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A B S T R A C T   

Organophosphorus flame retardants, such as triphenyl phosphate (TPhP), exist ubiquitously in various envi
ronments owing to their widespread usage. Potential toxic effects of residual flame retardants on cultured non- 
fish species are not concerned commonly. TPhP-induced physiological and biochemical effects in an aquatic 
turtle were evaluated here by systematically investigating the changes in growth and locomotor performance, 
hepatic antioxidant ability and metabolite, and intestinal microbiota composition of turtle hatchlings after 
exposure to different TPhP concentrations. Reduced locomotor ability and antioxidant activity were only 
observed in the highest concentration group. Several metabolic perturbations that involved in amino acid, energy 
and nucleotide metabolism, in exposed turtles were revealed by metabolite profiles. No significant among-group 
difference in intestinal bacterial diversity was observed, but the composition was changed markedly in exposed 
turtles. Increased relative abundances of some bacterial genera (e.g., Staphylococcus, Vogesella and Lawsonella) 
probably indicated adverse outcomes of TPhP exposure. Despite having only limited impacts of exposure at 
environmentally relevant levels, our results revealed potential ecotoxicological risks of residual TPhP for aquatic 
turtles considering TPhP-induced metabolic perturbations and intestinal bacterial changes.   

1. Introduction 

Organophosphorus flame retardants (OPFRs) that are synthesized 
from phosphorous substances are being increasingly widely used in 
various consumer products (van der Veen and de Boer, 2012). Currently, 
OPFRs can be ubiquitously detected in a variety of environments, and 
bioaccumulative in organisms that are frequently exposed to these 
compounds, or through the food chain (Andresen et al., 2004; Sala et al., 
2021). Despite supposed lower toxicities, growing evidence has indi
cated that OPFRs can cause a series of toxicological effects, including 
neurotoxicity, hepatotoxicity, reproductive and developmental toxicity, 
etc. (Chen et al., 2019; Ramesh et al., 2020; Sun et al., 2022). A most 
common OPFR, triphenyl phosphate (TPhP) is largely used in polymer 
industries related to textiles, building materials, plastic packaging, etc., 
and dispersed into various environments, including air, water, soil en
vironments, during its processes of production, utilization, and waste 

treatment (Xing et al., 2018). Consequently, the detectable levels of 
TPhP as well as its derived byproducts in these environments have been 
shown to be increasing with the increased production and usage (Tan 
et al., 2016). 

The detection rates of TPhP can be almost 100% in water samples 
collected from various sites worldwide, and the maximum detected 
concentration reaches up to 7.9 μg/L in river surface water (e.g., re
ported concentrations of 10–200 ng/L in Germany, Andresen et al., 
2004; 0.9–5.2 ng/L in China, Zhang et al., 2018; 41–360 ng/L in US, 
Sutton et al., 2019; up to 7.9 μg/L in Denmark, Li et al., 2019; Zhang 
et al., 2022), and up to 14 μg/L in the effluent of sewage treatment plants 
(Lu et al., 2021; Umamaheswari et al., 2021). TPhP can enter and 
accumulate in the body of aquatic organisms via skin absorption, food 
intake and others, and accordingly has been easily detected in various 
tissues of aquatic organisms (Kim et al., 2011). As a typical OPFR, 
similar toxic effects due to TPhP exposure are observed in aquatic 
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organisms, including invertebrates, fish and amphibians (Yuan et al., 
2018; Ramesh et al., 2020; Lu et al., 2021; Chen et al., 2022). For 
example, long-term TPhP exposure would lead to an obvious accumu
lation in various tissues, and thus cause oxidant/antioxidant imbalance, 
biochemical alteration and morphological abnormality in fish (Ramesh 
et al., 2020; Yao et al., 2021). In recent years, increasing studies on toxic 
effects of TPhP (and other OPFRs) have been conducted in non-model 
aquatic organisms (Lu et al., 2021; Wang et al., 2022), but our under
standing of its potential impacts in these species is still limited (no 
studies conducted on turtle species to date). 

