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We detected a disease syndrome in free-ranging Australian
cane toads involving atypical behavior and emaciation that
is associated with a previously undescribed Entamoeba sp.
that infiltrates the colonic lining, causing it to slough. The
organism may become seasonally pathogenic when toads
are under hydric and nutritional stress.

he emergence of new diseases in wildlife substantially

threatens global biodiversity in many taxa (/), but am-
phibians face unusually high risk for pathogen-mediated
population declines (2,3). Disease outbreaks among inva-
sive amphibians are of particular concern because the in-
vader may imperil native fauna by transmitting new patho-
gens (/). We documented severe (lethal) colitis of wild
cane toads (Rhinella marina) in Australia associated with
Entamoeba spp.

Cane toads were introduced to eastern Australia in
1935 and have now spread 2,000 km westward across
the continent. The disease outbreak was observed at the
University of Sydney Tropical Ecology Research Facility
(TERF), in Australia’s Northern Territory. The area expe-
riences a wet—dry tropical climate, with high temperatures
year-round but with rainfall limited to a 6-month wet sea-
son (November—May). Cane toads reached TERF in 2005,
and the disease outbreak occurred 9 years later.

The Study

In August 2014, we noticed dead and moribund toads
around the grounds of TERF. In daylight, emaciated toads
were found sitting in puddles of water formed under the
building’s air conditioners. These diurnal observations were
unprecedented; toads at this site were normally nocturnal
and seen hydrating only in this manner at night. In addition,
on several mornings, we observed moribund toads on open
areas of lawn, fully exposed to sunlight and apparently too
weak to seek refuge. During September and October 2014,
we euthanized and necropsied 22 toads found hydrating or
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otherwise diurnally active near the TERF buildings. For
comparative purposes we also necropsied 2 other groups of
toads: 7 collected during November 2014 from a lagoon 30
km from TERF and 8 collected during February 2015 from
the TERF grounds (Table 1, https://wwwnc.cdc.gov/EID/
article/24/8/18-0101-T1.htm).

We detected invasive amebiasis by histologic analysis
in all 3 groups, but disease was most prevalent and intense in
the dry-season TERF toads (Table 1; online Technical Ap-
pendix, https://wwwnc.cdc.gov/EID/article/24/8/18-0101-
Techappl.pdf). The most severe cases were detected in
toads in poor body condition with overt illness (online Tech-
nical Appendix). Gross pathologic findings ranged from
no obvious lesions in mildly affected toads to thickened
colonic walls with hyperemic serosal vasculature and hem-
orrhagic content in severely affected toads (Figure 1, panel
A). Histologically appreciable lesions (invasive amebiasis)
were commonly limited to the colon, although in severely
affected toads, lesions extended through the small intes-
tine and, rarely, into the stomach. The intestinal mucosal
epithelium was variably hyperplastic, showing moderate to
marked lymphoplasmacytic infiltration, to eroded or deeply
ulcerated, showing associated granulocyte and macrophage
infiltration. Organisms consistent in morphology with Ent-
amoeba spp. were among mucosal epithelial cells, often
near the basement membrane and rarely within the lamina
propria (Figure 1, panel B; online Technical Appendix) and
not present in other organs.

We applied environmental DNA sequencing to iden-
tify the community of eukaryotes (diversity profile) within
the colons of 8 infected and 10 uninfected animals based on
histopathologic investigation. From the 18 colon scrapings,
we obtained 1,365,109 eukaryotic V1-V3 small subunit
(SSU)-rDNA high-quality Illumina MiSeq (Illumina, San
Diego, CA, USA) reads clustered into operational taxo-
nomic units (OTU). Three OTUs demonstrated perfect or
high-percentage identity with SSU rDNA sequences of the
amebae in the genus Entamoeba: E. ranarum (OTU_16)
and 2 new cryptic species (OTU 12 and OTU 119 [Figure
2]). Using SSU-rDNA Entamoeba species—specific prim-
ers, we confirmed the presence of E. ranarum (OTU_16)
and Entamoeba sp. CT1 (OTU_12) (GenBank accession
nos. MG714920-MG714921). The new Entamoeba sp.
CT1 (OTU _12) was significantly more abundant in toads
with histologically diagnosed invasive amebiasis (t = 2.2,
d.f. = 16, p = 0.04; Table 2, https://wwwnc.cdc.gov/EID/
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DISPATCHES

