetic medium with lactic acid as the sole carbon source. In IMK341 the known carboxylic acid 

transporters JEN1 and ADY2 are knocked out (jen1Δ, ady2Δ), whereas IMX1000 contains a further 23 

deletions in putative lactic acid transporter-encoding genes [41]. After 9 weeks, growth was observed in 

both cultures of IMK341 whereas no growth was observed after 12 weeks of incubation of IMX1000. 

Whole-genome sequencing of evolved IMK341 (jen1Δ, ady2Δ) cell lines, isolated after transfer to fresh 

medium, revealed three to seven non-synonymous SNPs in each mutant and no chromosomal 

duplications or rearrangements (Table 3). Strikingly, all evolved isolates shared an identical mutation in 

ATO3 (ATO3T284C), which encodes a protein described to be involved in ammonium transport [52]. To 

investigate the role of ATO3 in lactic acid uptake, we overexpressed both the native and evolved ATO3 in 

IMK883 (jen1Δ, ady2Δ, ato3Δ) and tested the strains for growth on SM lactic acid plates. After 5 days, 

only the reference strain CEN.PK113-7D and the strain carrying the ATO3T284C allele were able to grow 

(Supplementary Figure 1), indicating that the T284C mutation in ATO3 was responsible for the evolved 

phenotype. We then combined the deletion of JEN1, ADY2 and ATO3 in strain IMK882 (jen1Δ, ady2Δ, 

ato3Δ) and repeated the evolution. After 5 and 12 days, growth was observed in two of the cultures from 

which strains IMS1122 and IMS1123 were isolated after transfer to a flask with fresh medium. In both 

single colony isolates, five SNPs were present (Table 3), including a common mutation in ATO2, 

(ATO2T653C), which has also been described as an ammonium transporter together with ATO3 and ADY2  
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[52]. Finally, the evolution was repeated with IMK982 (jen1Δ, ady2Δ, ato3Δ, ato2Δ), but no growth was 

observed after 12 weeks of incubation. 

 

Table 3. Amino acid changes identified by whole-genome sequencing of single colony isolates evolved 
for growth in medium containing lactic acid as sole carbon source. Isolates IMS807 to IMS811 are derived 
from IMK341 (jen1∆, ady2∆) and IMS1122 and IMS1123 are derived from IMK882 (jen1∆, ady2∆, 
ato3∆)). IMS807, IM808 and IMS809 are isolates from evolution line #1 and IMS810 and IMS811 are 
isolates from evolution line #2. The mutation Sip5*490Q

 indicates the loss of the stop codon. 
 

IMK341 evolution #1 IMK341 evolution #2 
IMK822 
evolution 

#1 

IMK822 
evolution 

#2 

IMS807 IMS808 IMS809 IMS810 IMS811 IMS1122 IMS1123 

Ato3F95S Ato3F95S Ato3F95S Ato3F95S Ato3F95S Ato2L218S Ato2L218S 

Mms2Y58C Mms2Y58C Mms2Y58C Sip5*490Q Sip5*490Q Lrg1H979N Whi2E119* 

Pih1D147Y Pih1D147Y Pih1D147Y Ssn2M1280R Lip5R4L Ykr051wY285H Ykr051wY285H 

Uba1L952F  Drn1P213L   Jjj1H356Q Jjj1H356Q 

Stv1L275F     Trm10A49V Trm10A49V 

Whi2E187*       

Vba4P198L       

 

8.3.2 OVEREXPRESSION OF MUTATED TRANSPORTERS ENABLES RAPID GROWTH IN LIQUID 

MEDIUM WITH LACTIC ACID AS SOLE CARBON SOURCE 
 

Strikingly, the evolved transporters able to catalyze uptake of lactic acid (ATO2 and ATO3 in this study, 

and ADY2 in work by de Kok et al., 2012) represent all members of the Acetate Uptake Transporter 

Family (TCDB 2.A.96). To characterize impact of the mutations on the ability of the mutated transport 

proteins to catalyze uptake of organic acids, we individually overexpressed JEN1, ADY2, ATO2 and ATO3 

and their mutated alleles via centromeric vectors in IMX2488, a strain background in which 25 (putative) 

organic acid transporters were deleted (Table 2). Whereas no viable cultures could be obtained with 

strains overexpressing wildtype ATO2 , all other IMX2488-derived transporter expressing strains had 

similar growth rates in liquid medium with 42 mM glucose as carbon source compared to the empty 

vector control (IMC164), indicating no major physiological adaptations to the overexpression of the 

transporters when grown on glucose (Figure 1, top left panel). Overexpression of the transporter variants 

from multicopy vectors resulted in a growth rate reduction of up to 66% compared to the empty vector 

reference when grown on glucose and were therefore not tested further (Supplementary Figure 2). In 

accordance with previous research, strains overexpressing ADY2, ADY2C755G and ADY2C655G showed a 
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maximum specific growth rate of 0.02 ± 0.01 h-1, 0.08 ± 0.01 h-1 and 0.10 ± 0.01 h-1 when grown in 

medium containing 83 mM lactic acid as carbon source, respectively (de Kok et al., 2012). Surprisingly, 

strains expressing the evolved ATO2T653C and ATO3T284C alleles outperformed all the other tested strains, 

with a maximum specific growth rate of 0.11 ± 0.01 h-1 and 0.15 ± 0.01 h-1, respectively (Figure 1, top 

right panel and Supplementary Figure 5). These represent the highest reported growth rates reported for 

S. cerevisiae on this carbon source and indicate that, similar to the role of evolved Ato3 in IMS807-811, 

the mutations in Ato2 are responsible for the evolved phenotypes observed in IMS1122 and IMS1123 

(Table 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Growth rates on different carbon sources of S. cerevisiae reference strain 
CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty 
vector or a vector carrying the indicated organic acid transporter. Bars and error bars 
represent the average and standard deviation of three independent experiments. SMD: synthetic medium 
with 42 mM glucose. SML: synthetic medium with 83 mM lactic acid. SMA: synthetic medium with 125 
mM acetic acid. SMP: synthetic medium with 83 mM pyruvic acid. Empty: empty plasmid. ADY2*: 
ADY2C755G allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele. For some 
experiments, a linear increase in optical density was observed, which impeded the determination of an 
exponential growth rate (indicated by L.G.). N.D.: not determined. 
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8.3.3 MUTATIONS IN ATO2 AND ATO3 CHANGE THE UPTAKE CAPACITY OF ACETATE AND 

PYRUVATE 
 

After demonstrating that the point mutations increased the catalytic activity of Ato2, Ato3 and Ady2 for 

lactic acid transport, we also investigated their ability to transport acetic and pyruvic acids (Figure 1, 

bottom panels and Supplementary Figures 6 and 7). In liquid medium at pH 5.0 with 125 mM acetic acid 

(pKa of 4.75), no growth was observed for any of the strains with the 25-deletion background, likely caused 

by acetic acid toxicity due to the absence of essential acetic acid exporters (Supplementary Figure 3). 

