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Abstract
Acinetobacter baumannii is the leading bacteria causative of nosocomial infections, 
with high fatality rates, mostly due to their multi-resistance to antibiotics. The cap-
sular polysaccharide (k-type) is a major virulence factor. Bacteriophages are viruses 
that specifically infect bacteria and have been used to control drug-resistant bacte-
rial pathogens. In particular, A. baumannii phages can recognize specific capsules, 
from a diversity of >125 that exist. This high specificity demands the in vivo identi-
fication of the most virulent A. baumannii k-types that need to be targeted by phage 
therapy. Currently, the zebrafish embryo has particularly attained interest for in 
vivo infection modeling. In this study, an A. baumannii infection was successfully 
established, through the bath immersion of tail-injured zebrafish embryos, to study 
the virulence of eight capsule types (K1, K2, K9, K32, K38, K44, K45, and K67). The 
model revealed itself as capable of discerning the most virulent (K2, K9, K32, and 
K45), middle (K1, K38, and K67), and the less virulent (K44) strains. Additionally, 
the infection of the most virulent strains was controlled in vivo resorting to the same 
technique, with previously identified phages (K2, K9, K32, and K45 phages). Phage 
treatments were able to increase the average survival from 35.2% to up to 74.1% 
(K32 strain). All the phages performed equally well. Collectively, the results show 
the potential of the model to not only evaluate virulence of bacteria such as A. bau-
mannii but also assess novel treatments' effectiveness.
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1   |   INTRODUCTION

Acinetobacter baumannii has become a major nosocomial 
pathogen that poses a particular threat in immunocom-
promised patients.1,2 This bacterium has a high incidence 
among patients whose care requires devices such as ven-
tilators, sutures, and catheters and causes wound, skin, 

lung, and bloodstream infections, which are particularly 
dangerous in intensive care units.1,3

A. baumannii is a leading bacterial pathogen for death 
associated with antibiotic resistance, killing over 500 000 
people globally in 2019.4 Many isolated strains are resis-
tant to most, if not all, antibiotics.5,6 In fact, many clinical 
isolates are already resistant to last-resort antibiotics, like 
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carbapenems, colistin, and third-generation cephalospo-
rins.7-11 As a result, A. baumannii has been designated by 
the World Health Organization as the number one priority 
pathogen for the development of novel antimicrobials.7-11

The capsule (k-type) is considered to be a major vir-
ulence factor of A. baumannii. This outer layer that 
surrounds bacteria is involved in intrinsic resistance to 
peptide antibiotics,12 shields bacteria from host immune 
responses,13,14 hides the receptors for predators (such as 
bacteriophages), and interacts with biotic and abiotic sur-
faces for biofilm formation, allowing environment adap-
tation.15-17 As a consequence of many selective pressures, 
the capsule is highly diverse. The presence of at least 125 
capsular forms in A. baumannii may indicate the complex 
and numerous defensive mechanisms established by this 
pathogen but the virulence and prevalence of the capsular 
types in clinical situations are unclear.18,19 The first and 
only capsule typing technique has only recently (2020) 
become available through Kaptive.20 Therefore, despite A. 
baumannii being associated with many nosocomial infec-
tions, links between particular capsule types and clinical 
infection remain poorly understood. Owing to the diver-
sity of capsules, it is of utmost importance to establish 
novel methods capable of assessing the most virulent cap-
sule types for epidemiology and targeted therapy.

