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Abstract: Freshwater turtles comprise 81% of all chelonian species despite freshwater systems only
occupying 1% of the earth’s surface, and they are commonly exploited as pets and food resources. This
contact between humans and turtles may put both sides at risk of disease transmission. Additionally,
human impact on ecosystems can cause disease outbreaks in turtle populations. In this review, we
focused on disease agents affecting freshwater turtles, intending to contribute to conservation and
public health efforts. We analysed 423 articles and noted a post-SARS-COVID-19 peak, with most
research originating from Asia, North America, and Europe. Emydidae was the most frequently
studied family, and there was also a bias towards adults, live specimens, and native species. Since
most of the studied turtles were wild-caught, we recommend that captive turtles should also be
thoroughly studied since they can transmit diseases to other turtles and humans. We registered
2104 potential disease-causing agents, with Platyhelminthes dominating within Animalia, while
Proteobacteria dominated bacterial agents. Viruses’ representation was low, highlighting gaps in
reptile virology. Fungi, Chromista, and Protozoa were also underrepresented, but this is changing
with the development of molecular tools. This synthesis serves as a foundation for targeted health
assessments, conservation strategies, and future research, essential to mitigate ecosystem and public
health threats.
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1. Introduction

Freshwater turtles (also called terrapins or pond turtles) are chelonian species that
spend part or all of their life in freshwater [1]. Worldwide, there are more than 360 described
species of chelonians [2], of which approximately 81% are freshwater species, so this group
constitutes a large majority of chelonian diversity [1]. Similar to other groups, freshwater
turtle species diversity is very high despite freshwater systems only occupying 1% of the
planet. Freshwater turtles are present on all continents except in Antarctica, but not all
families are evenly distributed throughout the globe [1].

Freshwater turtles are exploited by humans in a variety of ways. First of all, freshwater
turtles are used as a food resource by some populations in Asia, South America, and Africa.
Various human communities hunt, sell, and eat wild freshwater turtles, causing notable
conservation impacts [3–5]. Turtles, along with other animals, are sold in wet markets for
human consumption, which may pose a zoonotic transmission risk as diverse pathogens
in the turtles may originate disease outbreaks [3]. Additionally, some freshwater turtles,
particularly soft-shelled turtles, farm-raised to be sold for their meat, also have the potential
to transmit diseases [6,7].
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Freshwater turtles are also widely used as exotic pets. Chelonians are one of the most
traded groups of vertebrates, with Geoemydidae, Testudinidae, and Emydidae being the
most representative families [8]. These turtles may escape or be intentionally released from
captivity [9], which affects the disease dynamics in native species and humans through the
introduction of new diseases or by altering the richness and quantity of hosts, vectors, and
disease-causing agents [10]. The Salmonella Lignieres, 1900 outbreaks in the United States
which originated from small pet freshwater turtles, demonstrate how a disease that is at
balance with its asymptomatic host can affect the human population [11].

Apart from food and pet ownership, freshwater turtles are also used in traditional
medicine despite the lack of evidence on their efficacy [12,13]. These traditional medicine
practices have serious implications for the conservation of wild chelonians [12,13], as well
as in disease transmission dynamics both to turtles and to humans [14,15]. Finally, although
less frequently, freshwater turtles are also used in magic/religious ceremonies and for
ornamental purposes [12].

Anthropogenic changes to ecosystems may also have cascading effects on turtle pop-
ulations. Zhang et al. [16] proposed that the increase in water temperature may have
contributed to a massive outbreak of the Bellinger River Turtle virus, which caused ma-
jor population declines. This demonstrates the importance of identifying and surveying
disease-causing pathogens in freshwater turtles, even the ones that currently do not cause
any evident disease or illness to humans or other animals.

The aim of this article was to review current knowledge regarding disease-causing
agents such as parasites, fungi, bacteria, and viruses, reported from freshwater turtle
hosts. This is essential information so that health assessment protocols, disease monitoring
programs, conservation programs, and public health agents may direct their efforts to
the most commonly identified pathogens to monitor and control the transmission of
wildlife diseases. At the same time, we aim to identify knowledge gaps, both in terms
of understudied host species, geographic regions, and parasite groups, which may be
addressed in future studies.

