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Abstract: (1) Background: Microinjection of zebrafish (Danio rerio) embryos offers a promising model
for studying the virulence and potential environmental risks associated with Pseudomonas aeruginosa.
(2) Methods: This work aimed to develop a P. aeruginosa infection model using two parallel expo-
sition pathways on zebrafish larvae with microinjection into the yolk and the perivitelline space to
simultaneously detect the invasive and cytotoxic features of the examined strains. The microinjection
infection model was validated with 15 environmental and clinical strains of P. aeruginosa of various
origins, antibiotic resistance profiles, genotypes and phenotypes: both exposition pathways were
optimized with a series of bacterial dilutions, different drop sizes (injection volumes) and incubation
periods. Besides mortality, sublethal symptoms of the treated embryos were detected and analyzed.
(3) Results: According to the statistical evaluation of our results, the optimal parameters (dilution,
drop size and incubation period) were determined. (4) Conclusions: The tested zebrafish embryo
microinjection infection model is now ready for use to determine the in vivo virulence and ecological
risk of environmental P. aeruginosa.

Keywords: Danio rerio; Pseudomonas aeruginosa; microinjection; infection model; antibiotic resistance;
virulence

1. Introduction

Pseudomonas aeruginosa is one of the most widely investigated model organisms to eval-
uate the specific interactions between the microbe and the host [1]. In clinical environments,
P. aeruginosa is known as a highly virulent opportunistic microorganism responsible for
severe nosocomial infections with increased mortality compared to other Gram-negative
bacteria [2] as it was verified in a 13-year (2002–2015) prospective cohort study on blood-
stream infections in the USA [3]. At the same time, it can survive in diverse ecological
niches including soil, surface water and groundwater [4,5] and plant and animal tissues [6],
and under special circumstances, it can become the dominant member of the microbial
community [7]. Several molecular and phenotypic traits and transcriptional factors (TFs)
are linked to the virulence of P. aeruginosa [8] including cell-associated and extracellular vir-
ulence factors [9] and exotoxin/exoenzyme production [10] such as the oprL and toxA [11].
Many of them are encoded within the core genome [12,13] (among genes that are essential
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across all strains of a given species under all relevant growing conditions) [13], but the varia-
tion among isolates can be partly linked to their population structure [14]. Epidemiological
typing methods, such as multilocus-sequence typing (MLST), often show a good correlation
with virulence profiles [15]. At the same time, no correlation was found between the genetic
population structure and the phenotypic expression of antibiotic resistance [16]. Despite
the well-known ecological role of P. aeruginosa as a major opportunistic fish pathogen [17]
of various species such as Oreochromis niloticus and Clarias gariepinus [11], environmental
strains are often considered as “non-pathogenic” based on the lack of several virulence-
related genes [18] or their non-hemolytic phenotype [19], although no apathogenic variants
of the species have been reported so far [20]. As a consequence, environmental strains
are routinely used in environmental biotechnology [21,22]. To clarify the human health
and ecological concerns of environmental P. aeruginosa strains, rapid and reliable in vivo
virulence models are still playing a critical role.

Zebrafish (Danio rerio) embryos have recently become one of the most important verte-
brate animal models for the study of host–pathogen interactions and infectious diseases [23].
The virulence and infection mechanisms of several viral, fungal and bacterial species, in-
cluding P. aeruginosa [24,25], were studied in zebrafish, taking advantage of the optical
transparency of the embryos [26] and the parallels between zebrafish and human innate
immune cells [27]. In these in vivo models, infections occur artificially—microorganisms
are introduced into the embryos by microinjection.