Bacteriophages (phages) are viruses that infect bacteria 
but are harmless to human cells. Lytic phages, also known 
as virulent phages, recognize the host cells through spe-
cific receptors, inject their DNA inside the cells, and repli-
cate the genetic material, leading to the synthesis of more 
lytic phage particles, lysing the cells in the end to release 
the progeny. Once the host cell is lysed, the virion finds a 
new host to infect and further replicate.21-23

Phage treatment has recently rekindled interest in han-
dling difficult-to-treat bacterial infections. Acinetobacter 
phage therapy has already been assessed as an alternative 
to the non-functional antibiotics. In 2016, the first pub-
lished medical intervention using phages was made to treat 
a systemic drug-resistant A. baumannii infection in the US, 
the well-publicized “Patterson case”.24 Since then, many A. 
baumannii-infecting phages have been isolated and charac-
terized. Currently, there are several phages described that 
specifically recognize A. baumannii capsules through tail-
spike proteins (K1-2, K9, K19, K27, K30, K32, K37, K44-45, 
K47-48, K87, K89, K91, K93, and K116).18,25-28 Their anti-
bacterial potential, however, has not been extensity tested 
in vivo. Worldwide, the zebrafish (Danio rerio) has become 
a popular non-mammalian vertebrate model for the study of 
infectious human diseases, due to the strong similarities of 
its innate immune system with that of humans, its unprece-
dented possibilities for real-time imaging, as well as the ease 
of maintenance, high fecundity, and rapid development.29-31 
Particularly, the use of embryos is receiving increasing 

attention, since they are considered as a replacement method 
for animal experiments for drug screening, with reduced eth-
ical constraints.31 Indeed, zebrafish embryo has now been 
used as a model to study pathogeny of diverse infections.32 
Moreover, A. baumannii infection has already been suc-
cessfully established through systemic injection in zebrafish 
embryo.32

The chorion is the acellular coat that surrounds the em-
bryo until the hatching period.31,33 The embryo can either 
hatch naturally (starting at 48 h post-fertilization, hpf) or it 
can be removed artificially by resorting to enzymatic assis-
tance or by mechanical dechorionation (starting at 6 hpf). 
The latter technique is quick, easy, and non-costly when per-
fected, and can be done in the early stages of development. 
After the natural or artificial hatching, the establishment of 
the infection and treatment delivery in the embryos can resort 
to two different pathways: microinjection or bath immersion.

Nogaret et al. (2021) have established a novel proto-
col for Pseudomonas aeruginosa infection in zebrafish 
embryo to assess the virulence of wild-type PAO1 and 
an attenuated mutant based on bath immersion of tail-
injured embryo technique.34 This study additionally val-
idated the model for antipseudomonal drug testing with 
ciprofloxacin, a clinically validated antibiotic and a novel 
therapy confirmed in vitro but not in an organism model. 
Therefore, this novel protocol might serve as a base for 
establishing disease in zebrafish embryo with similar 
Gram-negative and opportunistic bacteria, such as A. bau-
mannii, and later advancing for phage treatment.34

Although the phage antimicrobial therapy has already 
been successfully assessed for different pathogens, re-
sorting to the zebrafish embryo model,35,36 this therapy 
has only been performed through the systemic injection 
method, and never before with A. baumannii infections.

Consequently, the main goals of this work are to firstly 
implement the zebrafish embryo model of infection for A. 
baumannii, to later assess the virulence of different cap-
sular types (K1, K2, K9, K32, K38, K44, K45, and K67). 
Another goal includes the evaluation of the effectiveness 
of phage therapy in controlling the infection in the ze-
brafish model. Hence, an additional goal is the selection 
and optimization of the therapy for the treatment of A. 
baumannii human disease, as a possible replacement for 
common non-functional antibiotics.