2. Methods

In order to evaluate the diseases and parasites reported in freshwater chelonians, we
conducted a literature search employing Google scholar, Scopus and Web of Science by
combining the following search words: “freshwater turtle” AND “disease” AND “bacteria”;
“freshwater turtle” AND “disease” AND “virus”; “freshwater turtle” AND “disease” AND
“fungus”; “freshwater turtle” AND “disease” AND “fungi”; “freshwater turtle” AND “dis-
ease” AND “parasite”; “freshwater turtle” AND “disease” AND “protozoa”; “pond turtle”
AND “disease” AND “bacteria”; “pond turtle” AND “disease” AND “virus”; “pond turtle”
AND “disease” AND “fungus”; “pond turtle” AND “disease” AND “fungi”; “pond turtle”
AND “disease” AND “parasite”; “pond turtle” AND “disease” AND “protozoa”; “terrapin”
AND “disease” AND “bacteria”; “terrapin” AND “disease” AND “virus”; “terrapin” AND
“disease” AND “fungus”; “terrapin” AND “disease” AND “fungi”; “terrapin” AND “dis-
ease” AND “parasite”; “terrapin” AND “disease” AND “protozoa”; “freshwater turtle”
AND “parasite”; “freshwater turtle” AND “protozoa”; “pond turtle” AND “parasite”;
“pond turtle” AND “protozoa”; “terrapin” AND “parasite”; “terrapin” AND “protozoa.

We retrieved all documents published until December 2023. Afterwards, we excluded
all documents that were not published in peer-reviewed journals, written in English, and/or
where the disease was not caused by parasites, fungi, bacteria, or viruses—for example,
those caused by nutrition deficiency (Figure 1). From the remaining articles, we extracted
the following data: year of publication, sampling location (continent and country), host,
disease-causing agent, host age (juvenile, adult, or both), turtle state (dead, alive, or both),
the presence or absence of symptoms, origin (wild or captive), and native or non-native
host in that location. Regarding the symptoms, we classified them as present when at least
one individual had symptoms. The host species were classified as native when a part of
their natural distribution occurred in the country studied, even if in some cases they might
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be introduced in other areas of the country. In the retrieved articles, some of the information
was not available; in such cases that information was classified as “unspecified”. After
extracting all of this information, a second screening was performed where all articles that
did not specify at least the host genus and/or the pathogen family were excluded, as well
as the articles that did not confirm the infection or that did not include any freshwater
chelonians (Figure 1).
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Figure 1. The process of the literature review, which includes three different stages: identification,
screening, and inclusion. At the identification stage, all Google Scholar, Scopus, and Web of Science
search results were gathered. Next, at the screening stage, all search results that did not meet the
criteria were excluded. In the final analyses, only 423 were included.

We then completed and updated the taxonomic information using the Current ICTV
Taxonomy Release (https://ictv.global/taxonomy, accessed on 8 January 2024) for viruses,
the Global Catalogue of Microorganisms (https://gcm.wdcm.org/, accessed on 8 January
2024) for bacteria, the MycoBank (https://www.mycobank.org/, accessed on 9 January
2024) for fungus, and the Catalogue of Life (https://www.catalogueoflife.org/, accessed on
10 January 2024) for the remaining disease-causing agents. We also updated the taxonomic
information of the freshwater chelonians following the Reptile Database (http://www.
reptile-database.org/, accessed on 11 January 2024).

All calculations were made in Microsoft Excel®, statistical analysis was made in R
version 4.2.2, and all figures and maps were produced in Datawrapper. The Wilcoxon
signed-rank paired test was used to compare the number of native and non-native turtles
for the families reported in the articles.