However, at pH 6.0 different growth characteristics were observed in strains expressing ADY2 and ATO3 

compared to their evolved counterparts. Whereas expression of native ADY2 resulted in slow 

non-exponential growth, expression of ADY2C755G or ADY2C655G improved growth performance. Surprisingly, 

native ATO3 was apparently able to catalyze acetate transport, a function not previously described for this 

gene, whereas only slow, non-exponential growth was observed for the evolved ATO3T284C variant. In 

medium containing 83 mM pyruvic acid, no exponential growth was observed for any of the strains 

expressing Ato2, Ato3 or Ady2 variants. However, slow, non-exponential growth was observed for strains 

expressing ATO2T653C or any variant of ADY2 which could indicate a minor change in affinity for this 

substrate caused by the point mutations. 

 

8.3.4 PROTEIN MODELLING REVEALS MUTATIONS IN THE CENTRAL HYDROPHOBIC 

CONSTRICTION SITE AS IMPORTANT FACTOR IN DETERMINING SUBSTRATE SPECIFICITY 
 

In order to establish a link between the observed phenotypes and the structure alterations of transporters 

carrying the mutated amino acid residues, the 3D protein structures of Ady2, Ato2 and Ato3 were 

predicted based on the crystal structure of the Citrobacter koseri acetate anion channel SatP (PDB 5YS3), 

a bacterial member of the AceTr family [48]. When combined with sequence alignment of Ady2p, Ato2p 

and Ato3p, it showed that the Leu219Val mutation in Ady2, the Leu218Ser mutation in Ato2 and the 

Phe95Ser mutation in Ato3 are amongst three amino acid residues that were previously identified to be 

essential for the formation of the central narrowest hydrophobic constriction of the anion pathway in 

C. koseri SatP [48] (Figure 2 and Figure 3). Specifically, these changes result in the substitution of the 

amino acid side group with a smaller (and in the case of Ato2 and Ato3 a more hydrophilic) alternative 

(Ato3 is shown in Figure  3 and the models for Ady2 and Ato2 can be found in Supplementary Figures 9 

and 10). Based on these models, we estimated the distance between these three hydrophobic residues 

and found an increased distance in the ADY2C655G, ATO3T284C and ATO2T653C encoded mutants compared to 
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their corresponding wildtype protein, leading to a larger aperture in the pore of the channel (table 4). We 

hypothesize that this increased size of the hydrophobic constriction may allow larger substrates to pass 

through, thus increasing substrate specificity and transport capacity. 

To investigate if the mutations affected the presence and affinity of binding sites for acetate, lactate and 

pyruvate, docking of ligands in the protein structures was simulated using AutoDock Vina (Supplementary 

Figure 10, Supplementary table 3 and 4). In all proteins, both wildtype and mutated models, four binding 

sites were identified for acetate, which is in accordance with what has previously been reported for the 

homolog CkSatP [48]. Of these four binding sites, two, which are located closest to the hydrophobic 

constriction, also consistently bind lactate and pyruvate. Strikingly, mutations in Ady2, Ato2 and Ato3 led 

to an increased lactate affinity of at least one of these two sites closest to the hydrophobic constriction, 

which might have contributed to the increased lactate transport capacity. No clear correlation was found 

between the physiology observed for strains overexpressing the different protein variants when grown on 

acetate and pyruvate and the corresponding binding affinities of these two ligands (Supplementary table 

3).  

 

Figure 2. Multiple sequence alignment of Citrobacter koseri SatP and Saccharomyces 
cerevisiae Ady2, Ato2 and Ato3. The multiple sequence alignment was built with ClustalOmega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Localization of transmembrane segments (TMSs) was 
predicted with PSI/TM-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee). Blue rectangles indicate 
residues of the narrowest constriction site F98-Y155-L219 (amino acid numbers reports to Ady2) 
(Qiu et al., 2018). Bold, underlined letters indicate the mutated residue. 
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Table 4. Average distances (in Å) between different amino acids in the constriction pore of Ady2, Ato2 
Ato3 and mutated alleles, calculated using the corresponding protein model. Bold values in the table 
indicate distances which are at least 1 Å larger than the one calculated in the reference structure. 
 

 

 

 
Figure 3. 3D-Models of the transporters Ato3 (dark blue) and Ato3 F95S (light blue). Left: 
side view of Ato3. Arrows indicate the hydrophobic constriction site, consisting of F95, L215 and F152. 
Binding sites for acetate (green ligand), lactate (blue ligand) and pyruvate (orange ligand) are here 
presented. Right, top view of either Ato3 (top) or Ato3F95S(bottom). The amino acids involved in the 
constriction site are shown. Purple lines and values indicate distances (in Å) between different anchor 
points of amino acids.  
 

Protein 
Amino acid residues 

Protein 
Amino acid residues 

Protein 
Amino acid residues 

219&98 98&155 155&219 218&97 97&154 154&218 215&95 95&152 152&215 

Ady2 4,57 6,85 3,96 Ato2 4,16 5,74 4,37 Ato3 4,04 4,60 4,11 

Ady2 
L219V 

4,37 6,94 5,34 
Ato2 

L218S 
5,94 5,64 5,57 

Ato3 
F95S 

7,69 8,50 4,51 

Ady2 
A252G 

4,49 6,74 3,89         
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8.4 DISCUSSION 

In this study, we report the identification and characterization of a family of transporter genes which, upon 

mutation, are able to efficiently catalyze the import of lactic acid in S. cerevisiae. As rational engineering 

to identify lactic acid transporters remains elusive [18, 41], we used adaptive laboratory evolution to 

select for mutants capable of consuming lactic acid, which led to the identification of mutations in ATO3 