In most cases, microinjections can be made into the caudal vein, the Duct of Cuvier,
the hindbrain ventricle, the tail muscle, the notochord or the otic vesicle of the 1–3 dpf
embryos [28] or, in the case of slow-growing bacteria, into the yolk of 1–1024 cell stage
embryos [29]. The advantage of the microinjection method is that both systemic and local-
ized infections can be examined depending on the site chosen for infection [23]. Moreover,
zebrafish microinjection enables the detection of sublethal symptoms besides mortality [30],
giving a more comprehensive insight into host–pathogen interactions. However, with
the exception of the injection into the early embryo stage, the execution of these methods
requires a lot of practice and can be considered slow [31]. Another disadvantage of embryo
microinjection is the direct introduction of microorganisms, which determines whether
the infection can become systematic and induce lethality or remain localized [25]. As an
alternative, bath immersion [25,32,33] was developed as an easy-to-handle method that
simulates a natural infection route and was further developed into a wound infection
model with the usage of tail-injured embryos [31,34]. Despite the increasing number of
virulence-testing methods using different routes, none of the above-mentioned techniques
can provide simultaneous information about the invasive and cytotoxic features of a given
strain. To get a reliable overview of the complex virulence performance of P. aeruginosa,
a more sophisticated in vivo method is required that enables the determination of the
infectivity of a given strain and the prediction of its environmental health risks.

In this work, a new testing and evaluation method is advanced and demonstrated,
which combines different zebrafish embryo microinjection methods to evaluate the viru-
lence of P. aeruginosa. The developed methodology can be suitable both for determining
the infectivity of fast-growing microorganisms and for testing the adverse effects that
develop after early infection. The method was optimized and tested using P. aeruginosa
strains isolated from various environmental niches and to a lesser extent with clinical
reference strains.

2. Results
2.1. Method Development

The first step of the method development was the optimization of the minimum
observation period and the bacterial cell count (calculated from the bacterial density and
the drop size) used for injection. At this stage, two environmental P. aeruginosa were chosen
for testing: both of them harbored a set of virulence determinants, but one of them was
previously determined as virulent (strain P66) and the other as avirulent (strain P14) based
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on their in vivo virulence on G. mellonella [35]. According to their antibiotic susceptibility
profile, P66 had a sensitive phenotype, while P14 had a resistant phenotype [35].

To determine the early-stage symptoms, the yolk-injection method was performed
immediately after fertilization. This rapid infection protocol enables the injection of a
large number of eggs in a short period of time and can be easily implemented without a
holder [30]. Zebrafish was described as a relatively resistant species to Pseudomonads,
and therefore, in previous studies, a large inoculum (above 1000 bacteria per embryo) was
used to induce host killing [25]. At the same time, yolk injection is specifically recom-
mended for testing slow-growing microorganisms [28]. Therefore, during the preliminary
phase, the bacterial density of the stock suspension of fast-growing P. aeruginosa was
set to OD600 = 0.6 ± 0.02 (equivalent to 4.8 × 108 ± 3.33% CFU/mL (as it was verified
with enumeration on Luria-Bertani (LB) agar) and was serially diluted to reach the min-
imum infective dose (MID) (102 CFU) [36,37] in the final injection volume. Moreover,
additional levels of dilutions (10−2–10−4) were set to determine sublethal effects and to
evaluate environmentally relevant P. aeruginosa cell counts which are commonly detectable
in various environmental niches such as soil [38], compost [39], surface water [40] and
groundwater [41].

To evaluate the invasive features of the examined strains, microinjection was per-
formed directly into PV (perivitelline) as well. Since the chorion pore size of zebrafish
(0.77 µm) [42] is smaller than the average cell size of P. aeruginosa (0.5 to 1.0 µm by
1.0 to 5.0 µm) [43], the micro-environment of the infection model is theoretically sealed and
prevents the cross infection between embryos until they are hatched (around 72 hpf) which
can be further improved if we use one well to cultivate per embryo. For the PV infection
route, three different levels of bacterial dilutions were used representing MID (minimum
infectious dose that is approximately 10 bacterial cells) and additionally one lower (10−1)
and one higher (10−3) levels of dilutions. The applied levels of bacterial dilutions and their
relevant cell counts are summarized in Table 1.

Table 1. Settings used for the optimization of the zebrafish microinjection virulence model.