Figure 1. Invasive colonic
entamoebiasis in wild cane

toads (Rhinella marina), tropical
Australia, 2014-2015. A) Toad
with severe colonic amebiasis.
The colon (C) has been opened
to show intraluminal hemorrhagic
content and blood clots. There is
segmental full-thickness necrosis
of the colon wall (white arrow).
Lung (L), small intestine (S), and
gall bladder (G) are annotated for
perspective. B) Photomicrograph
of colonic amebiasis. The affected ‘n R0 RGN *RL
segment of mucosal epithelium, ! £ o *‘is&w £.7, 54
which contains several amebae (arrows) is jumbled and sIoughlng from the underlymg lamina propria (LP) Relatively normal colonlc
epithelium is present at right (arrowhead). There is lymphohistiocytic and granulocytic infiltration of the lamina propria underlying the
affected epithelium. Hematoxylin and eosin stain. Original magnification x200.
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article/24/8/18-0101-T2.htm) and significantly more abun-
dant in toads with more severe colonic lesions (F (=7.0,p
=0.017). OTU_12 was also detected at low levels in clini-
cally healthy toads without histologic evidence of invasive
disease from the site 30 km away from TERF (Table 1).
Entamoeba ranarum (OTU_16) was no more prevalent or
abundant in diseased toads than in healthy conspecifics,
suggesting that OTU 12 (rather than E. ranarum) is the
causative agent of the colitis.

Although biologists had monitored toads at the site
since 2005, no unusual mortality was observed until 2014.
The disease outbreak involved conspicuous behavior, se-
vere clinical disease, and high mortality. Populations of
invasive species (including Australian cane toads) often
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collapse after establishment, but the causes usually are un-
clear (4). An investigation into declines of Australian cane
toad populations (5) posited an unknown microbial disease
as a possible cause. Plausibly, OTU 12 could be that un-
known pathogen. It might have remained undetected until
now because rapid postmortem decomposition of the co-
lon lining obscures lesions. Euthanizing toads in the final
stages of the disease and immediately fixing their tissue
enabled us to detect the lesions histologically.

Conclusions

To our knowledge, the only published description of pa-
thology associated with amebic infection in amphibians is
a case of renal disease in a single captive cane toad (6).
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Figure 2. Phylogenetic inference of cane toad (Rhinella marina) Entamoeba SSU-rDNA sequences. Entamoeba SSU-rDNA sequences
obtained using environmental next-generation amplicon sequencing (A) and conventional amplification using Entamoeba-specific
primers (B) were aligned with available representative SSU-rDNA sequences. Each sequence is accompanied by GenBank accession
number and Entamoeba species name. New sequences are in black boxes. Bootstrap support values (500 replicates) are shown next
to the branches. The evolutionary distances were computed using the maximum-likelihood method and are in the units of number of
base substitutions per site (scale bars). New sequences are representative of the OTU contigs (A) or are sequences directly from PCR
amplicon (B). OTU, operational taxonomic unit; SSU, small subunit.
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Although a recent survey of cane toads in Puerto Rico re-
corded 2 animals with histologic evidence of amebic en-
teritis (7), extensive surveys of intestinal protozoa in Aus-
tralian toads did not detect amebiasis (8). In other wild
anurans, amebas (including Entamoeba spp.) sometimes
are evident cytologically in the intestine (9) but have never
been linked to disease.