(ATO3T284C) and ATO2 (ATO2T653C). Together with ADY2, ATO2 and ATO3 were previously described to code 

for ammonium transporters (Ammonium Transport Outwards) based on two observations: the high 

expression levels of these genes when S. cerevisiae exports ammonium, and the presence of a motif 

associated with ammonium transport in the encoded proteins [52]. However, the function of ADY2 has 

previously been assessed by Rabitsch, Toth [53], who identified it as a gene required for correct spore 

formation, and thus named it as ADY2 (Accumulation of DYads). In view of the observations in our study, 

where ADY2, ATO2 and ATO3 and their evolved variants catalyzed uptake of lactic and acetic acid, and 

the absence of mechanistic studies aimed at illustrating the phenomenon of ammonium export, we 

support the recent proposition by Alves, Sousa-Silva [54] to rename these genes, present in S. cerevisiae 

and other yeasts, as “Acetate Transporter Ortholog”. Our finding that besides Ady2, native Ato3 is able 

to catalyze acetate transport is in accordance with the observation that expression of both genes encoding 

these proteins are induced in yeast cells shifted from glucose to acetic acid as carbon source [26]. 

For physiological studies focused on organic acid substrate uptake, a platform strain devoid of organic 

acid importers is a useful tool as it enables characterization based on growth rate. The prototrophic strain 

IMC164 (25 deletions and empty vector) used in this study, exhibited a ~36% decreased growth rate on 

glucose (0.24 ± 0.00 h-1, Figure 1 and Supplementary Figure 4) compared to the reference laboratory 

strain CEN.PK113-7D (0.38 ± 0.02 h-1), which is in accordance with previous observations in bioreactor 

cultures [41]. 

No growth was observed for IMC164 on medium containing either lactic acid or pyruvate as sole carbon 

source (Figure 1), demonstrating that this is a suitable strain background to test pyruvic and lactic acid 

transport capacity of transporter variants. In contrast, when grown on acetic acid at pH 6.0, IMC164 

exhibited non-exponential linear growth (Supplementary Figure 6), suggesting acetic acid diffusion, or the 

presence of at least one gene involved in acetate transport in this strain background. It was reported by 

Kok, Nijkamp [27] that the overexpression of ADY2, under the control of the strong glycolytic promoter 

TEF1, was sufficient to enable slow growth (μmax ~0.02 h-1) in medium containing lactic acid as sole carbon 

source. 
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While the native alleles of ATO3 and likely ATO2 were not able to sustain growth on lactic acid medium, 

their mutated versions (ATO2T653C and ATO3T284C) enabled high growth rates, with the highest growth rate 

determined at 0.15 ± 0.01 h-1 for the strain harboring ATO3T284C. 

To the best of our knowledge, this growth rate represents the highest reported growth rate of S. cerevisiae 

expressing a single transport protein on lactic acid and is close to the growth rate observed by de Kok et 

al. (2012) of 0.14 h-1 by a strain expressing ADY2C655G. This 3-fold increase in growth rate of the engineered 

strain compared to the reference strain CEN.PK113-7D indicates that, in non-engineered S. cerevisiae 

strains, growth on lactic acid is likely limited by its transport into the cell, and not the capacity to be 

further metabolized. Therefore, for future work that requires fast consumption of lactic acid, 

overexpression of ATO3T284C can be considered. 

To infer the function of the newly identified mutations, the 3D structures of Ady2 (Ato1), Ato2 and Ato3 

were modeled using the known structure of a homologous transporter CkSatP as a scaffold [48]. Out of 

the four identified mutations in the evolved transporters, three modified one of the three amino acids in 

the narrowest hydrophobic constriction of the protein, allowing for a larger aperture to be formed. This 

observation is in line with previous research, in which changes in these hydrophobic residues in the 

Escherichia coli SatP homolog have been associated with a change of substrate specificity [55][56]. 

Simulation of ligand docking in the predicted Ato protein structures showed that the identified mutations 

led to an increased binding affinity of lactate in the core of the protein, whereas a similar consistent 

change in binding affinity for acetate and pyruvate was not observed. We postulate that an increased 

binding affinity upon mutation may contribute to increased transport capacity by facilitating passage of 

the ligand through the hydrophobic constriction, although the increased size of the hydrophobic 

constriction is probably the main contributor to the evolved phenotype. Other mechanisms may also 

contribute to an improved transport capacity, as observed for the A252G mutation which is located outside 

the constriction pore. These may include an improved transition between the closed to open state of the 

transporter or increased stability in the plasma membrane. 

In this study, we show that laboratory evolution is a powerful tool for the identification of genes involved 

in substrate transport and resulted in the identification of Ato3F95S, which enables the highest growth rate 

on lactic acid by S. cerevisiae reported in strains expressing a single transport protein thus far. In addition, 

the presented data on transporter structure and function led to the identification of important amino-acid 

residues that dictate substrate specificity of S. cerevisiae carboxylic acid transporters, which could 

potentially aid in future rational engineering and annotation of additional proteins involved in organic acid 

transport. 
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SUPPLEMENTARY DATA 

Supplementary Table 1. Primers used in this study 

Number Name Sequence (5’ -> 3’) Purpose 

8664 
JEN1_targetRNA 

FW SspI  

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAG

ATAAATGATCGTCACTCAATATTAATTTACGTTTTAGAGCTA

GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC 

Construction of 

pUDR405 

6262 
CrRNA insert ADY2 

fw 

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAG

ATAAATGATCCCCACCGTAAGAACATAATGGTTTTAGAGCT

AGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC 

Construction of 

pUDR405 

6005 p426 CRISP rv 
GATCATTTATCTTTCACTGCGGAGAAG 

 

Construction of 

pUDR405 – pUDR420 

8691 
ATO3_targetRNA 

FW SspI  

TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAG

ATAAATGATCGAGTATATCTCTTGAATATTGTTTTAGAGCTA

GAAATAGCAAGTTAAAATAAG 

 

Construction of 

pUDR420 

13552 

ATO3_targetRNA_R

V_SspI 

 

CTTATTTTAACTTGCTATTTCTAGCTCTAAAACAATATTCAA

GAGATATACTCGATCATTTATCTTTCACTGCGGAGAAGTTT

CGAACGCCGAAACATGCGCA 

 

Construction of 

pUDR420 

6006 
p426 CRISP fw 

 

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC 

 

Construction of 

pUDR420 

5921 Primer_pTEF1_rv 
AAAACTTAGATTAGATTGCTATGCTTTCTTTCTAATGAGC 

 