3. Timeline and Global Distribution

In total, we assessed 423 articles that included a positive infection in freshwater ch-
elonian by virus, bacteria, fungus, and other parasites. Most records occurred after the
turn of the century, especially after the SARS-COVID-19 outbreaks (Figure 2). The SARS-
COVID-19 pandemic had a profound impact on the social and scientific perspective of
wildlife’s role in the emergence of zoonotic diseases, which led to a notable increase in
wildlife disease publications [17]. Despite the potential impact of the SARS-COVID-19
outbreak on disease research, others have found an increase in the number of scientific

https://ictv.global/taxonomy
https://gcm.wdcm.org/
https://www.mycobank.org/
https://www.catalogueoflife.org/
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articles concerning wildlife disease, with particular emphasis on diseases affecting mam-
mals [18]. Comparatively to mammals, the number of publications on reptile diseases
remains low [18] although reptiles, and specifically freshwater turtles, are well-known
sources of zoonotic diseases [19–22].
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Figure 2. Yearly distribution of publications involving disease agents in freshwater turtles.

From the 423 articles, we retrieved 558 locations across all continents except for
Antarctica (Figure 3). The most represented continent was Asia (n = 136), followed by
North America (n = 133) and Europe (n = 114). In contrast, the least represented continents
were Oceania (n = 50) and Africa (n = 50). Although most records came from Asia, most
countries have less than 10 studies, with the exception of China (n = 24), Malaysia (n = 24),
India (n = 16), Vietnam (n=12), and Iran (n=11). On the North American continent, the
majority of records were from the USA (n = 107). The studies involving turtles from Spain
(n = 23), Italy (n = 17), France (n = 12), and Poland (n = 10) make up more than half of the
records in Europe. This is consistent with other reviews on wildlife diseases, where most
publications gathered were from Europe, North America, and Asia [23,24], as well as with
the geographical areas where reptiles are most studied [25]. These geographical differences
may be explained by the purchasing power parity, particularly by the North American and
European countries, which allows some countries to invest in research [25].
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4. Hosts