2   |   MATERIALS AND METHODS

2.1  |  Bacterial strains, phages, and media

A panel of eight different A. baumannii K-types (K1, 
K2, K9, K32, K38, K45, and K67), which belong to the 
collections of Alexandr Nemec (NIPH and ANC strains) 
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and of the Institute Pasteur (CIP 90 strains) or previ-
ously isolated by us, was used.37 These strains were 
grown at 37°C in trypticase soy broth (TSB) or in trypti-
case soy agar (TSA, containing 1.2% agar). CHROMagar 
Acinetobacter was also used for Acinetobacter strains in 
the in vivo assays. Additionally, five phages specific for 
distinct A. baumannii capsule types (K1, K2, K9, K32, 
and K45 phages) previously available in the group were 
used for treatments.19

2.2  |  Phage production

Acinetobacter phages were produced as previously de-
scribed by Oliveira et al.38 Phages were produced infect-
ing mid-exponential growing strains (optical density 
OD600 of around 0.3) for 24 h at 37°C with agitation. 
Next, samples were centrifuged (4000 g, 15 min) and the 
supernatant was filtered (0.45-μm syringe filters). To pu-
rify phages, 1 g of PEG (Polyethylene Glycol 8000, Fisher 
BioReagents) was added for each 10 mL, followed by 
overnight incubation in a cold chamber (4°C, 120 rpm). 
The following day, samples were centrifuged (9500 g 
for 15 min, 4°C) and the pellet was resuspended in SM 
buffer (100 mM NaCl, 10 mM MgSO4, 50 mM Tris-HCl, 
pH 7.5). Subsequently, chloroform was added (1/4 of the 
volume of the suspension) for the removal of bacteria, 
and mixed with a vortex (Fisherbrand) for 1 min, fol-
lowed by centrifugation (3500 g for 15 min, 4°C). Next, 
the upper translucent phase was collected and filtered 
(0.22 μm Whatman).

For phage titration, from the produced phage stock, 
10-fold serial dilution was prepared in SM buffer. Next, 
10 μL of each dilution was dropped and spread into the 
bacterial lawns, and incubated at 37°C overnight. The 
following day, plaque-forming units (PFU) were counted, 
and each phage stock's concentration was determined.

2.3  |  Zebrafish embryos

2.3.1  |  Adult zebrafish 
maintenance and breeding

Adult zebrafish from AB strain are maintained in 30-L 
aquariums with reconstituted freshwater. The aquarium 
is equipped with a thermometer, a heater, constant aera-
tion, and a filter containing bio-balls, cotton, and active 
carbon. The water is kept at 26°C, with pH between 6.5 
and 8, and a photoperiod of 14:10 (light: dark, L:D) is 
established. The fish are fed two times a day with tetra 
flakes ad libitum, and on breeding days with 48 h hatched 
Artemia sp.

For the egg production, 5:5 male-to-female ratio adult 
zebrafish were separated into breeding cages briefly be-
fore the start of the 10-h dark period. After 10 h, the light 
was turned on in order to start the mating. After 1 h of the 
onset of light, the fertilized eggs were collected, counted, 
and carefully washed with filtered freshwater (Thermo 
Scientific Nalgene Rapid Flow 50, 0.2 μm) multiple times. 
The embryos were maintained until 48 hpf at 28°C under 
standard conditions in filtered freshwater (0.05 g/L of NaCl, 
0.03 g/L of NaHCO3, and 0.003 g/L of CaCO3); embryos 
were prepared with deionized water and filtered (Thermo 
Scientific Nalgene Rapid Flow 50, 0.2 μm). The dead em-
bryos were discriminated by naked eye and removed, 
and the healthy embryos were kept in a Thermomixer 
(Eppendorf Thermomixer) at 28°C, until the dechorion-
ation, tail wounding, and subsequent infection at 48 hpf.

2.3.2  |  Zebrafish embryo bath immersion 
infection with A. baumannii and 
phage treatment

Bacterial strains newly streaked out of CHROMagar 
Acinetobacter plate stock were cultured in TSB medium 
at 37°C, 120 rpm, until 109 CFU/mL was attained, growing 
the culture up to an OD600 = 0.5 (NBI—Biotek Synergy 
H1 Microtiter Plate Reader). Bacteria were centrifuged for 
15 min at 9000 rpm (Hettich Universal 320/320R centrifuge) 
and resuspended in filtered freshwater. After a second cen-
trifugation, to guarantee proper TSB removal, the bacteria 
were suspended in freshwater at the correct concentration. 
The number of bacteria in the inoculum was then determined 
by subsequent plating onto CHROMagar Acinetobacter after 
dilution into PBS (Sigma-Aldrich). The initial bacteria con-
centration in each well was determined by averaging the 
CFU counting of three independent measurements.

