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Abstract The Ambystoma mexicanum axolotl is a
highly threatened amphibian and a valuable research
model, with very little information about bacte-
rial diseases affecting it. The aim of this study was
to perform an identification of bacteria responsible
for septicemia in three individuals. For all of them,
necropsies were made, bacteria classification was
performed by traditional and DNA-based molecular
methods and tissues were histologically examined.
All animals showed edema and ascites, and other tis-
sues such as the lungs, spleen, liver, and kidney were
also affected, dermatitis also occurred, in one case,
the dermatitis was severe. Two bacterial isolates
showed genetic identities of 99% with Aeromonas
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veronii, one with Citrobacter freundii, and another
with 100% identity with Citrobacter portucalensis.
These and other Enterobacteriaceae species of Aero-
monas genus have been reported to produce septice-
mia in Anura amphibians and fish, pointing out that
they are a health hazard for aquatic animals. Future
endeavors to determine these bacteria prevalence, the
search for antibiotic resistance/susceptibility, factors
that can trigger the pathology, and the development of
early diagnostic tools should be done to improve our
understanding.
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Introduction

The axolotl (Ambystoma mexicanum) is a microen-
demic neotenic salamander, and a valuable research
model widely used due to its regenerative capabili-
ties (Gresens 2004). Unfortunately, wild popula-
tions face threats because of habitat loss and deg-
radation, making it a highly threatened amphibian,
listed as critically endangered by the ITUCN (2020)
and at risk of extinction by Mexican laws (Semar-
nat 2010). However, other adverse causes such
as infectious diseases may have been overlooked,
even when it is known that this is the second more
important threat for Mexican amphibians (Frias-
Alvarez et al. 2010).

Nowadays, some strategies as managed-breeding
and reintroduction programs are on-going to save this
species from extinction (Smith and Rojas 2023). And
given that reintroduction is a complex process which
must include diseases surveillance and potential path-
ogens identification, thus information is necessary to
avoid failure of post-release survival or risk of intro-
ducing diseases and pathogens into nature (Linhoff
et al. 2021). Unfortunately, for this species studies
about illness and mortality and its etiological deter-
mination have been barely realised.

Among infectious pathogens, bacteria are com-
mon in ex situ amphibian populations; and one of the
most reported was the red-leg syndrome, which is a
multifactorial disorder with an important role of bac-
teria (Densmore and Green 2007). Specifically, for
A. mexicanum bacterial dermatitis is reported as the
most common disease (Takami and Une 2017) but, no
comprehensive studies have been conducted to iden-
tify specific etiological agents, except for a register
of Bacillus cereus causing septicemia (Huang et al.
2022). Interestingly, in captive amphibian bacterial
infections have been attributed to crowded living con-
ditions and poor water quality which leads to physi-
ological stress. In the Xochimilco water channels, the
remnant natural area for its reintroduction, conditions
such as contamination and coexistence with exotic
species under crowding conditions could favor simi-
lar conditions as in captivity, leading also to physi-
ological stress. Thus, information on etiology-specific
mortality is needed for any ex-situ and in-situ conser-
vation program to improve the axolotl survival.

The aim of this study was to perform the iden-
tification of bacteria responsible for septicemia in
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axolotls, maintained under similar ex situ semi-nat-
ural water conditions.

Materials and methods
Studied animals

Animals used in this study were part of the 2022
captive population of 300 individuals of the
research center “Centro de Investigaciones Bioldgi-
cas y Acuicolas de Cuemanco (CIBAC)”. This
center is located within the Xochimilco channels in
Mexico City, 19°16'54.875" N 99°6'7.788" W. The
CIBAC’s population individuals descended from
Xochimilco axolotl’s founders captured in the area
during 2007 (Smith and Rojas 2023). This study
was performed on three animals; all of them were
raised and maintained under the same conditions.
The animals in this study were adults, one of them
was a female of the melanic/wild-type variety and
the other two were males of leucistic-type (hence-
forth referred to as LT1 and LT2). Axolotls were
kept indoor in individual plastic containers filled
with ten liters of water from the adjacent wetland—
the Xochimilco channels, filtered by a constructed
wetland, aerated continuously with an electric-pow-
ered air pump and with weekly water changes. Ani-
mals were fed ad libitum with Tubifex sp. and were
daily checked.