Levels of Dilution and Bacterial Density (CFU) of the
Final Injection Volume (SD = ±3.33%)

Exposition Drop Size 10−1 10−2 10−3 10−4

Perivitelline
space (PV)

100 µM (0.52 nL) 2.4 × 101 2.4 × 100 2.4 × 10−1

150 µM (1.77 nL) 8.4 × 101 8.4 × 100 * 8.4 × 10−1

200 µM (4.17 nL) 2.0 × 102 2.0 × 101 2.0 × 100

Yolk (Y)
100 µM (0.52 nL) 2.4 × 100 2.4 × 10−1 2.4 × 10−2

150 µM (1.77 nL) 8.4 × 100 * 8.4 × 10−1 8.4 × 10−2

200 µM (4.17 nL) 2.0 × 101 2.0 × 100 2.0 × 10−1

* Minimum infectious dose (MID); red color—bacterial densities above MID; blue color—bacterial densities
below MID.

The drop size used for microinjection is critical in the posttreatment survival of ze-
brafish larvae and simultaneously influences the infectious dose of the tested bacterial
strain. In the case of fish embryos, the maximum volume for injection that does not signifi-
cantly influence the survival of the larvae is 10% of the total yolk volume [44,45], which is
approximately 4.2 nL (equivalent to a 200 µm diameter droplet) for zebrafish larvae [46].
This test volume was comprehensively tested in previous experiments with no significant
mortality or developmental disorders [30], and therefore, it is considered to be safe for
application. To avoid damage to the test organism, besides this maximum volume, two
smaller, easily adjustable drop sizes, 100 µm in diameter (0.52 nL) and 150 µm in diameter
(1.77 nL), were chosen for testing.

Altogether, to ensure the comprehensive analysis, the examined environmental strains
(P66 and P14) and the non-inoculated control medium were tested using two infection
routes (PV, Y), three chosen drop sizes and all relevant concentrations of bacterial sus-
pensions, meaning 27 different settings. The sublethal symptoms of the embryos were
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registered every 24 h until they were hatched (after 24/48/72 h incubation); therefore,
altogether 81 endpoints were determined. P. aeruginosa infection of the perished embryos
was verified with the re-isolation of the infectious strains as it was recommended [47].

The flowchart of the microinjection protocol applied for preliminary testing is summa-
rized in Figure 1.
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Figure 1. The flowchart of the microinjection protocol used for preliminary testing with the relevant
cell counts (doses). GP: <0.0001 (****).

2.2. Optimization of the Combined Zebrafish Microinjection Virulence Model

An optimal animal model used for virulence testing can be characterized by having
a low cost, high infection success, ease of infection initiation, a low mortality rate of the
test organism and a reasonable expense [48]. To meet these requirements, the incubation
time, bacterial concentrations and droplet size of the newly developed protocol had to
be optimized to reach a high infection success with relatively low mortality in a short
period of time with easy implementation and, at the same time, to have a clear, statistically
significant difference compared to the untreated control group. To reach these goals, the
mean mortality values (%) of all different settings (incubation time, levels of dilutions, drop
size) of zebrafish embryo groups treated with PV or Y injection of P14 and P66 P. aeruginosa
strains were statistically evaluated.

2.2.1. Determination of the Optimal Incubation Time

According to the multiple comparisons of the mean mortality values at 24 h, 48 h
and 72 h of PV/N groups and the control group (summarized in Figure 2), a statistically
significant difference (GP: 0.0332–0.0021) occurred after 72 h of incubation irrespective of
the drop size and the dilution used for treatment. Therefore, the first step of optimization
supported the 72 h-long incubation of zebrafish larvae, which is equivalent to the hatching
period. In further correlation analysis, the mortality results with shorter (24 h and 48 h)
incubation were excluded to decrease the standard deviation of data.
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Figure 2. Mortality results of the examined P. aeruginosa strains during optimization of zebrafish
microinjection model with different times of expositions (24, 48, 72 h). Groups of 10, 3 replicates.
Mean values were analyzed with one-way ANOVA followed by Dunnett’s multiple-comparison test
at 95% confidence interval; GP: 0.1234 (ns), 0.0332 (*), 0.0021 (**), PV—perivitelline injection; Y—yolk.