Of the 14 Testudines families [1,2,26], 11 families were present in this review, meaning
that at least one member of each of these 11 families of freshwater turtles was present and
that this review covered a significant diversity of the freshwater chelonian families [1].
When compared with other reptile groups, turtles have a higher number of published
studies per species, and in general, the number of studies is positively associated with the
species’ body mass and negatively associated with the year of the species description [25].
In our review, the most mentioned family was Emydidae (n = 865), while the least men-
tioned were Carettochelyidae (n = 8), Dermatemydidae (n = 8), and Platysternidae (n = 4)
(Figure 4). Although the least mentioned families were those with the lowest number of
described species [1,2,25] and there is a clear trend towards more references of disease
agents associated with more species-diverse host families, there are exceptions. Following
Uetz et al. [2], the most species-diverse family is Geoemydidae (71 species), followed by
Chelidae (69 species), and then by Emydidae (58 species). In this review, the Emydidae
family was mentioned 855 times, and the species with the greatest contributions were
Trachemys scripta (Thunberg in Schoepff, 1792) (n = 313) and Emys orbicularis (Linnaeus,
1758) (n = 169) (Supplementary Materials S2). Trachemys scripta has been introduced in
all continents (except for Antarctica) due to the pet trade [27], as well as trade for human
consumption and religious reasons [28], and is often considered the most widely invasive
reptile species in the world [29]. Host-switching of flatworm endoparasites from intro-
duced T. scripta to native Mauremys leprosa (Schweigger, 1812) has already been identified in
natural environments in the Mediterranean region [30]. Moreover, Demkowska-Kutrzepa
et al. [31] identified that the helminth parasites co-introduced with T. scripta also infected M.
leprosa and E. orbicularis. The increasing human contact with T. scripta and the knowledge
that T. scripta transmits their parasites to native species [27] may explain the high number
of publications that focus on their diseases. This review included 12 studies that show
parasites that have been shared, or that have the potential to be shared, by T. scripta and
native species such as E. orbicularis and M. leprosa (e.g., [32,33]). All but one study that
referred to E. orbicularis were published after 2003, which may be due to the implementa-
tion of the Habitats Directive, which may have lagged in some countries [34,35]. Guedes
et al. [25] also identified a positive association between IUCN threat status and the number
of reptile studies. Nevertheless, E. orbicularis is not classified with any kind of threat status
by the IUCN. The species E. orbicularis is one of the most widespread freshwater turtle
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species [36], which may also affect the number of published studies. The second most
cited family was Geomydidae (Figure 4), in which the main contributors were species of
the genus Mauremys (n = 155) (Supplementary Materials S2). This genus has a Palaearctic
distribution [1], which includes 2 of the 3 continents with the largest number of studies
(Europe and Asia). The family Chelidae is the third most represented family in our review
(Figure 4), which, according to Uetz et al. [2], is the third most diverse family.
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More than 50% of the studied freshwater turtles were wild-caught (Table 1), and
these were mostly obtained from studies that were the first records of a specific parasite
or from health assessment and disease prevalence of free-ranging chelonians. Such health
assessment studies are a key component to evaluating wildlife disease in the “One Health”
framework. The “One Health” approach highlights that the health of humans, animals, and
ecosystems is linked and interdependent, so it proposes an interdisciplinary approach to
address these issues [37]. Wildlife plays a critical role in the (re-)emergence of human and
livestock diseases [37], and for this reason, wildlife disease surveillance has an important
role in preventing and predicting disease outbreaks. On the other hand, the studies
that incorporated captive freshwater turtles (n = 83) (Table 1) focused on a wider variety
of research problems, such as microbiome, experimental infection, clinical diagnostics,
antibiotic resistance, expression of heat shock proteins, health assessments, and more. The
number of health assessment studies was considerably inferior in captivity than in the wild.
Nevertheless, the risk imposed by freshwater turtles should not be neglected. Hossain and
Heo [20] reviewed the bacteria transmitted by pet turtles and reported that the zoonotic
risk is associated with unhygienic handling of the turtles and the poor hygiene of the
terrarium. Some professions, such as zookeepers and veterinarians, carry a high risk of
disease transmission from captive wildlife [38,39]. That being said, understanding the
zoonotic potential of some diseases may require a disease surveillance methodology that
incorporates both wild and captive specimens that were underrepresented in the available
data (7.8%).
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Table 1. Summary table of the number of publications reporting turtle age, state, origin, and
native/non-native status. The age groups were adults, juveniles, eggs, and adult and juvenile. Turtles
were classified as alive when captured alive, dead when captured dead, and as “both” when dead and
alive specimens were assessed. The origin was classified as “wild” when all animals were gathered
from the environment, as “captive” when all animals were living in captivity, and as “both” when
some animals came from the wild and others from captivity. Studies classified as “native” were
conducted only with autochthonous species, as “non-native” when only allochthonous species were
assessed, and as “both” when both allochthonous and autochthonous species were included. All
studies without information about one of the variables were classified as “unspecified”.

Number of
Publications

Publication
Percentage

Age Adult 56 13.2%

Juvenile 12 2.8%

Adult and Juvenile 41 9.7%

Egg 7 1.7%

Unspecified 303 71.6%

Status Alive 275 65.0%

Dead 35 8.3%

Both 31 7.3%

Unspecified 82 19.4%

Origin Wild 237 56.0%

Captive 83 19.6%

Both 33 7.8%

Unspecified 70 16.6%

Native/Non-native Native 343 81.1%

Non-native 38 8.9%

Both 13 3.1%

Unspecified 29 6.9%

Symptoms Yes 75 17.8%

No 70 16.5%

Unspecified 278 65.7%

In our review, 275 of 423 studies only sampled living freshwater turtles (Table 1), and of
these, in 70 studies the turtles did not exhibit any symptoms. This suggests that many of the
turtles may develop subclinical diseases characterised by the lack of symptoms. This was
the case of frog virus 3 in a wild population of Chrysemys picta (Schneider,1783) and Chelydra
serpentina (Linnaeus,1758) in Canada where, despite the virus’s presence, no sign of illness
was detected [40]. In another study, three novel herpes viruses were detected in healthy
populations of Glyptemys muhlenbergii (Schoepff,1801), Glyptemys insculpta (Le Conte, 1830),
and Clemmys guttata (Schneider, 1792) [41]. Endemic diseases occur naturally in stable
balance with the host, environment, and vector (in vector-borne diseases), which leads to
the asymptomatic presence in their natural hosts [42]. Some anthropogenic factors may
alter this stable balance and can cause an epidemic—such as increased interspecies contact,
translocation of novel hosts, and introduction of new parasites [10,42]. Also, climate change
influences the appearance of diseases outside their normal range due to the expansion of
the host range and/or expansion of the free-living disease range [43]. All of the above
can cause an epidemic from a subclinical disease and is one of the reasons to implement
wildlife surveillance programs. Some of the studies employed an opportunistic sampling
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strategy, by incorporating dead individuals that were not euthanized. This type of study
is essential to understand which diseases are causing mortality events. Nevertheless, not
incorporating living animals does not allow for the comparison of the disease prevalence
between dead and surviving turtles. In this review, only 31 studies analysed both living
and dead turtles, which is a very low number.