Mechanical dechorionation was conducted on 48 hpf 
embryos, resorting to two sharp forceps and an illumi-
nated digital microscope (Inskam Digital Microscope). 
The first forceps were used to grasp a single embryo's 
chorion while the other forceps gently tore the chorion 
without injuring the embryo. The dechorionated embryos 
were immediately placed in 24-well plates filled with 2 mL 
of filtered freshwater in the thermomixer, at 28°C, two 
embryos per well.

For the infection, two methods were tested:

2.3.2.1  |  Method 1
The infection was then carried out on healthy 48 hpf 
embryos. Individually, and randomly picked, groups of 
18 embryos were divided onto 96-well plates (TPP tis-
sue culture plates with anti-condensation lid). All the 
unused wells were filled with up to 200 μL of freshwater 
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to ensure proper heat dispersion. For each strain, bacte-
rial concentrations of 106, 107, 108, and 109 CFU/mL were 
tested. The plates were incubated at 28°C and kept under 
light. The number of dead embryos was obtained visually 
at certain time points under an illuminated digital mi-
croscope (Inskam Digital Microscope) based on the lack 
of heartbeat, for survival evaluation following infection. 
Anomalies in free swimming as well as the presence of 
malformations were also documented. The embryos were 
anesthetized with a room temperature anesthetic solu-
tion (Tricaine 0.4% (i.e., MS-222:ethyl 3-aminobenzoate 
methanesulfonate, Sigma-Aldrich), 99.34% Milli-Q 
water, and 0.26% Trizma base (Sigma-Aldrich, >99%) 
with adjusted pH 7.0, stored at −20°C) diluted 10X in 
freshwater and euthanized at 120 hpf. Additional con-
trols were made to ensure that the embryo death was 
associated with the colonization of the bacteria: the 
negative control with no pathogen (consisting only of 
200 μL of freshwater), and the heat killed/ethanol-killed 
bacteria suspensions. For the preparation of the heat-
killed bacterial control, the bacteria suspended in filtered 
freshwater at the stated concentration was treated for 1 h 
at 65°C, which resulted in a 6-log fold drop in CFU/mL 
count. Regarding the ethanol-killed bacteria suspension, 
the inoculum was centrifuged and resuspended in etha-
nol 70% (CH3CH2OH, Chemlab) and incubated for 5 min. 
Then, to assure ethanol clearance, the bacteria were cen-
trifuged twice more and resuspended in filtered freshwa-
ter to the required concentration.

2.3.2.2  |  Method 2
Same as Method 1, but instead of healthy embryos, tail-
injured embryos were used. To injure the tail fin prior to 
infection, embryos were placed in a Petri dish and anes-
thetized with the previously described room-temperature 
anesthetic solution. A scalpel blade was used to accom-
plish a minor transection of the tail (Surgeon carbon 
steel scalpel blades) under an illuminated digital mi-
croscope (Inskam Digital Microscope). The cut was per-
formed crosswise at the beginning of the caudal vein, 
amputating the end of the tail, which was not included 
in the infection bath.For the treatment efficiency assess-
ment, infected embryos were thoroughly washed at 12 
hpi (hours post-infection) with freshwater to remove the 
bacteria. Then, the embryos were transferred to a new 
96-well microtiter plate containing filtered freshwater 
supplemented with 109 PFU/mL (l0 μL) of the phage 
treatment, or the same volume of the treatment buffer or 
freshwater (controls). The embryos were then incubated 
at 28°C and for 2 days, monitored for mortality. When no 
heartbeat was detected in zebrafish embryos, they were 
deemed dead, being that opacification of the embryo was 
found to follow soon. Each experiment was conducted at 

least three times, and each condition within the experi-
ment was assayed using 18 embryos.