2.2.2. Determination of the Optimal Level of Dilution of P. aeruginosa

To determine the optimal level of bacterial dilution, results of 72 h-long incubation
with different (10−1–10−4) dilution levels were compared to the mortality of the control
group. According to the statistical analysis using one-way ANOVA with Dunnett’s multiple-
comparison tests, only the highest examined bacterial concentrations (i.e., the lowest levels
of dilutions) caused a significantly different level of mortality compared to the non-treated
control (Figure 3). Therefore, the recommended levels of tenfold dilutions, using a freshly
prepared stock solution of P. aeruginosa with OD600 = 0.6 ± 0.02 density, are 10−1 (PV)
and 10−2 (Y).

2.2.3. Determination of the Optimal Drop Size

The determination of the optimal drop size of the infectious material used for mi-
croinjection was calculated using the results of the previously determined 72 h incubation
and 10−1 (PV) and 10−2 (Y) levels of dilution. Based on our results, only the smallest
drop size (100 µM (0.52 nL)) had a statistically insignificant effect compared to the con-
trol group, while 150 µM (1.77 nL) and 200 µM (4.17 nL) drop sizes had significant (GP:
0.0002–0.0001) effects on the mortality of the zebrafish embryos (Figure 4). Based on the
general requirements for virulence testing, using only one drop size would increase the
speed of the process and decrease the occurrence of errors. Considering that the larger
drop size increases the chance of causing a lesion in the embryo during microinjection,
our decision was to apply the smaller, but still significantly effective, 150 µM drop size
for validation.
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Figure 3. Mortality results of the examined P. aeruginosa strains during optimization of zebrafish
microinjection model with different levels dilutions of bacterial strains (10−1/10−2–10−3/10−4).
Groups of 10, 3 replicates. Mean values were analyzed with one-way ANOVA followed by Dunnett’s
multiple-comparison test at 95% confidence interval; GP: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0001
(****). PV—perivitelline injection; Y—yolk injection.
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confidence interval; GP: 0.1234 (ns), 0.0332 (*), 0.0002 (***), 0.0001 (****). PV—perivitelline injection;
Y—yolk injection.
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2.2.4. Development of the Recommended Infection Model

Based on the optimization process and the statistical analysis, the recommended
method for the combined microinjection protocol of zebrafish larvae with environmental
P. aeruginosa using parallel perivitelline (PV) and yolk (Y) exposition is as follows: two
different levels of dilutions of the overnight OD600 = 0.6 bacterial stock solution (10−1 for
Y and 10−2 for PV) in 150 µL drop size and 72 h of incubation.

2.3. Validation of the Developed Microinjection Method with a Set of P. aeruginosa Isolates

The newly developed infection protocol was validated using 15 environmental and
clinical strains of P. aeruginosa representing various phenotypic, genetic and phylogenetic
traits. Similar to the previously performed G. mellonella virulence assay of environmental
P. aeruginosa [33], a categorization of four groups was used for the evaluation after 72 h
of incubation: avirulent (with a survival rate of 75–100%), weakly virulent (survival rate:
50–74%), moderately virulent (survival rate: 25–49%) and virulent (survival rate: 0–24%).
These categories were set according to the evaluation methods of the in vivo virulence test
using G. mellonella [49]. The virulence categories of the examined strains treated with Y and
PV exposition are summarized in Figure 5. According to our results, yolk injection induced
a significantly higher rate of mortality as the infectious strain was directly introduced to
the yolk, while perivitelline infection showed the ability of the bacterial strain to actively
invade the host. Pronounced differences in both exposition routes were detected across
the phylogenetic tree supporting the theory that several virulence traits can be linked
to population structure [14]. At the same time, no correlation was found between the
phenotypic antibiotic resistance profiles and the in vivo virulence of the examined strains.
Based on the parallel analysis of two different types of exposition, the environmental and
ecological hazard of a given P. aeruginosa isolate is suggested to be considered as “high” if
the categorization of virulence reaches at least a moderate level (with a survival rate of 50%
or lower) in both types of microinjection routes and “moderate” if the survival rate reaches
25% in both exposition pathways.
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Figure 5. Virulence of the examined environmental and clinical P. aeruginosa strains using the
combined microinjection virulence model and the spread of the in vivo virulence features across the
phylogenetic tree generated by the multilocus sequence types (STs) of the examined strains using
PUBMLST, the public database for molecular typing and microbial genome diversity (ATCC10145
was not classified). Y—yolk injection; PV—perivitelline injection. Avirulent: survival rate of 75–100%;
weakly virulent: survival rate of 50–74%; moderately virulent: survival rate of 25–49%; virulent:
survival rate of 0–24%.
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2.4. Sublethal Symptoms Detected at the End of Incubation