Linear p426-TEF 

backbone amplification 

10547 
p426-GPD 

backbone rv 

TCATGTAATTAGTTATGTCACGC 

 

Linear p426-TEF 

backbone amplification 

13513 pTEF1_ATO3 
TACAACTTTTTTTACTTCTTGCTCATTAGAAAGAAAGCATAG

CAATCTAATCTAAGTTTTATGACATCGTCTGCTTCTTC 

Construction of 

pUDE813 and 

pUDE814 

13514 tCYC1_ATO3 
CGGTTAGAGCGGATGTGGGGGGAGGGCGTGAATGTAAGCG

TGACATAACTAATTACATGATTAAGGAGCATTTGGCATTG 

Construction of 

pUDE813 and 

pUDE814 

17168 pTEF1_ADY2_fw 
TACAACTTTTTTTACTTCTTGCTCATTAGAAAGAAAGCATAG

CAATCTAATCTAAGTTTTATGTCTGACAAGGAACAAACG 

Construction of 

pUDE1002, 

pUDE1003 and 

pUDE1004 

17169 tCYC1_ADY2_rv 

CGGTTAGAGCGGATGTGGGGGGAGGGCGTGAATGTAAGCG

TGACATAACTAATTACATGATTAAAAGATTACCCTTTCAGTA

G 

Construction of 

pUDE1002, 

pUDE1003 and 

pUDE1004 

17170 pTEF1_JEN1_fw 
TACAACTTTTTTTACTTCTTGCTCATTAGAAAGAAAGCATAG

CAATCTAATCTAAGTTTTATGTCGTCGTCAATTACAGATG 

Construction of 

pUDE1001 

17171 tCYC1_JEN1_rv 
CGGTTAGAGCGGATGTGGGGGGAGGGCGTGAATGTAAGCG

TGACATAACTAATTACATGATTAAACGGTCTCAATATGCTCC 

Construction of 

pUDE1001 

17452 pTEF1_ATO2_fw 
TACAACTTTTTTTACTTCTTGCTCATTAGAAAGAAAGCATAG

CAATCTAATCTAAGTTTTATGTCTGACAGAGAACAAAGC 

Construction of 

pUDE1021 and 

pUDE1022 
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17453 tCYC1_ATO2_rv 

CGGTTAGAGCGGATGTGGGGGGAGGGCGTGAATGTAAGCG

TGACATAACTAATTACATGATTAGAAGAACACCTTATCATTG

C 

Construction of 

pUDE1021 and 

pUDE1022 

17742 p426_CENARS_fw 
TAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCG

AAAAGTGCCACCTGAACGAACGGATCGCTTGCCTGTAAC 

Amplification of CEN6 

from pUDC156 

17743 p426_CENARS_rv 
GATAATATCACAGGAGGTACTAGACTACCTTTCATCCTACA

TAAATAGACGCATATAAGTTCCCCGAAAAGTGCCACCTG 

Amplification of CEN6 

from pUDC156 

2949 F Tag Episomal Rev CGTTCAGGTGGCACTTTTCG 
Construction of 

pUDC319-pUDC327 

17741 p426_originremoval ACTTATATGCGTCTATTTATGTAGGATG 
Construction of 

pUDC319-pUDC327 

1742 LEU2 check fw GGTCGCCTGACGCATATACC LEU2 amplification 

1743 LEU2 check rv TAAGGCCGTTTCTGACAGAG LEU2 amplification 

1738 
HIS3 check fw 

 

GCAGGCAAGATAAACGAAGG 

 
HIS3 amplification 

3755 his3 outside rv (B) CACTTGTTCGCTCAGTTCAG HIS3 amplification 

8597 
JEN1_repair oligo 

fw 

AAGAAGAGTAACAGTTTCAAAAGTTTTTCCTCAAAGAGATTA

AATACTGCTACTGAAAATTCACTTTTCATTGCTCTCTAGGG

CGTGTTCGCTTCTCTATGTAACTGCATTTCACATATA 

Deletion of JEN1 

8598 JEN1_repair oligo rv 

TATATGTGAAATGCAGTTACATAGAGAAGCGAACACGCCCT

AGAGAGCAATGAAAAGTGAATTTTCAGTAGCAGTATTTAATC

TCTTTGAGGAAAAACTTTTGAAACTGTTACTCTTCTT 

Deletion of JEN1 

8665 
ADY2_repair oligo 

fw 

CGACAGCTAACACAGATATAACTAAACAACCACAAAACAAC

TCATATACAAACAAATAATGAGCACGACCTACTAATAACGA

GAACTATTGAAATAAAAAAGAGTAGTTTTTTATTTTTC 

Deletion of ADY2 

8666 
ADY2_repair oligo 

rv 

GAAAAATAAAAAACTACTCTTTTTTATTTCAATAGTTCTCGT

TATTAGTAGGTCGTGCTCATTATTTGTTTGTATATGAGTTGT

TTTGTGGTTGTTTAGTTATATCTGTGTTAGCTGTCG 

Deletion of ADY2 

14120 
ATO3_repair_syn_f

w 

ATTGAGACGCTCCCCCAGCAGGGTTCGATTGCAGGCGTTT

CGCAGGGCAGTAGAATTTCACCTAGACGTGGCCTTCTTGA

TGTTGATGTGTACATTGAAGAGCACGTGGGGTTTGTTCT 

Deletion of ATO3 

14121 
ATO3_repair_syn_f

w 

AGAACAAACCCCACGTGCTCTTCAATGTACACATCAACATC

AAGAAGGCCACGTCTAGGTGAAATTCTACTGCCCTGCGAA

ACGCCTGCAATCGAACCCTGCTGGGGGAGCGTCTCAAT 

Deletion of ATO3 
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Supplementary Table 2. Plasmid construction. Each plasmid was constructed via Gibson assembly of 
two linear DNA fragments. The template and the primers used to generate those fragments are indicated 
for each constructed plasmid. 
 

