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Abstract: Despite their mechanically resistant, chitin-rich exoskeletons, how anurans
with limited chewing capacity utilize crustacean prey remains poorly understood. The
crab-eating frog (Fejervarya cancrivora), which inhabits mangrove and brackish-water
environments and feeds on crustaceans, provides a suitable model system for
addressing this question. However, how its natural diet relates to host digestive traits
and gut microbial functional potential remains unclear. To address this, we combined
stomach-content analysis via stomach flushing with gastrointestinal histology, digestive
enzyme assays, and gut metagenomics to examine crustacean consumption in relation
to host digestive characteristics and microbial functional potential. The results showed

that decapods dominated stomach contents by volume, accounting for 83.50% in males
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and 92.83% in females. The stomach exhibited prominent longitudinal folds and
circular, oblique and longitudinal muscle bundles, consistent with food accommodation,
mixing and propulsion. Chitinase activity was detected in the stomach, small intestine
and large intestine, indicating chitin-hydrolysing capacity at multiple gastrointestinal
sites. Gut metagenomes harboured genes spanning chitin polymer cleavage,
chitooligosaccharide and chitobiose processing, N-acetylglucosamine (GIlcNAc)
transport, and intracellular metabolism, with distinct candidate source genera at each
stage: Plesiomonas and Aeromonas (polymer cleavage), Candidatus Avirikenella and
Ruthenibacterium (chitooligosaccharide and chitobiose processing), Cetobacterium
(GIcNAc transport), and Mucinivorans, Parabacteroides, and Alistipes (intracellular
metabolism). These annotations indicate that genes associated with different stages of
chitin utilization are distributed across multiple bacterial genera. Together, these
findings link crustacean consumption in F. cancrivora to gastrointestinal structural
traits, chitin-hydrolysing capacity, and gut microbial functional potential, offering an
ecophysiological perspective on how anurans process and utilize chitin-rich animal prey.
Keywords: Crab-eating frog; stomach flushing; digestive enzyme activity; gut
microbiota; chitin digestion; metagenomics
Background

The ability of animals to exploit food resources depends not only on food
acquisition but also on constraints imposed by food structure and digestive capacity [1].
In crustaceans of chitin-rich exoskeletons, chitin forms a composite with proteins and

minerals, which provides high mechanical strength but may restrict enzyme access to
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substrates [2, 3]. Thus, for vertebrates feeding on crustaceans, breaking down the
mechanically resistant exoskeleton and subsequently hydrolysing and utilizing its chitin
represent major digestive challenges inherent to the use of these food resources [2-5].

Studies in mice and myrmecophagous mammals, including the giant anteater
(Myrmecophaga tridactyla), aardvark (Orycteropus afer) and Temminck’s pangolin
(Smutsia temminckii), indicate that the processing of chitin-rich foods may involve both
host digestive mechanisms and gut microbial functions [4-6]. In anurans,
gastrointestinal motility facilitates food mixing and propulsion, and chitinolytic
enzymes have been reported in the stomach and pancreas of some frogs [7-9]. Gut
microbial communities in myrmecophagous mammals also harbour genes associated
with chitin degradation and the metabolism of its breakdown products [6, 10]. However,
previous studies have generally examined host digestive structure, digestive enzymes,
and the gut microbiota separately, and relatively few have taken natural diet
composition as a starting point to test whether digestive traits across these levels
correspond to the food resources actually used by animals [6, 11, 12]. This relationship
is particularly worth examining in wild vertebrates that naturally and persistently
exploit chitin-rich animal prey [10-13].

The crab-eating frog (Fejervarya cancrivora) inhabits mangrove and brackish-
water environments, where field studies have documented its consumption of crabs and
other crustaceans [14-16]. Most adult anurans swallow prey with limited oral
processing, whereas crustaceans such as crabs possess mechanically resistant

exoskeletons [2, 17]. This mismatch between feeding mode and food structure makes
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F. cancrivora a valuable natural system for examining how vertebrates process and
utilize chitin-rich animal prey [2, 14, 16, 17]. Although recent work has characterized
host chitinolytic capacity and gut microbial functional potential in this species, direct
evidence linking these digestive traits to its natural crustacean-rich diet in the wild
remains limited [18].