Between March 31 and July 26 of 2022 the three
aforementioned animals were found freshly dead,
without post-mortem changes at first gross inspec-
tion, and with no previous history of illness. For
each one necropsies were performed, swab samples
were taken from ascites fluid, lungs and/or gills
under sterile conditions for bacterial detection using
brain heart infusion broth (BHI). Finally, complete
incised specimens were fixed in 10% neutral-buff-
ered formalin for histological examination.

Histopathological analysis
Paraffin-embedded tissue blocks were prepared, and

4-um thick tissue sections were cut and stained with
hematoxylin and eosin (HE) and Sandiford stain.
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Microbiological analysis

Collected swab samples were initially incubated at
37 °C for 24 h into the enrichment media BHI, then
25 pL of bacterial suspension was seeded onto blood
agar and McConkey agar at 37 °C for 24 h. Initially,
the identification of bacterial species was based in
Gram stain reaction and, hemolysis detection and
classification on blood agar. Then, biochemical tests
performed were oxidase, triple-sugar iron, sulfide-
indole motility, sodium citrate and urea incubated at
37 °C for 24 h, except sodium citrate and urea that
were incubated for up to 7 days.

Each cultured and identified bacterium was col-
lected from the plate and put into 1.5 mL of 10%
skim milk (Svelty, Nestlé®) and glycerin, and stored
at —20 °C.

Molecular analysis

The DNA isolation was established with 100 puL of
each bacterium-milk suspension and homogenised
with 400 pL of lysis solution (50 mM Tris—HCI,
50 mM EDTA, pH 8, 50 mM NaCl, 1% SDS and
20 pg/mL Proteinase K) and incubated at 55 °C over-
night. The phenol-chloroform technique was used to
extract DNA (Sambrook et al. 2001).

PCR was performed on a Veriti 96 well thermal
cycler (Applied Biosystems®), using 1X PCR buffer
(8 mM Tris—HCI, pH 8, 20 mM KCI), 2 mM MgCl,,
2 uL of BSA (2 mg/mL), 0.5 mM dNTPs, 2U of Tag
DNA Polymerase (Invitrogen®, 11,615-036), 1 mM
of universal primers for the 16S rRNA gene (27F:
5"-AGA GTT TGA TCM TGG CTCA G-3” and
1492R: 5°-GGT TAC CTT GTT ACG ACT T-3"),
500 ng of genomic DNA, and adjusted with ster-
ile distilled water to a volume of 50 pL of reaction.
Amplification conditions were one cycle at 94 °C for
5 min, 35 cycles including denaturation, annealing
and extension steps at 94 °C —45 s, 54 °C-1.30 min
and 72 °C-1.30 min, respectively with final exten-
sion at 72 °C for 7 min. The presence of amplicons
was checked by electrophoresis in 1.5% agarose gel,
after which the band was purified using AxyPrep
PCR clean-up kit (Axigen Biosciences®, CA, USA)
and sequenced on both strands by a commercial sup-
plier. The sequences were deposited in GenBank
under accession numbers: ON203096, MT345040,
0Q692577 and AP022378.

Multiple alignments were performed with the
CLUSTAL W program v1.8 (Thompson et al. 1994)
in MEGA program v4 (Kumar et al. 2004), while
the ModelTest 3.7 program (Posada and Crandall
1998) was used to determine the appropriate model
of molecular evolution. The sequences were analysed
with the general time-reversible model with gamma
distribution. A phylogenetic reconstruction using
Bayesian inference was performed with the program
Mr. Bayes 3.1.2 (Ronquist and Huelsenbeck 2003).
The analysis was executed for 2 million generations.
Sampling trees were built every 100 generations, and
those with scores lower than the stationary phase
were discarded, while those that reached the station-
ary phase were collected and used to build a consen-
sus tree.