In addition to mortality, phenotypic malformations were also observed in surviving
embryos. In general, despite the fact that all embryos were treated, the developed symp-
toms were not uniform within the treatment groups, and there were individuals in every
case that did not show any phenotypic differences compared to the control. Based on these
findings, phenotypic malformations were not taken into account in the final process of
virulence evaluation.

The observed malformations (Figure 6) were very similar to the symptoms described in
the literature: yolk and pericardial edema were the most characteristic symptoms [33,50,51].
In addition to these, the frequently observed morphological abnormalities included small
and not well-defined head and tail regions, bent bodies and malformed blood vessels in
the tail region. Some of the embryos could not hatch from the egg.
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Figure 6. Representative phenotypic malformations caused by Pseudomonas aeruginosa in 72 hpf
zebrafish embryos. (A) Control, (B) pericardial and yolk edema (injected strain: P14), (C) head
and tail malformations (injected strain: P132), (D) vascular disorders in the tail region (injected
strain: P43), (E) edemas and curved tail (injected strain: P26), (F) hatching disorders (injected strain:
P66). Abbreviations: PE: pericardial edema; YE: yolk edema; HM: head malformation; TM: tail
malformation; VD: vascular disorder; CT: curved tail. Scale bar: 500 µM.

2.5. Methodological Summary of the Newly Developed, Combined Virulence Model

Based on the comprehensive analysis of the combined zebrafish injection model using
15 representatives of species P. aeruginosa, the optimized and validated methodology was
set. The flowchart of the recommended infection protocol is summarized in Figure 7.
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zebrafish larvae to evaluate the virulence of P. aeruginosa.

3. Discussion

In the last decades, several virulence models were developed and validated for in vivo
P. aeruginosa virulence testing [52]. As species P. aeruginosa uses a variety of virulence deter-
minants to combat host defense, pathogenesis was evaluated using several, evolutionary
divergent host species such as rodents [53–55], Drosophila melanogaster [56], Caenorhabditis
elegans [57,58], Galleria mellonella [49,59] and zebrafish (Danio rerio) [25,31,50,60,61]. These
test organisms such as D. rerio were chosen for virulence assays because they share phys-
iological and genetic similarities with humans, and therefore, they can support medical
advancements in human therapy [62]. Compared to other vertebrate models, a major
advantage of zebrafish larvae testing is that, according to European legislation, before the
independent feeding stage of the larvae, zebrafish larval models are not regulated as experi-
ments with laboratory animals [63,64]. Therefore, zebrafish models using <120 hpf embryos
have low ethical considerations [65]. Moreover, similar to C. elegans and D. melanogaster,
zebrafish larvae microinjection tests have a short timeframe, low maintenance cost and
high throughput [52] which are major advantages in virulence testing [48].

Compared to the above-mentioned P. aeruginosa virulence assays, the newly developed
protocol has further advantages: it can be performed within 72 h, and it requires only two
levels of bacterial dilutions and an extremely small volume of the tested bacterial strain.
Using two parallel exposition pathways to test both invasive and cytotoxic features, and
with the possibility to analyze sublethal symptoms, the newly developed protocol enables
a complex evaluation of in vivo virulence of P. aeruginosa.