The genus Entamoeba infects a range of taxa, often as
commensals, and less commonly as pathogens (/0,/7). In
humans, E. histolytica is associated with extensive illness
and death (/2,13). However, the presence of Entamoeba
is inconsistently associated with disease and might depend
on interactions between the environment, host, and para-
site (1/2,13). For example, poor nutritional status facilitates
invasive amebiasis in humans (/2-14). Likewise, anorexia
predisposes captive herpetofauna to invasive entamoe-
biasis (/7). Furthermore, interactions between Entamoeba
spp. and other organisms in the gut microbiome may affect
growth or virulence of the pathogen (/1,12).

Based on this pattern of Entamoeba pathogenesis in
other species and on knowledge of toad ecology, we specu-
late the following scenario for the disease outbreak. Toads
ingest encysted OTU_12 by foraging on the ground where
an infected host has defecated (/2). Rates of infection in-
crease during the dry season when toads congregate nightly
around dwindling water sources (5,/5). Dry-season con-
gregations of toads also decrease food intake as competi-
tion for food increases (/5). Decreased feeding alters the
intestinal microbiome and causes Entamoeba in the colon
to activate genes that enable it to feed on epithelial cells
instead of colon contents. Destruction of the colon wall
causes fluid imbalance, forcing toads to remain in moist
areas to prevent dehydration. As destruction of the colon
wall progresses, bacterial infection leads to septicemia,
anorexia, and eventual death. Further experimental studies
are needed to verify this conjectured chain of causation.

The circumstances underlying the unprecedented mor-
tality event and its implications require further investiga-
tion. Of paramount importance is determining the current
distribution of OTU 12, its original host, and whether na-
tive frog populations are at risk from the disease. Isolat-
ing and culturing OTU 12 for reference material and mor-
phologic characterization of cysts and trophozoites would
facilitate further study. Determining whether changes in
the environment, microbiome, or both cause Entamoeba to
switch from commensal to pathogenic and the role the dis-
ease may play in controlling populations of cane toads also
warrant further study.
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Invasive Colonic Entamoebiasis in Wild
Cane Toads, Australia

Technical Appendix

Sample Collection and Histology

During October 2014—-February 2015, we collected 37 toads from the vicinity of the
University of Sydney's Tropical Research Facility (TERF) and a lagoon 30 km away (Table
1; Technical Appendix Figure 1). We subjectively assessed 26 of the 37 toads for signs of
clinical illness immediately after collection. Iliness was scored as follows: 0 (normal), 1 mild
(slightly sluggish movement), 2 moderate (more sluggish, and slightly uncoordinated
movement), 3 marked (flaccid when handled and reduced or absent righting ability). The
body condition of each toad was calculated using residuals from a linear regression of In-

transformed body mass on In-transformed body length.

Toads were euthanized by intracoelomic injection of sodium pentabarbital and the
colon and contents removed for histologic examination and eukaryotic diversity profiling. All
methodology was approved by the University of Sydney's Animal Ethics Committee (permit
# 2013/5989). For histology, colon tissue was fixed in 10% buffered formalin and processed
in standard fashion. Sections were cut at 5 um and stained with hematoxylin and eosin or
periodic acid-Schiff. In addition, colonic impression smears were made for a subsample (n =

16) of infected and uninfected toads and stained with Wright’s stain.

Toads were classified as having invasive amoebiasis if amoebas were histologically
visible within the intestinal mucosa (e.g., Technical Appendix Figure 2). In addition to
designating amoebiasis as being present or absent in each toad, we also scored the severity of

colonic lesions as follows:

i. Type of lesion observed in the mucosal epithelia: scored as 0 (normal), 1 (lesion
limited to epithelial hyperplasia, attenuation or single cell necrosis), 2
(multifocal erosion or ulceration present), or 3 (extensive erosion or ulceration

present).
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ii. Severity of lesion in the mucosal epithelia: scored as 0 (no lesion), 1 (mild), 2

(moderate), or 3 (severe).

iii. Degree of inflammation in the wall of colon: scored as 0 (no inflammation) 1

(mild), 2 (moderate), or 3 (severe).

iv. Number of amoebas observed within the intestinal mucosa: scored as 0 (none),

1 (rare to occasional), 2 (moderate numbers), or 3 (abundant).