Name Relevant characteristic 
First 
fragment 

Second fragment Origin 

pROS13 
2μm ampR kanMX gRNA-CAN1 

gRNA-ADE2 
  [36] 

pMEL13 2μm ampR kanMX gRNA-CAN1    [36] 

pUDR405 
2μm ampR KAN-MX gRNA-JEN1 

gRNA-ADY2 
pROS13 
8664+6262 

pROS13 
6005 (binds twice) 

This study 

pUDR420 2μm ampR kanMX gRNA-ATO3 
pMEL13 
6005+6006 

dsDNA oligo formed 
by: 8691+13552 

This study 

p426-TEF 2μ URA3 pTEF1-tCYC1   [37] 

pUDE813 2μ URA3 pTEF1-ATO3-tCYC1 
p426-TEF 
5921+10547 

CEN.PK113-7D 
13513+13514 

This study 

pUDE814 2μ URA3 pTEF1-ATO3T284C-tCYC1 
p426-TEF 
5921+10547 

IMS807 
13513+13514 

This study 

pUDE1001 2μ URA3 pTEF1-JEN1-tCYC1 
p426-TEF 
5921+10547 

CEN.PK113-7D 
17170+17171 

This study 

pUDE1002 2μ URA3 pTEF1-ADY2-tCYC1 
p426-TEF 
5921+10547 

CEN.PK113-7D 
17168+17169 

This study 

pUDE1003 2μ URA3 pTEF1- ADY2C755G -tCYC1 
p426-TEF 
5921+10547 

IMW004 
17168+17169 

This study 

pUDE1004 2μ URA3 pTEF1- ADY2C655G-tCYC1 
p426-TEF 
5921+10547 

IMW005 
17168+17169 

This study 

pUDE1021 2μ URA3 pTEF1-ATO2-tCYC1 
p426-TEF 
5921+10547 

CEN.PK113-7D 
17452+17453 

This study 

pUDE1022 2μ URA3 pTEF1-ATO2T653C-tCYC1 
p426-TEF 
5921+10547 

IMS1122 
17452+17453 

This study 

pUDC156 CEN6 URA3 pTEF-CAS9-tCYC1   Marques et al. 2017 

pUDC319 CEN6 URA3 pTEF-tCYC1 
p426-TEF 
2949+17741 

pUDC156 
17742+17743 

This study 

pUDC320 CEN6 URA3 pTEF1-ATO3-tCYC1 
pUDE813 
2949+17741 

pUDC156 
17742+17743 

This study 

pUDC321 
CEN6 URA3 pTEF1-ATO3T284C-
tCYC1 

pUDE814 
2949+17741 

pUDC156 
17742+17743 

This study 

pUDC322 CEN6 URA3 pTEF1-JEN1-tCYC1 
pUDE1001 
2949+17741 

pUDC156 
17742+17743 

This study 

pUDC323 CEN6 URA3 pTEF1-ADY2-tCYC1 
pUDE1002 
2949+17741 

pUDC156 
17742+17743 

This study 

pUDC324 
CEN6 URA3 pTEF1- ADY2C755G -
tCYC1 

pUDE1003 
2949+17741 

pUDC156 
17742+17743 

This study 

pUDC325 
CEN6 URA3 pTEF1- ADY2C655G-
tCYC1 

pUDE1004 
2949+17741 

pUDC156 
17742+17743 

This study 

pUDC326 CEN6 URA3 pTEF1-ATO2-tCYC1 
pUDE1021  
2949+17741 

pUDC156 
17742+17743 

This study 

pUDC327 
CEN6 URA3 pTEF1-ATO2T653C-
tCYC1 

pUDE1022 
2949+17741 

pUDC156 
17742+17743 

This study 
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Supplementary Figure 1. Growth of different strains on SM media with lactic acid as the sole carbon 
source. Bottom left quadrant: prototrophic strain CEN.PK113-7D. Bottom right quadrant: IMK883 
(ura3-52, jen1Δ, ady2Δ, ato3Δ) carrying an empty p426-pTEF plasmid. Top right quadrant: IMK883 
carrying pUDE813 (p426-pTEF-ATO3). Top left quadrant: IMK883 carrying pUDE814 (p426-pTEF- 
ATO3T284C). Cells were streaked from a single colony and the plate was incubated at 30 °C for 5 days. 

 

Supplementary Figure 2. Growth rates on SMD of S. cerevisiae reference strain CEN.PK113-7D and 
the 25-transporter deletion strain IMX2488 expressing an empty multicopy vector or a multicopy vector 
containing the indicated organic acid transporter gene. Bars and error bars represent the average and 
standard deviation of three independent experiments. Empty: empty plasmid. ADY2*: ADY2C755G allele. 
ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele. 
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Supplementary Figure 3. Growth rates of S. cerevisiae reference strain CEN.PK113-7D and the 
25-transporter deletion strain IMX2488 expressing an empty centromeric vector or a centromeric vectors 
containing the indicated organic acid transporter gene. Growth on SMA medium set at pH5. Bars and 
error bars represent the average and standard deviation of three independent experiments. Empty: empty 
plasmid. ADY2*: ADY2C755G allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele. 

 

Supplementary Figure 4. Growth profiles in synthetic medium (pH 5.0) with glucose as the sole carbon 
source of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy 
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vector or a multicopy vector containing the indicated organic acid transporter gene. Empty: empty 
plasmid. ADY2*: ADY2C755G allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele. 

 
 
 
 

 

Supplementary Figure 5. Growth profiles in synthetic medium (pH 5.0) with lactate as the sole carbon 
source of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy 
vector or a multicopy vector containing the indicated organic acid transporter gene. Empty: empty 
plasmid. ADY2*: ADY2C755G allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele. 
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Supplementary Figure 6. Growth profiles in synthetic medium (pH 6.0) with acetate as the sole carbon 
source of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy 
vector or a multicopy vector containing the indicated organic acid transporter gene. Empty: empty 
plasmid. ADY2*: ADY2C755G allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele. 
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Supplementary Figure 7. Growth profiles in synthetic medium (pH 5) with pyruvate as the sole carbon 
source of CEN.PK113-7D and the 25-transporter deletion strain IMX2488 expressing an empty multicopy 
vector or a multicopy vector containing the indicated organic acid transporter gene. Empty: empty 
plasmid. ADY2*: ADY2C755G allele. ADY2**: ADY2C655G allele. ATO2*: ATO2T653C allele. ATO3*: ATO3T284C allele. 
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Supplementary Figure 8. 3D model of Ady2, Ady2 C755G and Ady2 C655G alleles. Left, side view of Ady2 where arrows indicate the hydrophobic constriction site. Ady2 binding sites for 
acetate (green ligand), lactate (blue ligand) and pyruvate (orange ligand) are presented. Right, top view of Ady2, Ady2 C755G and Ady2 C655G alleles. The amino acids involved in the hydrophobic 
constriction site are shown. Purple lines and values indicate distances (in Å) between different anchor points of amino acids.
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Supplementary Figure 9. 3D model of Ato2 and Ato2 L218S allele. Left, side view of Ato2 where the 
arrows indicate the constriction site. Ato2 binding sites for acetate (green ligand), lactate (blue ligand) 
and pyruvate (orange ligand) are presented. Right, top view of either Ato2 or Ato2 L218S allele. The amino 
acids involved in the constriction site are shown. Purple lines and values indicate distances (in Å) between 
different anchor points of different amino acids. 
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Supplementary Table 3. Average of the binding affinity values [kcal/mol] calculated with PyRx software 
for the docking of ligand in the predicted structures of wildtype and mutated Ady2, Ato2 and Ato3. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