Results

For the studied individuals macroscopical gross
lesions were observed in the skin, pelvic limbs, clo-
aca, lungs, spleen, and liver. Lesions at these loca-
tions were found on at least one of the studied speci-
mens. For LT2 and melanic individuals skin ulcers
exist (Fig. la) and discreet skin hemorrhages were
observed on LT1. All animals showed pelvic limbs
with moderate edema (Fig. 1b) and, the LT2 showed
cloacal swelling. Ascites was seen in all axolotls,
ranging from mild to moderated. The lungs showed
varying degrees of hyperemia (Fig. lc), from mild
to severe, while LT2 also showed diffuse unilateral
hyperinflation. Hepatomegaly was present in LTI
individual (Fig. 1c). The liver was pale brown and
firm to the touch, with discrete multifocal reddish
areas in the LT2. And for melanic and LT1 individu-
als the liver was mildly, diffusely brown discolored,
with streaks and multifocal to coalescing reddish
foci and slightly friable to palpation. In the three
axolotls, moderate blood leakage was consistently
observed when the liver was incised. Other organs
affected were the spleen and kidney, splenomegaly
with marked hyperemia was observed in LT1, while
the kidney of melanic individual showed enlargement
and congestion (Fig. 1d).

The histopathological findings were, LT2 pre-
sented purulent pneumonia with intracytoplasmic
presence of Gram-negative bacilli inside neutrophils
and macrophages (Fig. 2a and 2b), and for the two
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Fig. 1 a Dermatitis ulcera-
tive, b Pelvic limb edema,
¢ Lung redness (arrow) and
hepatomegaly (asterisk), d
Kidney enlargment (arrow)

Fig. 2 a Purulent pneumo-
nia HE, 400x, b Mac-
rophages with intracytoplas-
mic Gram-negative bacilli.
Sandiford stain 1000x, ¢
Granulomatous pneumonia
HE, 400x, d Lymphoid
depletion HE, 100x, e
Purulent splenitis HE, 400x,
f Necrotic hepatitis with
mixed infiltrate HE, 400x,

g Interstitial hepatitis HE,
400x, h Glomerulonephritis
HE, 100x
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other, granulomatous pneumonia was seen (Fig. 2c). of lymphocytic or necrotic gastritis and enteri-
In the liver, melanic individual presented necrotic tis, plus lymphoid depletion (Fig. 2d), and LT2
hepatitis (Fig. 2f) and the other two had granuloma- had purulent splenitis (Fig. 2e). At the renal level,

tous hepatitis. All axolotls showed different degrees
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the three of them presented glomerulonephritis
(Fig. 2h) and renal congestion.

Based on microbiological, gross, and histopatho-
logical findings, the cause of death of the three axo-
lotls was established as septicemia.

Seven bacterial isolates were obtained from ascitic
fluid, lungs and/or gills, and were identified as Sal-
monella arizonae and Aeromonas spp. Four isolates
were selected for molecular identification through
PCR-sequencing using the 16S ribosomal DNA unit
(Fig. 3).

Citrobacter youngae (CP102500)
Citrobacter youngae (LR134485)

Fig. 3 Bayesian tree using
16S partial sequence of Aer-
omonas, and Citrobacter sp.
The numbers in nodes mean
the posterior probability
values. GenBank accession
numbers are shown at the
end of each branch, The
sequences obtained in this
study were identified by an
arrow and bold letters

According to the BLAST analyses in NCBI, two
of the sequences of the isolates showed genetic iden-
tities of 99% (1126/1127) with Aeromonas veronii
(ON203096 or MT345040), another sequence cor-
related with Citrobacter freundii (0Q692577) with
identities of 99% (1125/1126) and the last sequence
with an identity of 100% (1126/1126) with Citro-
bacter portucalensis (AP022378). The phyloge-
netic analyses showed identical results grouping the
previous sequences into the respective clades of A.
veronii, C. freundii, and C. portucalensis with high
support values (above 0.82). Bacterial species iden-
tified per individual and fluid/anatomical site of iso-
lation are shown in Table 1.