Statistical Analyses of Clinical and Histologic Data

These 4 scalar variables describing the colonic lesions of each toad were
amalgamated into a single score using principal component analysis. We used the first
component (PC1) produced from this analysis as an overall measure of the severity of colonic

amoebiasis.

Abundances of each of the 6 main protist taxa identified from toad colon scrapings
were In-transformed and regressed against lesion severity to assess which organisms were
most closely associated with the observed colonic pathology. All statistical tests were carried
out using JMP11 (SAS Institute, Cary NC, USA).

Results

Toads in the TERF dry-season sample had higher prevalence (N = 37, 2 = 22.1,
p<01; Technical Appendix Figure 4) and severity (F134 = 14.1, p<0.0001; Technical
Appendix Figure 4) of colonic amoebiasis (PC1) than toads in the other 2 collection groups
(Technical Appendix Figure 4). Toads with more severe amoebiaisis were in poorer body
condition (F1,35 = 10.5, p = 0.0027; Technical Appendix Figure 5) and had more overt signs
of clinical illness (F1,24 = 29.2, p<0.0001; Technical Appendix Figure 5).

Among the 18 toads for which colon linings were sampled for protists using next-
generation sequencing (NGS), only the abundance of operational taxonomic unit (OTU) 12
was significantly correlated with the severity of colonic lesions (F1,16 = 7.0, p = 0.017;
Technical Appendix Figure 6). Abundances of other the amoeboids were not related to lesion
severity (all F1,16<2.3, all p>0.15). Although the abundance of OTU_12 was correlated with
lesion severity, it was not related to clinical illness score or to body condition (both F<2.8,

both p>0.12). Thus, since some clinically healthy, fat toads had relatively high abundances of
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OTU_12, the presence of the organism alone was not a reliable indicator of illness. In
addition, OTU_12 was equally abundant among toads from the 3 sample groups (F2,15 = 2.1,
p = 0.16).

Molecular Identification and Next-Generation Sequencing Eukaryotic Diversity
Profiling

DNA was isolated from 18 colon scrapings from a selection of diseased and
apparently healthy cane toads (Rhinella marina) (Table 2). Total DNA was isolated from 250
mg of feces using the PowerSoil Kit (Mo-Bio Laboratories, Carlsbad, CA, USA) with a
FastPrep-24 Instrument and setting 6 for 40 s (MP Biochemicals, Santa Ana, CA, USA).
Extracted DNA was eluted into 100 pL of ddH20 water and stored at —20°C. All DNA was
isolated together with negative controls in each batch. DNA samples were shipped to the MR
DNA (http://www.mrdnalab.com, Shallowater, TX, USA) for PCR and MiSeq Illumina
(IMumina, San Diego, CA, USA) sequencing.