2.4  |  Data analysis

For the zebrafish embryo assay, the data from three sepa-
rate trials were merged to analyze a total of 54 embryos 
for each group. For statistical analysis, GraphPad Prism 8 
(GraphPad Software, San Diego, CA, USA) and Microsoft 
Excel (2013) were used. The log-rank test was used to 
make comparisons between survival curves. In the fig-
ures, * denotes a p-value of .05, ** a p-value of .01, and *** 
a p-value of .001.

2.5  |  Ethics statement

All procedures described in this paper followed the stand-
ard operating procedures stablished at the International 
Iberian Nanotechnology Laboratory (INL) based on 
OECD guidelines for fish embryo acute toxicity (FET) 
test.39 Adult zebrafish were not sacrificed for this inves-
tigation, as per the international norms stipulated by the 
EU Animal Protection Directive 2010/63/EU. According 
to the EU Animal Protection Directive 2010/63/EU, all 
studies were conducted prior to the embryos' free-feeding 
stage and did not fall under animal experimentation reg-
ulation. The existence of a heartbeat was employed as a 
clinical criterion for survival curves. Embryos were euth-
anized with a fatal dosage of anesthetic solution (500 mg/
mL), following chemical treatment.

3   |   RESULTS AND DISCUSSION

3.1  |  Setup of zebrafish embryo infection 
model

Infection in zebrafish embryos is usually established 
through microinjection of the bacteria into the embryo. 
However, this requires specific expertise, expensive equip-
ment, and is time consuming.30 Therefore, we set up a 
simple, quick, and cheap A. baumannii infection assay 
based on the immersion of embryos in freshwater with 
bacteria to bypass the microinjection step. The minimiza-
tion of the bath volume was also targeted, given the usual 
scarcity of treatments' quantity needed for assays. This al-
lows to maximize the number of subjects per experiment, 
which is particularly useful, given the amount of strains 
tested. Hence, the test was set up in 96-well plates.

Bath immersion was firstly performed on healthy non-
dechorionated embryos 6 hpf, by adding 20 μL of TSB with 
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different bacterial concentrations (106, 107, and 108 CFU/
mL) to 180 μL of freshwater. From these initial tests, it was 
possible to understand that TSB was perhaps toxic to the em-
bryos, given the quick and congruent death observed in all 
the strains. This would be later confirmed by the next assay, 
where an additional control with freshwater and the corre-
sponding previous concentrations of the bacteria media was 
added, without the bacteria, resulting once again in uniform 
death. It was hypothesized that the component of the TSB 
responsible for the death was the digest pancreatic of casein.

Two resuspension steps of the bacteria in freshwater 
(already described in the materials and methods section) 
were performed before exposure to avoid the toxicity ob-
served with TSB (data not shown).

Firstly, bath immersion was initially performed on tail-
injured embryos at 2 days post-fertilization (dpf). By this de-
velopmental stage, the mouth is not yet open; therefore, only 
an injury would be able to provide an easier path for the bac-
teria to enter the embryo.30,34 Different concentrations of the 
A. baumannii strains were used with one embryo per well in 
96-well plates (109 and 108 CFU/mL). Viability of embryos 
was followed for 72 h. In contrast to the healthy embryos, 
mortality on the exposed tail-injured embryos was observed, 
in almost every strain tested. The surviving embryos in every 
strain would often show an affected swimming pattern (side 
swimming) that was postulated as most likely associated 
with the delay of the tail regeneration, possibly associated 
with necrosis of the infected tail end. Additionally, the de-
ficient regeneration of the tail would often lead to a tilted 

tail malformation on the infected embryos and pericardial 
edema, as well as abnormalities in the yolk absorption 
(Figure S1). This was not detected in the tail-injured control 
embryos, which had already successfully fully regenerated 
their tails after 24 hpi (data not shown).