Regarding the origin of the freshwater turtles, we found out that most studies (n = 343)
evaluated native species (Table 1). The Wilcoxon signed-rank-paired test to compare
the number of reported native and non-native turtles for each family resulted in highly
significant differences (p = 0.00293) (Figure S3). We do not suggest that this reflects the
pathogen loss in non-native species when outside of their native range, although this can
happen [44]; it is simply a consequence of a higher number of studies with native species.
This might be due to the conservation status of freshwater turtles. More than 53% of all
the species of freshwater turtles are currently classified as having some kind of threat
level or as extinct in the wild [45], and this percentage must be outdated because human
pressure keeps increasing. On the other hand, the number of published studies focused
on non-native turtles is much lower, and these publications only started after 2000. This
reflects the increasing awareness of the impact of non-native species that began in the 1990s
and resulted in, for example, EU legislation in 1997, Regulation 338/97, which banned the
import of specific species, and later by Regulation 1143/2014, which defines the measures
to prevent, minimize, and mitigate the introduction and spread of non-native species.
Finally, studies involving both native and non-native species may allow for the detection
of transmission patterns between the two types of species. Although, in most cases, only
the transmission of parasites from non-native species to native ones is considered, native
species may be a source of parasites to non-native species that may become alternative
hosts and disease amplifiers in the ecosystem [10].

In our review, most studies did not specify the age of the freshwater turtles, with only
118 (18.9%) of all studies identifying a specific age group (Table 1). When specified, adult
freshwater turtles were the most common age group (n = 56), while eggs were the least
referenced age group (n = 7) (Table 1). Interestingly, five of the studies where eggs were
sampled, focused on fungal pathogens, specifically species of the genus Fusarium Link,
1809, and Emydomyces testavorans Woodburn, 2019. Martínez-Ríos et al. [46] found that
Trachemys scripta eggs, either symptomatic or asymptomatic, can carry pathogens associated
with STEF (sea turtle egg fusariosis) disease. STEF disease can cause high mortality in sea
turtle eggs worldwide [47], and some recent studies show egg failure due to STEF disease
in freshwater turtles, which may severely impact their conservation [48].

Most studies focused on the diseases present in adults or adults and juveniles, and
most turtles were caught using traps since they were wild turtles (see paragraphs above).
Independently of the trap type used, the capture rate for juveniles was lower than that
for adults [49,50], which means that studies may not have been intentionally directed to
adults. Despite the low capture rate, juveniles were still caught by the most conventional
freshwater turtle sampling methodology, and accordingly, some studies include both adults
and juveniles (n=41, 9.7%). Studies only directed to juveniles were mainly focused on
viruses and bacteria and evaluated the pathogenicity, treatment, diagnosis, and microbiome,
with a vast majority being conducted in captivity.