3D-Protein 
templates 

 Average of binding affinities (kcal/mol) at different binding sites 

Acetate 

1 
2 3 

4 

a b c a b c 

Ady2 -2,1 -2,4 -2,3 -2,7 -3,1 -2,7  -  - 

Ady2 A252G -2,3 -2,2 -2,1 -3,1 -3,1 -2,6 -2,7  - 

Ady2 L219V  -2,4  - - -3,0 -3,0 -2,5 -2,7  - 

Ato2 -2,5 -2,6 - -3,1 -2,9 -2,8 -2,9 -3 

Ato2 L218S -2,7  - -  -2,7 -3,1 -3,3 -2,6 -2,5 

Ato3 -2,3 -2,2 -  -2,9 -3,0 -2,2  - -2,4 

Ato3 F95S -2,6 -2,4 -  -3,0 -2,9 -2,4 -2,4 -2,4 

 
Lactate 

1 
2 3 

4 

a b c a b c d 

Ady2  - -3,1 -3,0 -3,6 -4,3 -3,5 -3,1 -3,1  - 

Ady2 A252G -2,9 -2,8 -2,7 -3,7 -4,4 -3,3 -3,4 - -2,1 

Ady2 L219V  -3,4 - - -3,9 -4,4 - -3,8 - - 

Ato2 -3,2 -3,1 -3,2 -3,9 -3,8 - -2,9 - - 

Ato2 L218S -3,5 - - -3,8 -4,2 -3,6 - -3,4 - 

Ato3  - - - -3,4 -3,8 -3,1 - -3,2 - 

Ato3 F95S -3,3 - - -4,2 -4,0 -3,2 -3,2 -3,2 - 

 
Pyruvate  

1 
2 3 

4 

a b c a b c 

Ady2  - -3,1  - -3,7 -4,2 -3,2 -3,3 - 

Ady2 A252G -3,0 - -2,7 -3,9 -4,3 -3,3 -3,3 - 

Ady2 L219V  -3,2 -  - -4,0 -4,2 - -3,5 - 

Ato2 -3,3 -3,3 -3,1 -3,9 -4,1 - -3,6 - 

Ato2 L218S -3,5 - - -3,9 -4,3 - - -3,3 

Ato3 -  - - -3,6 -4,0 -3,0 - -3,2 

Ato3 F95S -3,4 - - -4,2 -3,9  - -3,4  - 
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Supplementary figure 10. Molecular docking sites of acetate (green ligand), lactate (blue ligand) and pyruvate (orange ligand) in the predicted structure of 

Ady2, Ato2 and Ato3, identified using Autodock Vina. 
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Supplementary Table 4. Residues identified by molecular docking analysis as being involved in the 
establishment of strong interactions with the indicated ligand. Initials IL stands for ionic ligation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3D-Protein 
templates 

Acetate Lactate Pyruvate 

Ady2 
N89, N145, S208, 
T222, H23O (IL), T262 

N89, T102, S106, Q133, E140, 
N145, D182, S208, T222, 
G229, H230, T238 

N145, S208, T222, 
H230, T238 

Ady2 
L219V 

Y176, T209, T222, 
H230, T238, N255 

T102, N109, Y176, T209, 
T222, H230, N255 

N109, Y166, Y176, T222, 
T209, H230, N255 

Ady2 
A252G 

N109, R111(IL), Q133, 
N145, Y176, T209, 
T222, H230 (IL), T238, 
N255,  

K86, T102, N109, R111(IL), 
Q133, N145, Y176, T209, 
T222, H230(IL), T238, N255, 
G259, T262 

Y176, R111(IL), T209, 
T238, T222, H230, 
N255, T262 

Ato2 
Q132, N229, K176(IL), 
Y175, T237, T221, 
S207 

T101, Q132, N144, S207, 
T221, N229, T237, N254, 
T261, R262(IL) 

H84, K85(IL), Q132, 
S207, T221, N229, T237, 
T261, N254 

Ato2 
L218S 

K176, S180, T208, 
S218, T221, N229, 
T237 

S105, Q132, D173, A174, 
K176, D177, S180, L182, 
T208, T221 

D173, K176, S180, 
L182, T208, T221 

Ato3 
N106, Y173, T205, 
T218, M271 

C99, N106, G162, Y173, T218, 
N230 

N106, Y173, T218 

Ato3 F95S 
S95, N106, T218, 
K234, S258 

S95, N106, C158, Y159, T218, 
D229, N231, K234, S244, 
S251 

S95, N106, T218, K234, 
S258 
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GENERAL DISCUSSION 

As highlighted throughout this project, organic acids play a central role in cell metabolism regulating 

several cellular mechanisms and overall cell homeostasis. In addition, compounds like carboxylic acids 

have a wide versatility, as chemical-building blocks, and applicability in several industrial segments 

particularly in the food, pharmaceutical and chemical sectors [1]. Currently there is a great demand to 

obtain such products in a more sustainable way, as an alternative to the traditional petrochemical-based 

methods. Several processes are being implemented at the industrial level relying on their production 

via microbial fermentation using yeasts and bacteria [2]. Nevertheless, several constraints still have to 

be overcome, as the majority of these molecules are reported to be toxic to cell factories leading to cytosol 

acidification, affecting negatively the productivity and titer of bioprocesses, or even conducting to 

membrane disruption [3-5]. Thus, it becomes necessary to optimize existing cell factories and explore 

novel expression hosts, as more efficient and robust microbial cell factories are needed achieve an 

economically viable industrial production of carboxylic acids. 