The 18S rRNA gene (small subunit [SSU]-rDNA) diversity profiling assay was based
on the primer pairs (i) Euk7A (AAC CTG GTT GAT CCT GCC AGT) and Euk570R (GCT
ATTGGA GCT GGA ATT AC), amplifying ~500-550 bp of the 5’-end of the eukaryotic
SSU-rDNA (hypervariable V1-V3 region). Amplification and Illumina sequencing was
performed at MR DNA. The bar-coded PCR amplicons were pooled and sequenced on the
[llumina MiSeq platform, using Illumina TruSeq DNA library Single End sequencing
chemistry. Sequence data were processed using MR DNA analysis pipeline. Raw sequence
libraries were trimmed to a minimum length of 150 bp, depleted of bar codes, and subjected
to a filtering step using the quality scores file to remove sequences with any anomalous base
calls. Unique sequences were aligned using in-house curated database specific for SSU-
rDNA. The resulting unique sequences were preclustered to remove amplification and
sequencing errors and chimeras were identified and removed using UCHIME (1). OTUs were
defined by clustering at 3% divergence (97% similarity). Final OTUs were taxonomically
classified using BLASTn against a curated database derived from the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov). OTUs taxonomically classified as
amoeba were further verified by recompiling the reads within each OTU to manually check
for any potentially cryptic OUT that would be masked by 3% threshold; such analysis did not
reveal any cryptic OTU.
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Partial SSU-rDNA was amplified using primers ENTAGEN_F [S0517] (ACT TCA
GGG GGA GTA TGG TCAC) and ENTAGEN_R [S0518] (CAA GAT GTC TAA GGG
CAT CAC AQG) (2). Reactions of 30 uL contained MyTaq Red Mix (BioLine, Alexandria,
NSW, Australia) and ~10-50 ng of genomic DNA template (2 uL). The cycling conditions
were as follows: denaturing at 95°C for 1 min followed by 35 cycles of 95°C for 15 s, 60°C
for 15 s, 72°C for 30 s, and a final elongation for 5 min at 72°C. The PCRs were conducted in
a Veriti Thermal Cycler (Applied Biosystems, Foster City, CA, USA) alongside sterile PCR-
grade water as negative control. Resulting products were resolved in 1.5% (w/v) agarose.
PCR products with single band product of the expected size were directly and bi-directionally
sequenced after purification using amplification primers at Macrogen Inc. (Seoul, South
Korea). Sequences were assembled, aligned with related sequences, and analyzed using CLC
Main Workbench 6.9.1 (CLC bio, Aarhus, Denmark) and deposited in GenBank under
accession nos. MG714920-MG714921.

Evolutionary analyses were conducted in MEGA7.0.14 (1). Multiple sequence
alignment was constructed with all available SSU-rDNA sequences belonging to defined
clades. Final alignment and analysis included selection of the main Entamoeba clades (3). For
Entamoeba SSU-rDNA obtained using conventional PCR, nucleotide divergences were
calculated using the maximum likelihood best fit model selected (TN93+G) using MEGA.
Phylogenetic tree was inferred using maximum likelihood and the bootstrap support inferred
from 500 replicates. For OTUs belonging to Entamoeba SSU-rDNA obtained using NGS,
nucleotide divergences were calculated with the K2P method using MEGA. The phylogenetic
tree was inferred using minimum evolution and the bootstrap support inferred from 1,000

replicates.

All raw/processed Illumina reads, OTU and alignments are available at LabArchives
(http://dx.doi.org/10.6070/HASNO7G9).

Morphology of Presumptive Entamoeba OTU_12

We observed trophozoites and cysts on histologic sections and colonic impression
smears from toads infected with OTU_12 (Technical Appendix Figures 2, 3). However, using
morphologic features to distinguish among species of Entamoeba is often not possible. For
instance, Entamoeba OTU_12 is genetically closely related to E. ranarum of amphibians and

E. invadens of reptiles. The latter 2 species are morphologically grouped with other
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Entamoeba sp. (including E. histolytica) by virtue of forming mature cysts that typically
contain 4 nuclei (4,5) although on occasion, E. histolytica and E. ranarum may have up to 8
or 16 nuclei, respectively (6). The cytomorphology of all life stages of E. ranarum (including
cysts) has been described as indistinguishable from E. histolytica (7,8). Likewise, the
cytomorphology of E. histolytica and E. invadens has been described as identical (9). It
seems likely, therefore, that Entamoeba OTU_12 will be morphologically very similar to E.
ranarum, E. invadens, and E. histolytica in both the trophozoite and cyst stages. Based on
observations of histologic sections and impression smears taken from colons of naturally
infected cane toads in our study, this seems to be the case. The trophozoites (Technical
Appendix Figure 2) and cysts (Technical Appendix Figure 3) we observed were
morphologically consistent with these other Entamoeba species (4,6,9). We found cysts to be
rare in cytological preparations of colon smears, present in only 3 of 8 smears from infected

individuals. This scarcity of cysts has also been noted in frogs (4).