5. Disease Agents

A total of 2101 infections were reported, and across all agents, more than half belonged
to Animalia (n = 1113) (Figure 5). Similarly, in their meta-analyses on the relationship
between host body condition and parasite infection, Sánchez et al. [51] found that the
majority of the parasites were from Animalia. On the contrary, in their review of long-term
studies in wildlife diseases, Barroso et al. [18] identified viruses and bacteria as major
pathogens. One of the differences between the above-described papers is the fact that
Sánchez et al. [51] used a combination of (parisit*OR infect* OR disease*), and Barroso
et al. [18] used ‘disease’ as a search word for the whole literature search. In our review, the
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number of papers increased from 219 to 423 when we removed the word ‘disease’ before
‘parasite’ and ‘protozoa’. These results referred, almost exclusively, to animal parasites,
many of them not identified in the literature search performed before removing the word
‘disease’. According to Foufopoulos et al. [52], all disease-causing agents can be classified as
parasites. On the other hand, pathogens are a subset of microparasites such as bacteria and
viruses that have substantial detrimental effects on the hosts. The word ‘disease’ is more
closely associated with pathogens than with other parasites, like leeches and ticks, which
are often considered primarily in their role as vectors of diseases. Nevertheless, many
microorganisms naturally form part of the healthy microbiome of the hosts as commensals
or mutualists but do not cause any disease. Therefore, it is extremely important to refine
and adapt search words, so that information from all spectra of infectious agents can be
gathered in reviews. We propose that in the case of bacteria, viruses, and fungi, the word
‘disease’ should be added to the literature search to exclude papers that only describe
the healthy/normal microbiome. On the other hand, when searching for parasites and
protozoa, the word ‘disease’ should be excluded as a search word to make sure that all
types of parasites are included in the review.
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Animal parasites are often classified as macroparasites [51] although this group has
both ectoparasites, such as leeches and ticks, and endoparasites, including roundworms
and flatworms. The Platyhelminthes phylum was the most represented phylum of An-
imalia (n = 719), with the following classes present: Trematoda (n = 440), Monogenea
(n = 272), and Cestoda (n = 5) (Supplementary Materials S2). According to a global es-
timate, platyhelminthes in reptiles represent 6% of the total diversity, with Trematoda
being the predominant class [53], which is concordant with the results of this review. This
number must be an underestimate due to the rate of newly described species, the high
number of cryptic species, and the fact that major efforts to describe the platyhelminthes
have been concentrated in developed countries where the platyhelminthes diversity is
lower [53]. As in our review, Poulin et al. [54] identified Cestoda as the least studied.
Among animal hosts, acanthocephalans and nematodes are the most mentioned helminth
parasites due to their pathogenicity and zoonotic potential [54]. In this review, the second
most reported phylum within Animalia was Nematoda (n = 201). Some estimates indicate
that the Nematoda phylum is one of the most diverse of the Animalia [55]; nevertheless,
three things must be taken into account extrapolating this information to the parasitic
nematodes of animals, especially for freshwater turtles. First, the nematode diversity was
calculated using all nematode species, which include free-living species [55]. The majority
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of nematode species are free-living [56], so the diversity of parasitic nematodes might not
reflect the diversity of all nematode species. Second, many parasitic nematodes infect plant
species with devastating ecological and economic consequences [57]. These plant parasites
were also considered by Poulin and Morand [55]. Finally, amphibians and reptiles are
underrepresented in studies that focus on nematodes. For instance, Cole and Viney [58],
in their review of population genetics of parasitic nematodes of wild animals, only use
lizard examples in the reptile section and do not include any chelonian examples in the
aquatic animals section. The third and fourth most represented groups within Animalia
were Annelida (n = 109) and Arthropoda (n = 57). From Arthropoda, only five families were
present (Ixodidae, Sarcophagidae, Balanidae, Chelonibiidae, and Sebekidae), and from
Annelida, four families were present (Erpobdellidae, Glossiphoniidae, Ozobranchidae, and
Piscicolidae), so, for both phyla, all identified parasites were ectoparasites. Ectoparasites
themselves have negative consequences for the hosts [59]. Many species of the Balanidae
family are considered epizoic. Epizoic organisms use the surface of other organisms without
any damage or harm [60]. Nevertheless, the presence of the species Amphibalanus eburneus
(Gould,1841) and Amphibalanus improvisus (Darwin, 1854) may lead to erosion of the shell
and vertebrae of the turtle, so they are considered parasites [60]. Additionally, ectoparasites
can be vectors of other disease agents [61,62]. Particularly in freshwater turtles, leeches of
the genus Placobdella Blanchard,1893, are a well-known vector for species of Haemogregarina
Danilewsky, 1885, an obligate hemoparasite of reptiles [63,64].