During preliminary testing, two environmental P. aeruginosa strains with different
phenotypic traits and antibiotic susceptibility profiles were used that were previously deter-
mined as virulent (P66—95% mortality) and avirulent (P14—5% mortality) on G. mellonella
(Table 2) [35]. Based on our results using zebrafish microinjection, the examined two strains
were not statistically different in their virulence on zebrafish larvae: both isolates were
moderately virulent in PV and highly virulent in Y injection. During the extensive testing of
15 environmental and clinical P. aeruginosa strains, similar results were obtained: compared
to PV injection, Y microinjection induced a significantly higher rate of mortality in 9 out of
15 cases, even though the bacterial cell count of Y injection was lower. This higher level of
mortality can be explained by the direct introduction to the yolk.



Antibiotics 2023, 12, 1740 10 of 17

Compared to the previously performed G. mellonella virulence test using the same
P. aeruginosa strains, major differences were revealed in mortality in both PV and Y exposi-
tion (see Supplementary Table S1). In the scientific literature, there is only one available
study about the comparison of zebrafish larvae microinjection and G. mellonella virulence
testing on K. pneumoniae that showed host-dependent differences in virulence, explained
by the different infection dynamics of the examined strains [66]. Our study follows this
previous finding and underlines that there can be major differences between virulence
results on different host organisms due to the presence/absence of host-specific virulence
factors [50].

MLST analysis of the examined P. aeruginosa strains revealed that clinical and envi-
ronmental P. aeruginosa strains that belong to closely related sequence types (STs) tend
to have similar virulence patterns on zebrafish larvae and G. mellonella irrespective of
their antibiotic susceptibility (Figure 5 and Supplementary Table S1). This finding further
verifies that the population structure of P. aeruginosa may also play a role in the virulence
performance of a given strain [14].

The virulence of environmental strains of P. aeruginosa is commonly determined by
molecular techniques aiming to detect a set of virulence determinants [12,15,39,67]; in vivo
assays can be rarely found [68,69]. The zebrafish microinjection model presented in our
study has the advantage of being tested and validated with comprehensively characterized
P. aeruginosa strains not only from strain collections and clinical settings but of environmen-
tal origin, too. Therefore, future application is possible not only for clinical but also for
environmental strains. However, there are limitations to our method as it was optimized
for a fast-growing Gram-negative bacterium (P. aeruginosa) only, with a limited number of
clinical strains. Further validation may be required to evaluate if the protocol is applicable
for testing clinical strains, other (slow-growing) Gram-negative, Gram-positive bacterial
species or fungi.

4. Materials and Methods
4.1. Ethics Statement

The Animal Protocol (2013) was approved under the Hungarian Government Regu-
lation on animal experiments (40/2013 (II.4)), and all studies were completed before the
treated individuals would have reached the free-feeding stage.

4.2. Bacterial Strains

For the validation of the newly developed virulence model, a set of 15 P. aeruginosa
isolates were chosen, representing a variety of origin, phenotypic and genetic traits, mul-
tilocus sequence types (MLSTs), antibiotic resistance, virulence factors, biofilm-forming
ability and motility and in vivo virulence on Galleria mellonella (wax moth) that was deter-
mined and published previously [35] (Table 1). ATCC15442 was used as a negative control
as this environmental strain was stated to be non-pathogenic [70]. Environmental and
clinical P. aeruginosa strains were obtained from the National Collection of Agricultural and
Industrial Microorganisms (NCAIM), Hungary, and from the collection of the Hungarian
University of Agriculture and Life Sciences (MATE), Department of Environmental Safety.
All examined P. aeruginosa strains were identified at species level with the PCR targeting
the variable regions V2 and V8 of 16S rDNA, as it was described previously [71]. For
preliminary experiments, aiming at the optimization of the microinjection method, two en-
vironmental strains (P14 and P66 highlighted in Table 2) were chosen to represent virulent
and avirulent variants based on the previously performed G. mellonella virulence assay [35].
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Table 2. The phenotypic and molecular characteristics of the examined Pseudomonas aeruginosa strains.