Heat-killed and ethanol-killed bacteria controls did not 
affect the zebrafish embryonic development, neither pre-
sented the malformations described.40 These data likewise 
reveal that living bacterial cells are required for A. bau-
mannii pathogenesis in zebrafish. The above results could 
corroborate the establishment of A. baumannii infection 
in the zebrafish embryos.

3.2  |  Assessment of the virulence of 
different capsules of A. baumannii

To determine the virulence of the different strains, tail-
injured embryos were exposed to 109 CFU/mL initial in-
oculum. Figure 1A shows the embryos' survival curve for 
each strain, and respective control, where no bacteria were 
added. For better understanding of the survival curves, a 
table containing the media survival percentage per strain 
in each observed time was added (Figure  1B). From the 
survival curve analysis, it was firstly possible to establish a 
virulence hierarchy, where K44 stain is perceived as an avir-
ulent strain, being non-significantly different from the con-
trol. Yet, a study with more subjects involved could possibly 
differentiate statistically this strain from the control as a 

F I G U R E  1   Survival curves of each 
strain. (A) is depicted the survival curves 
acquired for each strain: in dotted green 
K44, in dotted red K38, in blue K67, in 
light blue K1, in yellow K45, in brown K9, 
in dotted pink K32, and in orange K2. The 
presented order matches the established 
virulence hierarchy. Black represents the 
freshwater control, where no bacteria 
were added. (B) represents the media 
survival percentage obtained in each time 
stamp for all the strains and controls. 
ns, non-significant; *p ≤ .05; **p ≤ .01, 
***p ≤ .001.
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tendency to decrease viability is observed. Notwithstanding, 
K38, K67, and K1 strains, being non-significantly different 
from one another, stand as the less virulent ones. The K45 
strain appears next, followed by K9, the third most virulent 
studied strain. Lastly, K2 and K32 strains clearly stand out 
as the most virulent strains, leaving less than 10% of em-
bryo survival. Nevertheless, K2 is significantly more viru-
lent than K32, leading to higher and quicker mortality in 
the exposed embryos. When comparing to Nogaret et al. 
(2020), where a similar mode of infection was applied with 
P. aeruginosa, the time point when most of the death oc-
curred was similar (18 hpi). However, for Al-Zubidi, M et al. 
(2019) where microinjection was used for the Enterococcus 
faecalis infection, death occurred mainly at 40 hpi, which is 
probably associated with the less virulent pathogen.

Additional data based on a single-point analysis are 
shown in Table  S1. Accordingly, the table displays the 
final survival percentage with 95% confidence interval 
of each strain. These data only take into account the 
final survival percentage, not considering, for instance, 
how quickly each bacterium was able to kill the subjects. 
However, the hazard ratio (also with 95% confidence 
interval) and the median survival, likewise depicted in 
Table S1, take the evolution of death into account. The 
hazard ratio is a measurement that compares a given 
condition A with a condition B and through a ratio ex-
presses how much more dangerous condition A is than 
condition B. In the table below, the hazard ratio com-
pares each strain (Condition A) with the control with 
only freshwater (Condition B). Additionally, the me-
dian survival is able to give a simple perception of how 
quickly each pathogen acts, expressing how long each 
strain takes to kill half of the population.

When evaluating the final survival percentage, bearing 
in mind the confidence intervals, K2, K9, and K32 strains 
are the top virulent strains, in no particular order. K45 
strain could be as virulent as K2 and K9 strains, or as vir-
ulent as K1 and K67, the middle virulent strains, along-
side with K38 strain. K44 was once again the only strain 
where no differences were noticed when compared to the 
control. Yet, when analyzing the hazard ratios, once again 
considering the confidence intervals, all the strains except 
K44, are significantly more hazardous than the control, 
but there was no difference amongst each other. At last, 
when analyzing the median survival, K9 is the most viru-
lent strain, killing half the population the fastest, followed 
by K2 and K45 strains. K1 and K32 strains come next, fol-
lowed by K67. The remaining strains, K38 and K44, were 
not capable of killing half of the population.