The liver and gut are two important organs responsible for metab
olizing various compounds and maintaining homeostasis, and can 
interact with each other (termed as the gut-liver axis). Through the 
portal vein, intestine-derived bacterial products are transported to the 
liver, and alter its metabolic or physiological state, while liver- 
synthesized primary bile acids are carried to the intestine, and can 
shape intestinal bacterial community (Tripathi et al., 2018). Investi
gating the changes in some physiological parameters of these two organs 
has become a commonly used measure in toxicology testing. Under 
pollutant stress, the balance of hepatic oxidative/antioxidant system 
and intestinal microbiota might be disrupted due to excessive produc
tion of free radicals in the liver during the metabolism of exogenous 
toxic chemicals (Chen et al., 2022), and the change in the composition of 
bacterial community (Zhang et al., 2017). Exposure to TPhP (or other 

OPFRs), even at low environmental concentrations, might cause distinct 
hepatic antioxidant (enzymatic and non-enzymatic) responses (Yan 
et al., 2017; Ding et al., 2022), and intestinal microbiota disorders in 
aquatic organisms (Wang et al., 2022; Zhang et al., 2022). A recent study 
showed that TPhP exposure altered intestinal bacterial composition and 
gene expression along gut-liver axis, and disturbed hepatic lipid meta
bolism in mice (Liu et al., 2023). 

The Chinese soft-shelled turtle (Pelodiscus sinensis) is a reptile species 
that widely distributed in China, as well as in other parts of East Asia and 
South-East Asia. It can serve as a good experimental model for toxico
logical studies in aquatic reptiles (Meng et al., 2023). In this study, a 
series of physiological indicators (including feeding, swimming and 
growth performances, hepatic biochemical and metabolomic profiles, 
and intestinal microbiota) were measured from TPhP-exposed P. sinensis 
hatchlings (at concentration levels of 0.02, 0.2, or 2 mg/L for 30 days). 
TPhP-induced physiological and metabolic changes have been revealed 
by microbiomic and metabolomic analysis in some aquatic species (e.g., 
hepatic metabolite changes in amphibians, Lu et al., 2021; intestinal 
microbiota changes in fish, Wang et al., 2022; Zhang et al., 2022). Based 
on these study findings, TPhP-induced physiological, bacterial and 
metabolic changes in P. sinensis could be expected. 

2. Material and methods 

2.1. Chemical reagent and testing kit 

Triphenyl phosphate (TPhP > 99% purity, CAS no. 115–86–6) and 
chemical reagents required for sample processing and liquid 
chromatography-mass spectrometry (LC-MS) detection was purchased 
from the Sinopharm Chemical (or Aladdin) Reagent Co., Ltd. (Shanghai, 
China). TPhP was dissolved in dimethyl sulfoxide (DMSO) to create 
concentrated stock solutions (Lu et al., 2021). Assay kits for detecting 
the activities of superoxide dismutase (SOD), catalase (CAT) and 
glutathione peroxidase (GPx), and the content of reduced glutathione 
(GSH) in hepatic tissue of turtles were purchased from the Nanjing 
Jiancheng Bioengineering Institute (Nanjing, China). 

2.2. Experimental animal and treatment 

New-laid P. sinensis eggs (N = 120) were collected from a Huzhou 
private farm, and incubated at 28 ºC. Hatchling turtles were kept indi
vidually. Approximately 40 days after hatching, 56 healthy hatchlings 
(14 individuals in each treatment group) were selected for the TPhP 
exposure experiment. Egg incubation, hatchling collection and rearing, 
and experimental exposure process were similar to those described in 
our previous studies (Kang et al., 2022; Lu et al., 2022; Meng et al., 
2023). TPhP exposure concentrations were set at 0, 0.02, 0.2, or 2 mg/L. 
The concentration of 0.02 mg/L was used here because it closely 
approximated the maximum concentration of TPhP reported in water 
samples from sewage treatment plants, and we took a possible increase 
of TPhP level into consideration due to its increased usage over the last 
few years (Lu et al., 2021; Zhang et al., 2024), while concentrations of 
0.2 and 2 mg/L TPhP represent 10- and100-fold above the level, 
respectively. The quality parameters of rearing water were as follow: 
pH, 7.6 ± 0.26; dissolved oxygen, 6.3 ± 0.15 mg/L; conductivity, 141.6 
± 7.61 μS/cm; ammonia-nitrogen, 0.14 ± 0.08 mg/L. 