Within bacteria, the most reported phylum was Proteobacteria (n = 353), followed by
Firmicutes (n = 33) and Bacteroidetes (n = 20) (Supplementary Materials S2). On the other
hand, Fusobacteria was the least reported phylum, with only one example reported. The
Proteobacteria phylum includes a variety of families, such as Aeromonadaceae, Brucel-
laceae, Pseudomonaceae, and Enterobactericeae. In this review, the latter family makes up
more than half of Proteobacteria reports, which includes several zoonotic bacteria, such as
species of Campylobacter Sebald and Veron, 1963 and Salmonella [65]. It is known that these
potential disease agents can occur naturally in the host, only becoming pathogenic when
the system’s natural balance is disturbed [42]. However, in captive pet reptiles (including
turtles), the source of bacteria causing zoonotic diseases might not be the turtle itself but
rather the water supply or the substrate of the terrarium where the reptile is held [66].
Environmental changes, such as pollutants, can also alter the normal microbiome and lead
to the appearance of diseases caused by the increase or decrease of some bacteria taxa [67].
Even though the environmental microbiome may not influence the oral microbiome, the
shell microbiome is extremely affected by the environmental microbiome [68], potentially
causing the infection of human hosts through direct contact. Nevertheless, when compared
with Python regius (Shaw, 1802) (Ball python), Acrantophis dumerili Jan, 1860 (Dumeril’s
boa), and Eublepharis macularius (Blyth, 1854) (Leopard gecko), Trachemys scripta’s oral
microbiome showed a higher bacterial diversity but not necessarily of pathogens, possibly
associated with its wider, more omnivorous diet [69].

When it comes to viruses, a lack of appropriate detection and identification techniques
and a greater focus on birds and mammals created a knowledge gap concerning reptile
viruses [70] (Figure 6). Novel reptile viruses are being discovered every year, meaning that
reptile virus diversity and, consequently, turtle virus diversity are underestimated [70]. It
is clear that, in our review, viruses (n = 130, 6.2%) had a lower number of mentions when
compared with Animalia (n = 1113, 52.9%) and Bacteria (n = 465, 22.1%).

Fungi, Chromista, and Protozoa make up a small proportion of all reports of disease-
causing agents (n = 393, 18.7%, Supplementary Materials S2), partly because the molecular
tools needed for their identification have only recently been widely applied (Figure 6). Of
these three groups, Chromista was the most mentioned group (n = 302), with Haemogre-
garinidae, Eimeriidae, and Plasmodiidae as the most widely reported families. Within
Haemogregarinidae, the genera most mentioned were Haemogregarina (n = 160) and Hep-
atozoon Miller, 1908 (n = 5). In the other two families, the more widely reported genera
were, respectively, Eimeria Schneider, 1875 (n = 100) and Haemoproteus Kruse, 1890 (n = 18).
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These hemoparasites are difficult to identify only using microscopy, and until recently, no
ubiquitous molecular tool was available to identify them from a blood sample [71]. There
are still unidentified forms of these parasites that can cause severe consequences for the
hosts as, for example, in the case of the putative intranuclear coccidium that was recently
identified in freshwater turtles using molecular tools [72]. This parasite has been associated
with extensive symptoms and even death in terrestrial tortoises [73,74], but its impact on
freshwater host species remains unknown. The most widely reported fungal parasites
belonged to the genera Fusarium (n = 12) and Emydomyces (n = 26). These two genera cause
emerging infectious diseases that severely impact freshwater turtle populations leading to
their decline. Protozoa parasites were reported only twenty-three times, primarily repre-
sented by the genus Entamoeba Casagrandi and Barbagallo, 1897 (n = 11), and Trypanosoma
Lühe, 1906 (n = 9).
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Regarding the public health risk, in our review, we identified several potential zoonotic
diseases that may be transmitted from freshwater turtles to humans. These include disease-
causing agents such as species of the genera Salmonella, Leptospira, Klebsiella Trevisan,
1885, and Mycoplasma Nowak, 1929. Some have been documented to be transmitted from
freshwater pet turtles to humans, such as Salmonella spp. [3], but many, despite the potential
risk, have not been confirmed to be transmitted from freshwater turtles. Although direct
contact with live freshwater turtles is the main infection route described, other infection
routes should not be discarded, particularly due to the common use of freshwater turtles
for food and religious rituals. Most of the articles that identified potential zoonotic diseases
used captive or captive-raised turtles since these have the most contact with humans.
Nonetheless, wild turtles may also carry zoonotic diseases [75,76]. For humans, these
diseases may have very different outcomes, depending on the disease-causing agent itself
and the human host. As an example, for Salmonella spp., the disease outcome is worse for
children and the elderly [20].
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6. Conclusions