Through the combined analysis of the survival curves of 
Figure 1A and the additional data that Table S1 provides, 
it is implied that K44 is the less virulent studied strain. 
However, the malformations described above were present 

in around 30% of the survivor individuals of this strain, ver-
sus 5% in the controls, which could indicate that although 
no significant mortality was calculated, the infection could 
have been established. As a final point, it was agreed that 
the model was undoubtedly capable of stating the most vir-
ulent strains (K2, K32, K9, and K45) and even defining a hi-
erarchy (K2 > K32 > K9 > K45 > K1 > K67, and K38 > K44).

3.3  |  Treatment setup

Bath immersion technique was chosen as the exposure 
route. To more closely replicate human infections, the inoc-
ulum with the bacteria had to be removed and the exposed 
embryo carefully washed and transferred to a new 96-well 
plate, before the treatment administration. With this in 
mind, the treatment timing (and previous suspended bacte-
ria removal) would also have to be optimized: the infection 
time would have to still lead to significant death in the con-
trols where no treatment was applied (inoculum removed 
at the given time, and exchanged by freshwater) but at the 
same time be in time to allow an efficient treatment.

Most of the deaths occurred until 18 hpi; thus, the in-
oculum removal was tested at 2, 4, 8, 10, and 12 hpi. The 
experiments allowed to define 12 hpi as the one conceivable 
treatment time, since shorter exposure would lead to no sig-
nificant death in any strain when compared with the con-
trols. As far as one can tell, treatment administration had 
never been performed this late, and later treatments would 
most likely limit the survival.41 Consequently, 12 hpi was 
picked as the treatment timing (and bacterial suspension re-
moval, consequently). This timing was able to lead to signifi-
cant death for the top four most virulent strains. However, for 
K1, K38, and K67 strains, no significant death was obtained 
when shortening the bath exposure to 12 h (Figure S2A–C, 
respectively). Figure S2D shows the medium survival of the 
embryos after a 12-h exposure, without treatment versus the 
survival without the exposure. From its analysis, it is possi-
ble, once again to understand that no significant differences 
were noted, therefore, the treatment would be impossible to 
test for these strains in these conditions. A deeper analysis 
through the hazard ratio (Table S2) obtained with the Log-
rank (Mantel-Cox) test corroborates that it would be mean-
ingless to test the treatment of K1 strain, K67, and K38, in 
the previously defined conditions, which worked for the ma-
jority of the tested strains. Hence, these strains were left out 
for the following experiments, given the lack of time to per-
sonalize the optimization of the treatment setup based on 
strains. It is also important to clarify that K44 was excluded 
from this study since it was not able to lead to significant 
death even within the full-time exposure.

There was no literature that guided the phage treat-
ment dosage, since all the previous phage treatments that 
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resorted to the zebrafish embryo model were administered 
through microinjection, and quantified through its multi-
plicity of infection (MOI, up to 20).35,36 Hence, the high 
dosage of 109 PFU/mL was picked, based on the initial 
bacterial concentration, to ensure high chances of treat-
ment, since it was determined that only sensibly 104 CFU/
mL were effectively in the embryos (data not shown).