2.3. Animal functional performance 

Thirty-two hatchlings (8 individuals in each treatment group) were 
used to measure the food intake and growth rate (during exposure), and 
swimming performance (after a 30-day exposure). The measurements of 
the feeding, growth and swimming performance were conducted as 
described in our previous studies (Kang et al., 2022; Lu et al., 2022; 
Meng et al., 2023). 

Fig. 1. Swimming speed (A), daily food intake (B) and specific growth rate (C) 
of Pelodiscus sinensis hatchlings exposed to 0 (control), 0.02, 0.2 and 2.0 mg/L 
TPhP. Asterisk above the box and whisker plot indicated a significant difference 
from the control group (t test, *P < 0.05). 
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2.4. Hepatic antioxidant activity and metabolomic analysis 

After a 30-day exposure, remaining 24 hatchlings (6 individuals in 
each treatment group) were sacrificed for liver and intestinal tissues. 
The liver tissue from each individual turtle was divided into two por
tions. One portion was used to measure the antioxidant activities (SOD, 
CAT and GPx enzymatic activities, and nonenzymatic GSH content), and 
another portion (approximately 100 mg) was used to measure the 
metabolite profiles. Detailed procedures for sample collection, process
ing and preparation, hepatic antioxidant activity determination, and 
non-targeted liquid chromatography-mass spectrometry (LC-MS) based 
metabolomic analysis were performed as described in our previous 
studies (Lu et al., 2022; Meng et al., 2023). The hepatic metabolomic 
analysis was completed by the Suzhou PANOMIX Biomedical Tech Co., 
Ltd. (Suzhou, China). 

2.5. Intestinal microbiomic analysis 

Intestinal samples were used to analyze the microbiota profiles, and 
detailed procedure for microbiomic analysis was performed as described 
in our previous studies (Kang et al., 2022; Meng et al., 2023). The in
testinal microbiomic analysis was completed by the Hangzhou Kaitai 
Biotechnology Co., Ltd. (Hangzhou, China). 

2.6. Statistical analysis 

Differences in turtle swimming speed, food intake, specific growth 

rate, hepatic somatic index, antioxidant parameters (SOD, CAT, GPx 
activities, and GSH content) and metabolites (their spectral areas), alpha 
diversity index of intestinal bacterial community (Chao index) among 
treatment groups were performed using one-way analysis of variance 
(ANOVA). The functional metagenomes of intestinal bacteria were 
predicted using PICRUSt 2. Differences in relative abundances of intes
tinal bacteria and predicted KEGG (Kyoto Encyclopedia of Genes and 
Genomes) pathways at different levels among groups were performed 
using nonparametric Kruskal-Wallis test. Further comparisons between 
the exposure and the control group were performed using student’s t test 
or nonparametric Mann-Whitney test. Among-group difference in he
patic metabolite profiles was also performed using partial least squares 
discriminant analysis (PLS-DA), and difference in intestinal bacterial 
abundance and similarity of bacterial composition were performed 
using principal coordinates analysis (PCoA) and analysis of similarities 
(ANOSIM) based on Bray-Crutis distance, respectively. Before para
metric analyses, normality and homogeneity of variances were 
confirmed using Kolmogorov–Smirnov test and Levene’s test. 

3. Results 

3.1. Hatchling performances during exposure 

No deaths occurred during the exposure period. The 2 mg/L TPhP- 
exposed hatchlings exhibited a poorer locomotor performance than 
those of control and low-concentration exposure groups (F3, 28 = 6.54, P 
< 0.01, Fig. 1A). However, no apparent impacts on feeding (number of 

Fig. 2. Hepatic somatic index (A), SOD (B), CAT (C) and GPx (D) activities, and GSH content (E) of Pelodiscus sinensis hatchlings exposed to 0 (control), 0.02, 0.2 and 
2.0 mg/L TPhP. Asterisks above the box and whisker plots indicated significant differences from the control group (t test, *P < 0.05). 
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eaten food particles, F3, 28 = 1.29, P = 0.296, Fig. 1B) and growth 
performance (specific growth rate, F3, 28 = 1.65, P = 0.200, Fig. 1C) 
were found in hatchlings following TPhP exposure. 