One of the microorganisms emerging as a promising biorefinery is the yeast Cyberlindnera jadinii, as 

reviewed in Chapter II. Its increased tolerance level to adverse conditions present in industrial 

fermentation [6], turn this yeast an ideal platform for biotechnological processes. In addition, C. jadinii 

has been widely explored as a source of single-cell protein while being able to synthetize several important 

compounds, e.g. vitamins, organic acids and proteins [6-9]. In this review, we highlighted ecology, 

morphology and physiology, taxonomy, life cycle, and genome variation of C. jadinii yeast strains. We also 

present the molecular tools already developed for its genetic manipulation and highlight the need for more 

efficient genomic manipulation systems. The emerging biotechnological potential of this yeast includes 

therapeutic applications, the production of food supplements using cost-effective carbon sources, 

improvement of cosmetic and health care products, and applications in agriculture and wine making 

industry. Finally, an overview of membrane transporters characterized in this yeast is also presented since 

they play a pivotal role in cell homeostasis, regulating substrates consumption, metabolic fluxes between 

organelles and metabolite export [10, 11]. 

In Chapter III we have reviewed membrane transporters used for the bioproduction of organic acids. The 

expression of organic acid exporters is reported to improve the microorganism’s tolerance to organic 

acids and increase extracellular titers [12, 13]. The most relevant and emerging cell factories for the 

production of organic acids are presented in this review, along with the engineering strategies applied to 

turn them into efficient producers of this family of compounds. The transporter engineering approaches 

were also highlighted, especially in Saccharomyces cerevisiae. Albeit the progresses made on this field, 
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the redesigning and engineering of optimized membrane transporters for industrial organic acid 

production remains in an early stage as the functional and structural characterization of transporters is 

still a laborious process [14].  

The experimental work of this PhD thesis was mainly we focused in the identification of novel carboxylic 

acid transporters and its functional and structural characterization. Next, the most prominent conclusions 

of the work, are presented. 

 

• Non-Saccharomyces yeasts may become attractive platforms for the bioproduction of 

carboxylic acids. C. jadinii strains display distinct physiological and genomic traits. 

In Chapter IV we explored ten wild yeast species isolated from biowastes. Morphological and physiological 

traits of the wild species were studied and the yeasts Pichia kudriavzevii, Candida tropicalis and 

Cyberlindnera jadinii yeasts were identified as promising expression hosts for bioproduction of organic 

acids. The yeast C. jadinii was selected for further analysis where the physiological and genetic diversity 

of distinct wild isolates and laboratorial strains was explored. These results highlight a set of promising 

yeasts to be further investigated considering their robust metabolic capabilities. 

 

• C. jadinii transporter proteins from the SHS, AceTr, DASS and SSS families mediate the 

uptake of acetate, lactate, succinate and citrate in S. cerevisiae IMX1000.  

In this work, we made an extensive characterization of the predicted C. jadinii transportome, and the 

most promising carboxylate transporters were functionally characterized by heterologous expression in 

the S. cerevisiae IMX1000 strain. A total of sixteen transporters were uncovered belonging to six 

transporter families, AceTr (TC 2.A.96), SHS (TC 2.A.1.12), SSS (TC 2.A.21; SLC member 5), TDT (TC 

2.A.16), DASS (TC 2.A.47; SLC member 13) and MCT (TC 2.A.1.13; SLC member 16). The carboxylate 

transporters in S. cerevisiae strain encode sixteen acetate transporters, fourteen lactate transporters 

(CjSlc16; CjSlc5; CjSlc13-1; all CjAto and CjJen), five succinate transporters (CjAto2; CjAto5; CjJen6; 

CjSlc5 and CjSlc13-1) and four citrate transporters (CjAto5; CjJen6; CjSlc5 and CjSlc13-1). Some of these 

transporters have a distinct substrate specificity than previously identified homologs. For instance, CjAto2 

and CjAto5 are the only AceTr yeast members able to transport succinate so far described, and for the 

first time a citrate transporter, CjAto5, was functionally characterized in this family. In addition, functional 

characterized CjSlc5 homologs are described as amino acid transporters. 

The modifications detected in specific amino acid residues may be responsible for gain of function for 

succinate and citrate uptake observed in the CjAto2p, CjAto5p, CjJen6p and CjSlc5p transporters. Since 
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Jen1 and Ato1 transporters are involved in the efflux of lactate in a S. cerevisiae lactic acid producing 

strain [15], a similar export activity might be present in C. jadinii homolog proteins. In view of the already 

uncovered protein-transporter systems previously reposted in C. jadinii [16, 17], we postulate that CjAto1, 

CjAto3-4 and CjJen1-5 can encode the proton-symporter systems accepting several monocarboxylates. 

The transporters CjAto5p, CjJen6p, CjSlc13-1p and CjSlc5p may correspond to the facilitated-diffusion 

systems working as general organic permeases able to accept mono, di and tricarboxylic acids. However, 

further studies are necessary to reveal the identity of the transporters functionally characterized in 

C. jadinii, i.e. expression patterns, energetics of transporter systems. 

The phylogenetic reconstructions of SHS, SSS and DASS family members revealed that SHS and DASS 

homologs are present in prokaryotic and eukaryotic organisms, whereas SSS members were only found 

in eukaryotic organisms. The presence of SHS and DASS members across the microbial diversity suggests 

the occurrence of a specific and essential role of theses members in microbial evolution. 

 

• The AnCexAp membrane protein transports both citrate and isocitrate in S. cerevisiae. 

Structure function studies reveal critical residues involved in citrate transport.  

The functional and structural characterization of the AnCexA by heterologous expression in S. cerevisiae 

is reported in Chapter VI. In this study, we characterized the import of citrate as a low-affinity system, 

being highly specific for citric and isocitric acids at pH 5.5. AnCexA is a member of DHA1 transporter 

family [18]. The phylogenetic analysis of AnCexA homologs revealed their distribution across the microbial 

diversity, evidencing a high prevalence in basidiomycetes and ascomycetes. A site-directed mutagenesis 

approach, based on the existence of conserved domains, as well as 3D model prediction and docking 

studies, identified critical residues for citrate transport. These findings can provide leads on how to 

engineer AnCexA transporter for improved bioproduction of citrate. 