3.4  |  Validation of the bath infection 
model to test efficacy of phage treatments

Another major goal of the present work was to address 
the relevance of the bath infection model to evaluate the 

ability of the protocol of bath infection of injured embryos 
to test the previously produced anti-virulence compounds 
in vivo. Phages had previously been evaluated in an ani-
mal model, including the zebrafish embryo. However, this 
was the first time these particular k-types would be tested 
in the zebrafish embryo model.35,36

In each experiment, 18 embryos were tested with a single 
treatment. Three main controls were applied: (1) the em-
bryo with the treatment without any bacterial exposure to 
ensure that the treatment was not toxic to the embryo, (2) 
the embryo exposed to the strain for 12 h, and then removed 
to prove that without the treatment, the infection would 
lead to greater death, and (3) the embryo with just freshwa-
ter to assess the normal mortality associated with the full 

F I G U R E  2   Survival curves of the strains treated with phages. In (A) K32, (B) K2, (C) K9, and (D) K45 strain, the blue line shows 
the survival curve of each strain when the respective phage treatment was applied, while the red line shows the survival curve of each 
strain, when at 12 hpi the inoculum was replaced with freshwater, whereas the black dotted line shows the survival curve of not exposed 
individuals, treated with the phage solution, and finally the green line represents the survival of subjects that were not exposed to bacteria, 
being treated with freshwater. In (E), the medium survival and standard deviations for each condition are depicted, after n = 3 independent 
experiments; ns, non-significant; *p ≤ .05; **p ≤ .01, ***p ≤ .001, ****p ≤ .0001.
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procedure. An additional control was made for one strain 
role model, K32, where an unspecific treatment based on 
a phage nonspecific to that strain (K1 Phage), to prove the 
specificity of the used phage. Additionally, drop tests of the 
treatments were made by the end of the experiment to en-
sure that the treatments were active during all the processes.

The phage treatment was efficient for all the tested 
strains, being able to increase the average survival from 
35.19% to up to 74.07% (K32 strain). All the phages per-
formed equally well. The treatment's efficiency depicted in 
the survival curves is represented in Figure 2A (K32 strain 
phage treatment), Figure 2B (K2 strain phage treatment), 
Figure  2C (K9 strain phage treatment), and Figure  2D 
(K45 strain phage treatment), obtained resorting to the 
Log-rank (Mantel-Cox) statistical analysis. Figure  2E 
shows the medium survival and standard deviations of the 
embryos after a 12-h exposure in all the conditions based 
on three independent experiments, where the treatment 
success can also be observed.

From the analysis of Figure 2, it is possible to compre-
hend that the phage treatment was able to significantly 
increase the survival of the exposed embryos, particularly 
significantly when applied to the most virulent strain, K32. 
Results from K32 strain + K1 phage control (Figure 2A), 
furthermore, corroborate that only the specific phage is 
efficient in the treatment of the embryos infected with a 
particular strain. Altogether, zebrafish embryo bath infec-
tion model was capable of validating the phage treatment.

4   |   CONCLUSIONS

In this study, bath immersion infection technique carried 
out in tail-injured embryos was validated to test virulence 
of bacterial strains and efficiency of treatments. K2, K32, 
K9, and K45 were the most virulent strains, while K44 
was demonstrated as the less virulent one. Phages K2, 
K9, K32, and K45 were able to significantly save the em-
bryos. Collectively, the overall results implied that the tail-
injured zebrafish embryo bath infection model is robust 
enough to assess virulence, as well as subsequently vali-
dating different treatments, while conveying important 
advantages when compared with other animal models.

There are many research opportunities arising from this 
study that could be further considered in the future. The 
perceived malformations in the zebrafish embryos could 
be explored resorting to more replicates in order to under-
stand the main phenotype changes the infection promotes.

Beyond virulence assessment of the A. baumannii 
strains, the high specificity of phage treatments for a given 
k-type demands epidemiological studies in order to deter-
mine which k-types are more prevalent in human clinical 
isolates. Merely with this knowledge, the anti-virulence 

therapy based on phages could be clinically practicable, 
potentially becoming a viable alternative to present anti-
bacterial treatments through cocktails that included the 
therapy not only for the most virulent strains but also the 
most common. More complex and forward-thinking per-
spectives include proceeding to test the treatments in a 
more complex animal model and later questioning how 
the administration would be performed in humans.
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