0.9g Citrobacter europaeus (CPO83650)
Citrobacter werkmanii (CP044101)
Citrobacter freundii (LC081.22)
Citrobacter freundii (OP788099)
Citrobacter freundii (CP047307)
Citrobacter arsenatis (CP037864)

—

Citrobacter portucalensi (LCO07-22) <t
I Citrobacter portucalensi (MN513227)

Citrobacter portucalensi (CP046348)

Citrobacter portucalens! (AP022378)

- Citrobacter braakii (CP078597)

r Aeromonas dhakensis (KU188299
I Aeromonas sobria (AB472903)
I Aeromonas sobria (AB473020)
I Aeromonas hydrophila (KP168438)
t Aeromonas hydrophila (KP168439)

0.1

I Aeromonas hydrophila (KR063152)
I Aeromonas salmonicida (KU570345)

0.98

t Aeromonas salmonicida (KU570316)
I Aeromonas saimonicida (KUBD1307)

Aeromonas veronii (LC0O-1522) <t
Aeromonas veronii (LCO8122) g

0.82 | Aeromonas veronii (KJ725361)
Aeromonas veronii (ON203095)
Aeromonas veroni (ON203096)
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Table 1 Bacterial species

Bacterial species identified by

Morphology and bio- Molecular methods

chemical tests

; . X Individual Tissue/Body
identified in the three fluid source
septicemic axolotls
Melanic Ascites fluid
Lungs
LT1 Ascites fluid
LT2 Ascites fluid
*No molecular data
LTI: leucistic type one, Gills

LT2: leucistic type two.

Salmonella arizonae Citrobacter portucalensis (AP022378)

Aeromonas veronii (ON203096)
Citrobacter freundii (0Q692577)

Aeromonas sp.

Salmonella arizonae

Aeromonas sp. *

Aeromonas sp. Aeromonas veronii (MT345040)
Salmonella arizonae *

Salmonella arizonae *

Discussion

The septicemia is a common lethal syndrome to
amphibians, especially for those under human care
(Densmore and Green 2007). However, septicemia is
mainly reported in Anura and barely in Caudata spe-
cies (Parto et al. 2014). Although, this disease caused
by Citrobacter spp. and Aeromonas spp. is common
and relevant for amphibians, bacterial dermatitis is
the most prevalent disease in axolotls, to date no etio-
logical study has been conducted thus, this is the first
report.

Regarding the pathological effects of amphibian
septicemia, authors report multi-organ damage char-
acterised by congestion, inflammation and enlarge-
ment of the liver, spleen, and kidney, plus skin ery-
thema and erosion, skin and subcutaneous edema
and ascites (Pasteris et al. 2006; Parto et al. 2014);
what shows that our pathological results in the axo-
lotls were very similar to those previously reported
in other amphibian species. Interestingly, accord-
ing to previous reports it seems that the most com-
mon antemortem sign for amphibians is dermatitis,
which is evident by skin redness; but unfortunately,
in this study neither the leucistic or melanic axolotls
was possible to detect, probably because the skin red-
ness is not severe in leucistic axolotls and is difficult
to see in dark skin individuals (melanic/wild type),
therefore other methods should be explored for early
diagnostic.