3.2. Hepatic antioxidant responses 

After exposure, the relative liver size of turtles was not significantly 
different among groups (hepatic somatic index: F3, 20 = 0.73, P = 0.545, 
Fig. 2A). Hepatic antioxidant responses of hatchlings were shown to be 
changed by TPhP exposure. The SOD activity (F3, 20 = 3.05, P = 0.052, 
Fig. 2B) of liver tissue appeared to be lower, but GSH content (F3, 20 =

3.72, P = 0.028, Fig. 2E) in the 2 mg/L TPhP-exposed group was higher 
than that in the control group, although no among-group differences in 
CAT (F3, 20 = 0.83, P = 0.495, Fig. 2C) and GPx activities (F3, 20 = 1.96, P 
= 0.152, Fig. 2D) were found here. 

3.3. Hepatic metabolite profile 

PLS-DA analysis of metabolite profiles revealed a distinct among- 
group separation, with 20.8% (in the positive ion mode, Figs. 3A) and 
16.7% (in the negative ion mode, Fig. 3B) of cumulative variances from 
the first two latent components, respectively. Some key metabolites 
were identified, and exhibited significant differences among groups (all 
P < 0.05, Table 1). Identified metabolites were involved in amino acid, 
energy and nucleotide metabolism, etc. Some amino acids (such as 
leucine, citrulline, arginine, etc.) were shown to increase after TPhP 

exposure. Similarly, some hepatic metabolites (such as glutathione, 
niacinamide, uridine, dopamine, arabinose, etc.) increased, but others 
(such as nicotinamide adenine dinucleotide-NAD, adenosine 
diphosphate-ADP, uridine diphosphate-UDP, norepinephrine, etc.) 
decreased after TPhP exposure (Table 1). 

3.4. Intestinal microbiota 

In this study, a total of 2 660 293 raw reads and 1 572 415 clean 
reads were obtained (Table S1). Based on the rarefaction curve of the 
Chao index, the sequencing depth would be sufficient (Fig. S1). A total of 
950 operational taxonomic units (OTUs) were generated from the se
quences. Among these, 312 OTUs were shared among different groups, 
and 46, 87, 88 and 70 OTUs were exclusive to the 0, 0.02, 0.2 and 
2.0 mg/L TPhP-exposed groups, respectively (Fig. S2). There was no 
among-group difference in the bacterial community diversity (Chao 
index, F3, 20 = 0.43, P = 0.735, Fig. 4A). Among-group separation could 
not be identified by PCoA analysis (Fig. S3). However, ANOSIM analysis 
revealed a significant among-group difference in intestinal bacterial 
community (R = 0.21, P < 0.01, Fig. S3). 

The relative abundance of the intestinal bacterial community varied 
after TPhP exposure (Fig. S4). For example, at the genus level, the 
relative abundances of Halomonas (15.2 ± 2.0%, H = 7.77, P = 0.051), 
Chryseobacterium (8.8 ± 1.2%, H = 8.60, P = 0.035), Pelagibacterium 
(4.7 ± 0.6%, H = 8.45, P = 0.038), Hyphomicrobium (2.5 ± 0.3%, H =
7.97, P = 0.047), Clostridium_sensu_stricto_1 (2.2 ± 0.3%, H = 6.90, P =
0.075) and Deinococcus (2.2 ± 0.3%, H = 12.34, P < 0.01) were > 2%, 
and differed significantly among groups (Fig. 4B, C). Similarly, some 
genera accounted for a low proportion in bacterial community (e.g., 
Vogesella, 0.040 ± 0.001%; Nocardioides, 0.015 ± 0.004%; Lawsonella, 
0.015 ± 0.005%; Arcicella, 0.010 ± 0.003%), but they increased 
significantly or were mainly observed in those TPhP-exposed groups 
(Fig. 4C). 

PICRUSt 2 analysis identified 176 KEGG pathways at three hierar
chical levels. At the top level, there were no between-group differences 
in relative abundances of these primary pathways (e.g., metabolism, 
genetic information processing, cellular processes). At the second (e.g., 
amino acid metabolism, terpenoids and polyketides metabolism, tran
scription) and third levels [e.g., biosynthesis of ansamycins, valine 
leucine and isoleucine degradation, lipoic acid metabolism, tricarbox
ylic acid (TCA) cycle], relative abundances of genes related to some 
pathways differed significantly among groups (all P < 0.05, Fig. S5). 
Relative abundances of genes related to valine leucine and isoleucine 
degradation, lipoic acid metabolism, TCA cycle, were lower in higher- 
concentration (0.2 and 2.0 mg/L TPhP) exposure groups (Fig. S6). 