 

• The signature motif NPAPLG(M/S) of AceTr family is essential for substrate uptake. The 

evolutionary analysis of AceTr family members reveals a ubiquitous occurrence in fungi. 

MaAcep and YlGpr1p are acetate permeases.  

AceTr family members are present in eukaryotic and prokaryotic organisms with a strong incidence in 

fungi, suggesting the relevance of AceTr members in fungal evolution. 

The functionality of several AceTr family members was explored in this work. Ato2p from S. cerevisiae 

and Gpr1p from Yarrowia lipolytica were characterized by heterologous expression in S. cerevisiae jen1Δ 
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ady2Δ strain and Acep from Methanosarcina acetivorans was expressed in Escherichia coli triple 

yaaH/actP/ lldP mutant strain. YlGpr1p and MaAcePp were characterized as acetate transporters.   

A structure function study revealed that the NPAPLGL(M/S) conserved motif of AceTr members, EcSatP 

and ScAto1, is essential for substrate transport, once mutations in this domain suppressed transport 

activity. Membrane targeting and stability was found not to be affected in these Ato1 mutant alleles. 

 

• Adaptive laboratory evolution lead to the selection of key amino acid residues from 

ScAto2 and ScAto3 carboxylic acid transporters involved in substrate specificity.  

Chapter VIII presents the characterization of mutated versions of Ato transporters resulting from a directed 

evolution strategy on lactate, which were able to efficiently catalyze the import of lactic acid in 

S. cerevisiae. Whole-genome resequencing and reverse engineering identified the transporter alleles Ato2 

L218S and Ato3 F95S, as being involved in lactic acid transport. The Ato2 L218S mutation also led to 

the gain of function for acetic acid transport, as the native ScAto2 was not able to transport this acid [19]. 

The growth rate displayed by Ato3 F95S on media containing lactic acid as sole carbon source was the 

highest growth rate (0.15 ± 0.01 h-1) reported so far.  

The in silico analysis of transporter protein 3D models showed that several mutations resulted in the 

widening of the narrowest hydrophobic constriction of the pore. This observation, in combination with an 

increased binding affinity predicted for lactic acid in the binding sites adjacent to this constriction site, 

can be responsible for the improved lactic acid transport in the evolved proteins 

Overall, the presented data on transporter structure and function led to the identification of relevant 

residues that dictate substrate specificity of S. cerevisiae carboxylic acid transporters that could potentially 

aid in future rational engineering and annotation of additional proteins involved in organic acid transport. 

 

FINAL REMARKS AND FUTURE STEPS 
 

Our studies support the relevance of carboxylate transporters in the biotech industry, expand the list of 

microbial carboxylate transporters characterized and provide novel phylogenetic, functional and structural 

insights on members from different transporter families. Altogether, we studied members from seven 

transporter families, namely AceTr (in Chapters I, V, VII and VIII), SHS, SSS, TDT, DASS, MCT (all in 

Chapter V) and DHA1 (in Chapter VI), and present a set of studies that demonstrate their role as functional 

carboxylate transporters. 
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The future steps will include the functional expression of these carboxylate transporters in microbial 

strains engineered for the carboxylic acid production. The overexpression of promising carboxylate 

transporters will contribute to the improvement of biorefineries by increasing carboxylic acid titers, 

decreasing production costs, turning carboxylic acid bioproduction a competitive alternative to 

petrochemical-derived products. 

The inexistence of an extensive knowledge on the metabolism, regulatory networks, and transport 

mechanisms of C. jadinii hampers the utilization of this yeast in a wider range of biotechnological 

applications. The genomic characterization of several C. jadinii strains will certainly reveal the genetic 

features underlying the existing interspecies variability, in particular between its teleomorph (C. jadinii) 

and anamorph (C. utilis) states. It is also important to determine the ploidy level of the different strains, 

as they are predicted to vary between 2n-5n. Another important aspect will be the determination of 

interspecies variation regarding carboxylate transporters, and if present to correlate them with the existing 

phenotypic differences for the utilization of carboxylic acids as sole carbon and energy sources. 

Also, the evaluation of gene expression patterns by qRT-PCR of the different transporters here uncovered, 

or even a RNAseq approach to determine the expression profile of transporter proteins when cells are 

grown in different carboxylic acids,  will help to characterize the C. jadinii transportome. Ultimately, the 

disruption of genes in C. jadinii can unveil the overall contribution of each transporter protein for 

carboxylate transport. One of the procedures to efficiently perform such deletions is the CRISPR/Cas 

system that was recently reported for this yeast. To deepen the knowledge on structure-function, 

site-directed mutagenesis of the residues highlighted throughout the study is also necessary to determine 

their role in the substrate recognition and protein activity. Further studies are also needed to clarify the 

energetics associated to the identified transporters. To evaluate the role of these transporters as exporters, 

carboxylate-producer strains will be engineered to express selected proteins. The bioreactor cultivations 

coupled with HPLC measurements will allow the assessment of the produced metabolites e.g. lactate, 

succinate and citrate.  

Moreover, across the other uncovered non-Saccharomyces yeasts, C. tropicalis and P. kudriavzevii, it is 

still missing a deep knowledge over their morphological, physiological and genomic traits for a 

comparative analysis between the wild yeast isolates against correspond collection strains. The genome 

sequencing of these latter species will allow the identification of genomic variations occurred due to their 

adaptation to acidic environments. According to the results here obtained the two yeast species can 

become promising hosts for the production of organic acids. 
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Meanwhile, the molecular transport mechanism involved in AnCexAp citrate uptake/efflux it is still 

unconfirmed. The use of ionophores, such as valinomycin or monensin, can clarify the citrate transport 

dependency on the electrochemical potential. We also propose a detailed characterization of AnCexA 

mutants by measuring the transport activity, protein localization and citrate production. These will be of 

particular interest in mutants that present a growth lower than the wild-type CexA, that could result from 

an increased export capacity. Inhibition assays can confirm modifications in substrate specificity. 

Furthermore, to elucidate whether the growth phenotypes associated to a loss of function are a result of 

an incorrect protein localization or lack of transporter function, protein localization will be evaluated in 

GFP-tagged mutant alleles. 

Future work on AceTr family members, e.g ScAto1, EcSatp and YlGpr1, should be extended to other 

conserved residues to determine their contribution in substrate specificity, protein localization stability 

and energetics. This approach should also be applied to evolved lactic acid transporters ScAto2 L218S 

and ScAto3 F95S. 
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