Biofilm-
Forming

Ability (48 h)
[35]

Origin

G. mellonella
Virulence

(Survial %, 48 h)
[35]

Multilocus
Sequence
Type (ST)

[72,73]

Virulence Factors [35] Biofilm-
Forming

Ability [33]

Antibiotic
Resistance

Phenotype [74]
Serotype

[35]
Swimming

[35]
Swarming

[35]
Twitching

[35]
exoS exoU lasB algD aprA plcH Hemolysis

ATCC 10145 Type strain, unknown source n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
ATCC 15442 Water bottle in animal room n.d. 252 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
ATCC 27853 Clinical 15% (virulent) 155 + – + + + + + ++ Sensitive (10/0) n.d. n.d. n.d. n.d.

KPS-3 Clinical 35% (moderately
virulent) 253 − + + + + + + +++ Sensitive (10/0) n.d. n.d. n.d. n.d.

P9 Hydrocarbon-contaminated
groundwater 75% (avirulent) 377 − + + + + + − ++ Resistant (10/1) ONT NM NM M

P14 Hydrocarbon-contaminated soil 95% (avirulent) 2586 * − + + + + + +/− +++ Resistant (10/5) O3 HM NM M
P18 Hydrocarbon-contaminated soil 90% (avirulent) 3243 * − + + + + + +/− + Sensitive (10/0) O3 M M M

P43 Hydrocarbon-contaminated
groundwater 90% (avirulent) 253 + – + + + + + +

Multidrug-
resistant
(10/6)

ONT M M M

P66 Hydrocarbon-contaminated
groundwater 5% (virulent) 455 + – + + + + +++ +++ Sensitive (10/0) O11 HM M HM

P69 Hydrocarbon-contaminated soil 50% (weakly
virulent) 439 − + + + + + ++ − Resistant (10/5) O6 M M M

P114 Compost 15% (virulent) 3255 * + – + + + + +++ + Resistant (10/4) O1 HM HM HM

P135 Hydrocarbon-contaminated soil 70% (weakly
virulent) 3257 * − – + + + + +++ + Intermediate

(10/1) O3 HM M HM

P144 Hydrocarbon-contaminated soil 0% (virulent) 1411 − + + − − − + − Sensitive (10/0) O1 HM M HM
P164 Sewage 0% (virulent) 3260 * + − + + + − ++ − Sensitive (10/0) O11 M NM M

P177 Hydrocarbon-contaminated
groundwater

30% (moderately
virulent) 3262 * + − + + + + ++ + Sensitive (10/0) O6 HM M HM

Bold: strains used for preliminary screening; n.d., no data; * unique sequence type. Virulence factors: + positive PCR; – negative PCR. Hemolysis on blood agar: − no hemolysis;
+ moderate hemolysis, ++ normal hemolysis, +++ intensive hemolysis. Biofilm forming in a microtiter assay: – no biofilm producer; + weak biofilm producer; ++ moderate biofilm
producer; +++ strong biofilm producer. Motility: HM—hypermotile; M—motile; NM—non-motile.
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4.3. Preparation of Bacterial Suspensions

Bacterial cultivation was performed in Luria-Bertani (LB) broth (10.0 g tryptone, 5.0 g
yeast extract and 9.0 g NaCl in 1000 mL distilled water), a medium that was proved to
be non-toxic to zebrafish larvae in a previous experiment [75]. Overnight liquid cultures
of the examined P. aeruginosa strains were diluted with fresh LB to reach an optical den-
sity of OD600 = 0.6 ± 0.02 (stock solution) and were serially diluted to reach the final
infectious dose.

4.4. Zebrafish Maintenance and Egg Collection

The zebrafish were kept and bred according to the general protocol of the MATE
zebrafish lab, which was described in the article by Csenki et al. [30]. In brief: AB strain
zebrafish were held in breeding groups (30 females and 30 males) in a Tecniplast ZebTEC
recirculation system (Tecniplast S.p.A., Buguggiate, Italy) at 25.5 ◦C ± 0.5 ◦C, pH 7.0 ± 0.2,
conductivity 550 ± 50 mS/cm (system water) and light:dark period of 14 h:10 h. Fish
were fed twice a day with granulate fishfood (Zebrafeed 400–600 mm, Sparos Lda., Olhão,
Portugal) supplemented with freshly hatched live Artemia salina twice a week. Fish were
placed in breeding tanks (Tecniplast S.p.a., Buguggiate, Italy) late in the afternoon the day
before the microinjection experiments. Spawning of individual pairs was delayed through
time to allow a continuous supply of 1-cell embryos.