4. Discussion 

Growing evidence indicates that, as an emerging contaminant, 
exposure to TPhP, as well as to other OPFRs, could cause remarkable 
metabolic disorders and other toxic symptoms in aquatic organisms 
(Chen et al., 2022; Wiegand et al., 2023). Relatively high contents of 
OPFRs can already be detected in turtle tissues (Sala et al., 2021). 
However, relevant results from aquatic turtle species under exposure to 
OPFRs are not available currently. Here, we evaluated for the first time 
the potential toxic impacts of chronic TPhP exposure in an aquatic turtle 
using multiple endpoints. A marked growth-inhibitory effect could be 
observed in some fish species following TPhP exposure (Wang et al., 
2022). Contrarily, it was not found in P. sinensis even exposed to TPhP at 
concentrations much higher than environmentally relevant levels. 

TPhP has been documented to have endocrine disrupting effects, and 
may alter the physiological properties and function of aquatic organisms 
(Li et al., 2019). Decreased locomotion ability in the 
highest-concentration exposure group might be associated with physi
ological dysfunction (e.g., impairment of visual acuity, malformation of 
muscle tissue) caused by TPhP exposure (Shi et al., 2019; Zhang et al., 

Fig. 3. Score plots for partial least squares discriminant analysis (PLS-DA) in 
the positive (A) and negative (B) ion mode for hepatic metabolite profiles in 
Pelodiscus sinensis hatchlings exposed to 0 (control), 0.02, 0.2 and 2.0 mg/ 
L TPhP. 
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2024). Certainly, these aspects of potential physiological dysfunction in 
TPhP-exposed turtles need to be evaluated in future studies. 

TPhP exposure would significantly affect the antioxidant defense 
response of P. sinensis hatchlings, although no significant changes in CAT 
and GPx activities were shown in TPhP-exposed groups. SOD is involved 
in the process of antioxidation and integrated detoxification, and plays a 
function of scavenging superoxide free radicals for organisms when 
exposed to contaminated environments (Chen et al., 2022). Decreased 
hepatic SOD activity in 2 mg/L TPhP-exposed turtles might result from 
the excessive consumption during the process of scavenging free radi
cals. Moreover, GSH can play a protective role from oxidative damage in 
living cells (Mehdi et al., 2021). Increased hepatic GSH content in 
2 mg/L TPhP-exposed turtles (also indicated by identified GSH level 
from metabolomic data) might be a protective compensatory response 
against the oxidative damage when exceeding the capacity of scav
enging free radicals of antioxidant enzymes. 

Comparative analysis with those results from previous studies indi
cated that the sensitivity of antioxidant responses to TPhP exposure in 
P. sinensis might be lower than in other aquatic species. For example, 
significantly altered hepatic SOD and/or CAT activities were shown 
when the TPhP exposure concentrations were ≥ 4 μg/L in Labeo rohita 
fingerlings (Umamaheswari et al., 2021), 20 μg/L in Danio rerio (Ramesh 
et al., 2020), 50 and 100 μg/L in Polypedates megacephalus (Chen et al., 
2022) and Polypedates megacephalus tadpoles (Ding et al., 2022), and 
0.5 mg/L in Mytilus galloprovincialis (Meng et al., 2020), whereas those 
did not occur under these exposure concentrations in P. sinensis. Simi
larly, the GPx activity was changed in M. galloprovincialis exposed to 
0.5 mg/L TPhP (Meng et al., 2020), but that was not evident in P. sinensis 
even at a concentration of 2 mg/L. 

Some liver metabolites were identified to be differentially-expressed 
in P. sinensis hatchlings after TPhP exposure. Of them, some amino acids 
were altered significantly in TPhP-exposed turtles, probably reflecting 
metabolic disorders in amino acids. Unexpectedly, the levels of liver 
leucine, citrulline and arginine showed upward trends in TPhP-exposed 
turtles. Previous studies have documented that the exogenous supply of 
these amino acids would contribute to improving the immune and 
antioxidant ability in fish (Zhou et al., 2020). Whether increased levels 
of these amino acids were compensatory responses under TPhP-induced 