In this review, we provide new insights into the agents of disease in freshwater
chelonians. Identifying disease agents of freshwater turtles is of extreme importance not
only from a conservation perspective but also from a public health perspective. Due to
the variety of ways that freshwater turtles are used, their interaction with humans has
increased and the potential to transmit zoonotic diseases has also increased.

We identified disease agents that include parasites, bacteria, viruses, fungi, and other
pathogens. As with other animal groups, research on turtle diseases peaked after the
COVID-19 pandemic. Nevertheless, reptile groups, specifically freshwater turtles, are
still overlooked in wildlife disease research. Regarding global distribution, it follows the
same pattern as other wildlife disease research, with more publications in Asia, North
America, and Europe. However, the need for increased attention to understudied regions
and host species is identified, emphasising the importance of filling knowledge gaps to
develop effective health assessment protocols, disease monitoring programs, and conserva-
tion strategies.

The diversity of freshwater turtle families was covered in the study despite variations
in the number of reported diseases and parasites for each family. Overall, the most diverse
families were the ones with more disease agents reported. Trachemys scripta was the most
studied species, which, due to its invasive status and its popularity as pets, can be a source
of diseases to the native species and a source of zoonotic diseases to humans. To better
understand, monitor, and evaluate disease dynamics, it is essential to incorporate both
wild and captive populations. Only by incorporating this holistic “One Health” approach,
we can properly minimize and mitigate disease transmission and risk. In our review, we
also address the age, origin, and status of freshwater turtles studied, revealing a focus on
adults and native species and a scarcity of studies involving both living and dead turtles.
This prompts considerations for the design of future research to ensure a comprehensive
understanding of disease prevalence and transmission dynamics. So, whenever possible,
future studies should consider all age classes, native and non-native species, and both live
and dead individuals.

Our extensive analysis of disease-causing agents, including parasites, bacteria, viruses,
fungi, and other pathogens, offers an informative resource for health assessments, disease
monitoring, and conservation initiatives. Animalia had the most records for disease
agents in freshwater turtles. In this kingdom, both endo- and ectoparasites were reported,
although most were endoparasites. Among the endoparasites, the most recorded phylum
was Platyhelminthes, followed by Nematoda. These phyla are highly diverse, which
is consistent with the fact that they were the most represented ones. Within Animalia,
ectoparasites were represented by Arthropoda and Annelida, and the latter may be vectors
to disease-causing agents such as species of Haemogregarina. Bacteria were the second
most recorded kingdom with Proteobacteria as the most reported phylum. Bacteria form
part of the natural microbiome of reptiles, and their pathogenicity may be induced by
environmental changes (both in the wild and in captivity). Reptile virus’ diversity may be
high, but the focus on other viruses and the limited number of assessment techniques have
compromised the knowledge about this group. Assessments of the remaining kingdoms
(Fungi, Chromista, and Protozoa) make up a small proportion of all articles, but there has
been a recent increase in studies, presumably reflecting the very recent development of
appropriate molecular tools to identify these groups.

This review enhances our understanding of the complex interactions between freshwa-
ter turtles and disease-causing agents. It highlights the need for a concerted effort towards
sustainable conservation and management practices, as well as the implementation of the
“One Health” approach to reduce both human and animal diseases’ impact. Our find-
ings underscore the urgency of addressing the various causes of freshwater turtle disease
through health assessments and monitoring programs and of identifying key gaps in the
current knowledge, as well as in research efforts, that should be used to improve future
research in freshwater turtle diseases.
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