4.5. Microinjection

Microinjection was conducted as described by Csenki et al. [30] using the above-
described bacterial suspensions in LB. The effect of LB medium on the injected embryos
in the largest injectable droplet size (200 µm) was previously tested and proved to be safe
for application [30,75,76]. The microinjections were carried out directly into the yolk (Y) or
into the perivitelline space (PV) using three different sphere diameters (50 µm, 75 µm and
200 µm) corresponding to an injection volume of 0.074 nL, 0.22 nL and 4.17 nL, respectively,
using the tenfold dilution series of the stock bacterial suspension (101–104) (the embryos
received only one type of treatment). Determination of injection volumes was previously
described, and the method was validated to be dimensionally stable [30]. Treatment was
performed in five replicates with ten embryos in each experimental group (n = 50).

4.6. Endpoints of the Virulence Test/Examination of Injected Embryos

Two hours after injection, coagulated and/or non-fertilized eggs were discarded, and
developing embryos were transferred in groups of ten into 6 cm diameter Petri dishes
filled with sterilized E3 medium (5 mM NaCl, 0.17 mM KCl, 0.4 mM CaCl2 and 0.16 mM
MgSO4). Microinjected embryos were incubated at 25 ± 1 ◦C in Memmert Thermostat to
ensure the optimal temperature for both test organisms. Treatments were performed in
five replicates in the case of optimization experiments and in three in the case of validation
studies. Embryo mortality and sublethal symptoms were monitored daily. Embryo mortal-
ity was determined on the basis of egg coagulation, the lack of somite formation and the
lack of heart function. Pericardial edema, yolk edema, tail deformity, craniofacial defor-
mity and disintegrated abnormal embryo shape were defined as sublethal endpoints [77].
Digital images were captured of laterally oriented larvae at 30× magnification using a
stereomicroscope (Leica M205 FA, Leica DFC 7000T camera, Leica Application Suite X,
Leica Microsystems GmbH, Wetzlar, Germany).

4.7. Statistical Analysis

Normality of the data was analyzed in the R software version 4.2.1. [78] with Shapiro–
Wilk normality test [79], and homogeneity of variances was tested with Bartlett test [80].
Statistical data analysis of the exposition routes, drop sizes, bacterial concentrations and
incubation times and visualization were performed using GraphPad Prism 9 software,
version 9.5.1. (GraphPad Software Inc., San Diego, CA, USA), and R software, version
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4.2.1. [78], with ordinary one-way ANOVA followed by Dunnet’s multiple-comparison test
with a confidence interval of 95%.

5. Conclusions

Methods based on zebrafish embryo microinjection play a significant role in testing
the infectivity of various microorganisms, which are primarily used to qualify nosoco-
mial isolates. These studies take advantage of the immunological similarities between
zebrafish embryos and higher vertebrates and reflect the mechanisms of infections quite
well. However, these methods are often difficult to implement and only give an idea of
direct infection.

The two types of microinjection procedures presented in this study are able to si-
multaneously qualify the real infectivity of the examined microbial strain, as well as the
effects that develop after early direct infection. As can be seen from our results, significant
differences are detectable between the different types of expositions, even in the case of
the same strain. The major advantage of in vivo procedures like microinjection is that they
have a low budget, do not require special equipment and are easy to learn. By following
the optimized steps, our newly developed method can be easily adapted to other microbial
species, regardless of their fast-growing or slow-growing characteristics or their phenotypic
traits such as motility. After adapting the method to the microbial species to be tested, the
method enables the qualification of a given microbial strain in up to 3 days, for which it is
sufficient to use only mortality as the endpoint. The newly developed method is primarily
recommended for the qualification of environmental isolates.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/antibiotics12121740/s1. Table S1: The comparison of mortality results of
the examined P. aeruginosa obtained by a previous G. mellonella test and the newly developed zebrafish
microinjection method
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