oxidative stress requires further confirmation. Similarly, increased liver 
leucine level was found in TPhP-exposed zebrafish (D. rerio, up to 
0.3 mg/L, Du et al., 2016) and amphibian larvae (Rana zhenhaiensis, up 
to 0.1 mg/L, Lu et al., 2021), although an opposite trend was shown in 
TPhP-exposed crustacean, Daphnia magna (Scanlan et al., 2015). The 
change trend of other liver amino acids could be different between 
studies. Glutamine and glutamate levels were decreased in 
TPhP-exposed fish (Du et al., 2016), while glutamine level was increased 
in crustacean (Scanlan et al., 2015). Conversely, some degree of changes 
in glutamine and glutamate levels were not found in this study. 

TPhP-induced interference of the tricarboxylic acid (TCA) cycle, 
being reflected by decreased levels of some TCA intermediates, has been 
reported in other aquatic organisms, such as crustacean and fish 
(Scanlan et al., 2015; Du et al., 2016). However, such changes were also 
not found in TPhP-exposed turtles, although some metabolites involved 
in energy metabolism (e.g., niacinamide, nicotinamide adenine 
dinucleotide-NAD and its reduced form-NADH, ADP) were shown to 
change markedly. Previous studies have evidenced that TPhP has 
neurotoxicity, and its exposure can cause behavioral abnormality and 
locomotor decline in fish (Hong et al., 2018; Zhang et al., 2022, 2024). 
Besides decreased locomotor ability in 2 mg/L TPhP-exposed turtles, a 
downward trend in the liver norepinephrine level was also found in this 
study. However, to date those studies conducted on aquatic organisms 
exposed to various environmental pollutants have not showed a 
consistent change trend in brain neurotransmitter (e.g., dopamine, 
norepinephrine) levels (Øverli et al., 2005). As reported in crustacean 
and fish (Scanlan et al., 2015; Du et al., 2016), TPhP-induced distur
bances in carbohydrate, lipid and fatty acid, and nucleotide metabolism 
could be observed in this study, which were reflected by noticeable 
changes of some related metabolites, such as glucose, ribose and uridine, 
in TPhP-exposed P. sinensis. 

Metabolic disorders in various tissues, including liver, brain etc., 
might be associated with a disrupted intestinal microbiota (Wiertsema 
et al., 2021; Zheng and Wang, 2021; Zhang et al., 2022). The intestinal 
bacterial diversity was decreased significantly by exposure to a high 
concentration (3.5 mg/L) of TPhP in a fish species, Cyprinus carpio 
(Wang et al., 2022), but did not by lower concentrations of TPhP (up to 
100 µg/L) in another fish species, Oryzias melastigma (Zhang et al., 

Table 1 
Some differential hepatic metabolites, and their logarithmic (base 2) fold changes (FC) against the control group, and associated P-values (t test, * P < 0.05, ** P <
0.01) in different TPhP treatment (0.02, 0.2 or 2.0 mg/L) groups.   

0.02 mg/L vs 0 mg/L  0.2 mg/L vs 0 mg/L  2.0 mg/L vs 0 mg/L 

Metabolites Log2(FC) P  Log2(FC) P  Log2(FC) P 

Amino acid metabolism            
Leucine  0.30 *   0.43 *   0.40 * 
Citrulline  0.65    0.03    3.27 ** 
Arginine  1.03 *   0.39 *   0.47  
Cysteine  -0.49    0.62    1.19 * 
Aminoadipic acid  -0.53    -0.47    2.83 ** 

Antioxidant system            
Glutathione  0.59    0.58    1.13 * 

Energy metabolism            
Niacinamide  0.61    0.68 *   0.56  
NAD  0.81    -0.12    -1.47 ** 
NADH  0.98    1.38 *   0.16  

Nucleotide metabolism            
ADP  -0.39    -1.66 *   -1.35 * 
Uridine  0.52 *   0.05    2.61 ** 
UDP  -0.53 *   -0.37    -0.09  
D-Ribose  1.05    0.43    1.20 ** 

Carbohydrate metabolism            
D-Arabinose  1.45    1.98 *   2.63 * 
D-Glucose  0.77    -0.48    1.2 * 
D-Mannose  0.75    0.40    0.77 * 

Related to lipid metabolism and neurotransmission            
Myristoleic acid  0.03    0.34 *   0.19  
Stearolic acid  0.04    2.28 *   1.42  
Norepinephrine  -0.35    -0.69    -1.59 **  
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2022). Certainly, the TPhP levels in the natural water environment (<
20 µg/L) are far lower than the concentrations that used in this 
(2.0 mg/L) and a previous study (Wang et al., 2022). TPhP exposure 
impact on intestinal bacterial diversity of aquatic organisms would be 
limited at environmentally realistic concentrations. 