The bacteria isolated here, Aeromonas veronii, Cit-
robacter freundii and C. portucalensis, from axolotls

@ Springer

were commonly reported in fish aquaculture caus-
ing pathology (Tekedar et al. 2019; Liu et al. 2024)
and perhaps it is also common in Anura amphibians
since some cases have already been reported (Pasteris
et al. 2011; Edery et al. 2021; Zepeda-Velazquez et al.
2023). In Mexico, these bacteria have been identi-
fied in American bullfrogs (Rana (Aquarana) cates-
beiana) in captivity with some evidence of disease,
being A. veronii the second more prevalent, C. fre-
undii the fifth and C. portucalensis isolated just once
(Zepeda-Velazquez et al. 2023). However, it should
be considered that bacteria not always were isolated
from pathological tissues (Zepeda-Velazquez et al.
2023). For this axolotl population, a study of char-
acterisation of skin microbiota in non-pathological
individuals shows a single sequence of Enterobacte-
riaceae family, corresponding to a species of Escher-
ichia-Shigella (Soto-Cortés et al. 2024); suggesting
that these three are exogenous bacteria species, how-
ever a deeper study will be carried out.

Of the three Enterobacteriaceae bacteria detected
here, perhaps the most reported was Aeromonas,
which has a wide geographical distribution and is
common in heterotherm animals, such as fish (Janda
and Abbott 2010). In fact, septicemia has been attrib-
uted mainly to Aeromonas hydrophila (Pessier 2017),
however, current diagnostic tools shows that other
Aeromonas species have been implicated, such is
the case here of A. veronii. The Aeromonas genus is
commonly found in aquatic environments and have
a great impact on aquaculture (Tekedar et al. 2019).
Even, most of these bacteria pathological information
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has been generated in fish, including septicemia and
skin lesions (Wang et al. 2022); in fact, the reported
lesions were similar to those observed here in axo-
lotls. Particularly in amphibians, the records of nat-
ural acute septicemia have been done in American
bullfrogs under human care and were corroborated
using experimental infections. The gross lesions in
American bullfrogs included liver, spleen and kidney
enlargement, intestinal edema and inflammation, and
ascitic fluid; and histopathology showed hepatic and
renal necrosis and degeneration, white pulp degenera-
tion of the spleen and, congestion and villus shedding
(Lin et al. 2024). Again, all these findings are com-
patible with those found here in the axolotls.

The Citrobacter genus is close related to Salmo-
nella and Escherichia coli. These bacteria are known
for being also important pathogens in aquaculture,
being C. freundii the most representative species
(Cortés-Sanchez et al. 2023; Sai et al. 2023). Inter-
estingly, Citrobacter freundii is capable to infect and
produce pathogenic effects in the American bullfrog,
being the liver and spleen the most affected tissues
(Pasteris et al. 2006). Histology showed necrotic
lesion in liver and spleen with leucocyte infiltration,
and for liver, decrease in melanin-containing cells
was reported (Yang et al. 2024). Necrotic focus and
leucocyte infiltration was not observed in the axolotls
of this study, but these lesions were found in other
axolotl organs, like intestine and lungs. And besides,
perhaps the liver discoloration found in the present
could be related to decrease in melanin-containing
cells, as it happened in the American bullfrog (Yang
et al. 2024).

Citrobacter portucalensis is a recently described
Citrobacter species (Ribeiro et al. 2017), however,
the interest in this bacterium is growing sharply (Sel-
lera et al. 2022). Its isolation from sick amphibians
occurs recently, with a low prevalence compared to
C. freundii, and its pathology is not described yet
(Zepeda-Velazquez et al. 2023). However, the finding
of this bacterium in septicemic axolotl point to it as a
potential threat.

Given that bacteria species frequently isolated
from aquatic environments can lead to septicemia in
axolotls, future endeavors to understand them should
be made; including to determine its prevalence at
population level, looking for antibiotic resistance/
susceptibility and in this way narrow-spectrum treat-
ments, and the develop of early diagnostic tools.

Since mass mortality have been not reported in the
axolotls, it is also important to evaluate all factors that
can trigger the septicemia pathology, others than the
mere presence of these bacteria species.
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