In most cases, we cannot be confident that the organisms we observed were actually
OTU_12, because many toads were co-infected with other amoebae Table 2). Ideally, future
studies can use axenic cultures (confirmed through NGS) to fully characterize the
morphology of trophozoites and cysts of Entamoeba OTU_12. Techniques for establishing
and maintaining axenic cultures of Entamoeba are well described in the literature, as are the
use of preferred stains, such as iodine and iron hematoxylin, to characterize the morphology
of different life cycle stages (9-13).
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i Cairns

ropical Ecology Research
Facility (TERF)

I cane toad distribution

Technical Appendix Figure 1. Current approximate distribution of cane toads (Rhinella marina) in
Australia and the location of the study area. Toads were introduced at Cairns in 1935 and have
spread 2,000 km westward since then.
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Technical Appendix Figure 2. Morphology of presumptive Entamoeba operational taxonomic unit

(OTU) _12 trophozoites. A, B) Cytomorphology from colonic impression smears stained with Wright's
stain, in a toad in which the only amoeba identified by next-generation sequencing was Entamoeba
OTU_12. C, D) Histomorphologic findings from a toad with colonic amoebiasis in which the only
Entamoeba spp. detected with NGS was OTU_12. A) Large trophozoite showing pale staining
nucleus (arrow) and abundant vacuolated cytoplasm contained ingested bacteria. Note toad
lymphocyte (arrowhead). B) Smaller precystic trophozoite with ill-defined pale-staining nucleus
(arrow) and several elongate dark blue chromatoid bodies in cytoplasm. Note unidentifiable toad cell
nucleus stripped of cytoplasm (arrowhead). C) Trophozoites within sloughing colon epithelium. Note
small, indistinct pale blue nuclei visible in 2 trophozoites (arrows). Trophozoite cytoplasm contains
abundant magenta-staining glycogen. Note mucus within toad intestinal mucosal goblet cells stains a
darker shade of magenta (arrowhead). Periodic acid-Schiff stain. D) Trophozoite nuclei are small, with
dark rim of heavily staining peripheral chromatin packed against the nuclear membrane and small,
central karyosome (arrows). In 1 nucleus, “spoke radii” are appreciable, extending from the
karyosome to peripheral chromatin (arrowhead). Phosphotungstic acid hematoxylin. All scale bars =

10 pm.
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Technical Appendix Figure 3. Morphologic findings of presumptive Entamoeba operational
taxonomic unit (OTU) _12 cysts from colonic impression smear stained with Wright’s stain, in a toad
in which the only Entamoeba sp. identified by next-generation sequencing was OTU_12. Cysts
(arrowheads) typically contained 1-4 small nuclei, although some contained up to 8 nuclei. Note thin
clear zone (wall) surrounding cysts and large, clear glycogen vacuoles visible in some cysts. Scale
bar =10 pm.
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Technical Appendix Figure 4. Prevalence and severity of histologically diagnosed amoebiasis in

three samples of cane toads (Rhinella marina). Although the disease was significantly most prevalent

and severe at the time and place where the outbreak was first noticed (TERF dry-season),

amoebiasis was also detected in toads at a later date (TERF wet-season) and 30 km further away

(Lagoon dry-season). TERF, University of Sydney's Tropical Research Facility.
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Technical Appendix Figure 5. Scatterplot of body condition (A) and clinical iliness score (B) against

histologic assessment of the severity of colonic lesions in cane toads (Rhinella marina). Toads with

more severe lesions were significantly thinner and showed more serious signs of illness.
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Technical Appendix Figure 6. Relationships between abundance of Entamoeba sp. CT1 (OTU_12)

and severity of colonic amoebiasis based on histologic examination (A), level of clinical iliness (B),

and body condition in 18 cane toads (Rhinella marina) (C). OTU, operational taxonomic unit.
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