The bacterial composition changed significantly in TPhP-exposed 
turtles, which was similar to above mentioned studies conducted on 
fish. The relative abundances of some genera (e.g., Halomonas, Chrys
eobacterium, Pedobacter) decreased, while those of others (e.g., Staphy
lococcus, Vogesella, Saccharimonadales_ge) increased in higher- 
concentration exposure groups, indicating a disrupted intestinal 
microbiota in TPhP-exposed turtles. The bacterial genus Halomonas, 
having protease-producing ability, plays a vital role in protein degra
dation (Liu et al., 2016). Predictably, decreased abundance of Hal
omonas in higher-concentration exposure groups might modify the rate 
of protein degradation, and thus potentially affecting the generation of a 
variety of amino acids in the intestine. Somewhat inconsistently, our 
results showed that the levels of some hepatic amino acids (e.g., leucine, 
citrulline, arginine) were not lowered in higher-concentration exposure 
groups. Some bacterial genera, such as Staphylococcus, Vogesella and 
Lawsonella, are considered as potentially (or opportunistic) pathogenic 
bacteria, and can cause various infections (Kamala and Sivaperumal, 
2023). Increased abundances of these bacterial genera in TPhP-exposed 
groups might already generate an adverse outcome for these turtles. 

Chryseobacterium species are also identified as pathogenic bacteria of 
aquatic organisms (Loch and Faisal, 2015). However, increased abun
dance of this bacterial genus was only observed in the low concentration 
exposure group (0.02 mg/L) in this study. Whether Pedobacter species 
could exhibit beneficial properties to the hosts still remains unclear, but 
a previous study indicated the abundance of Pedobacter was significantly 
reduced in unhealthy fish (Wang et al., 2018). Accordingly, decreased 
abundance of Pedobacter in TPhP-exposed turtles might be associated 
with their unhealthy status. Prevotella species have been documented to 
associate with carbohydrate consumption and propionate production, 
which might further affect the levels of some metabolites, such as 
glucose and cholesterol (Ley, 2016; Precup and Vodnar, 2019). Unex
pectedly, increased abundances of the bacterial genus, Prevotella, were 
observed in the guts of 0.02 and 0.2 mg/L exposed turtles, but no 
obvious changes in liver glucose and cholesterol levels were found in 
these two groups. 

5. Conclusion 

This study was the first to investigate potential toxic effects of TPhP 
exposure in a freshwater turtle species. Physiological and biochemical 
disorders caused by TPhP exposure were reflected from the changes in 
locomotor performance, hepatic antioxidant activity and metabolite 
profile, and intestinal microbiota in TPhP-exposed turtles. Decreased 

Fig. 4. The alpha diversity index-Chao index (A) and relative abundances of intestinal microbiota at the genus level (B), and significantly-changed bacterial genera 
(C) in Pelodiscus sinensis hatchlings exposed to 0 (control), 0.02, 0.2 and 2.0 mg/L TPhP. 
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locomotor ability and hepatic SOD activity was observed only in turtles 
exposed to an unrealistically high concentration of TPhP. TPhP-induced 
adverse effects on the growth, survival and locomotor performance of 
P. sinensis would be slight at environmentally relevant levels. 

The analysis of hepatic metabolomic profiles and intestinal micro
biota revealed obvious metabolic disturbances and microbial dysbiosis 
(e.g., increased abundances of pathogenic bacteria) caused by TPhP, 
even at our lowest exposure concentration. Despite having limited im
pacts on the functional performance of P. sinensis, potential adverse 
consequences of metabolic disorders and microbial dysbiosis caused by 
exposure to low environmental levels of TPhP could not to be ignored 
and remained to be further investigated. 

Overall, our results suggested potential toxic effects of TPhP in 
P. sinensis at higher concentration levels, and provided further insight 
into the toxicity mechanism of TPhP exposure in aquatic organisms. 
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