Here, we examined the contribution of crustaceans to the natural diet of F
cancrivora and whether this dietary pattern was reflected in digestive traits at both host
and microbial levels. Stomach contents obtained by stomach flushing were analysed to
characterize diet composition. Gastrointestinal histology was then combined with
digestive enzyme assays to assess the structural and enzymatic basis of host digestion.
Metagenomic analysis of intestinal contents characterized gut microbial composition
and the functional potential for chitin degradation and the metabolism of its breakdown
products. Together, these analyses integrate natural diet composition, host digestive
traits, and microbial functional potential within a common ecophysiological framework.
Methods
Study Area and Sample Collection

A total of 124 adult F. cancrivora (42 males and 82 females) were collected from
the mangrove areas in the Hainan Dongzhaigang National Nature Reserve (110°32'—
110°37" E, 19°51'-20°01" N, Haikou, China) between April and September 2023.
Stomach contents were obtained by stomach flushing for dietary analysis. Fifteen adults
were transported to the laboratory for further analyses, while the remaining individuals

were released at their capture sites.
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The 15 frogs retained for laboratory analyses were euthanized by double pithing
and dissected, and the lengths of individual digestive tract segments were recorded. For
histology, tissue samples from the tongue, esophagus, stomach, small intestine, large
intestine, liver, and pancreas were fixed in Bouin's solution (n=3). Tissues from the
stomach, small intestine, and large intestine were collected for digestive enzyme
activity assays (n=6), while intestinal contents from six individuals were collected for
metagenomic analysis. All procedures involving animals were approved by the Animal
Ethics Committee of the Hainan Ecological and Environmental Education Center
(approval no. HNECEE-2020-003).

Identification of Stomach Contents and Dietary Analysis

Stomach contents were preserved in 70% ethanol and examined under an EZ4 W
stereomicroscope (Leica, Wetzlar, Germany). Prey items were identified to the lowest
possible taxonomic level based on diagnostic morphological features and classified as
terrestrial or aquatic according to their typical habitats [19]. Materials considered to
have been ingested incidentally during prey capture, such as mangrove leaves, were
excluded from quantitative analyses. For each intact prey item, length (L) and
maximum width (W) were measured, and volume was estimated using the prolate
spheroid formula: V = 4x(L/2)(W/2)?/3 [20]. For male and female frogs separately, we
calculated the numerical percentage (N%), relative frequency of occurrence (F%), and
volumetric percentage (V%) of each prey taxon. These indices were calculated as
follows:

Ni%:Ni/ZniX 100 ( 1 )
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F,%=f£./> f;x100 (2)
V% = v;/Yv;x100 (3)
Where n; is the number of prey items in category i, f; is the number of occurrences
of prey category 1, and v; is the total volume of prey category i. The index of relative
importance (IRI) was calculated as follows [20]:
IRI=F ;%> (N;%+V; %) (4)

The N%, F%, V%, and IRI values were summarized separately at the order and family
levels. Family-level IRI values were calculated from the corresponding family-level
N%, F%, and V% values. At the order level, N%, F%, and V% were obtained by
summing the corresponding values of the constituent families, and order-level IRI was
calculated as the sum of the IRI values of those families. Dietary diversity and niche
breadth were calculated using the numerical proportions of prey at the family level. The
Shannon—Wiener diversity index was calculated as follows [21]:

H' = =Y P;log,P; (5)
The evenness index was calculated as follows:

E = H'/log,S (6)
Levins' niche breadth was calculated as follows:

B =1/YP (7)
where P; is the proportion of prey items belonging to family i among all prey items
recorded for the corresponding sex, and S is the number of prey families detected for
that sex. The total number of prey items recovered from each non-empty stomach was

recorded as the number of prey items per stomach. Empty stomachs were included only
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when calculating the proportion of empty stomachs and were excluded from the mean
number of prey items per stomach and all dietary index calculations.
Histological Examination of the Digestive System

After fixation in Bouin's solution for 24 h, tissue samples were transferred to 70%
ethanol and processed for paraffin embedding. Serial sections (4—5 pm thick) were cut
using an RM2016 microtome (Leica, Wetzlar, Germany) and stained with hematoxylin
and eosin (H&E). Sections were examined and imaged using an Eclipse E100 light
microscope with a DS-U3 camera control unit (Nikon, Tokyo, Japan). For each animal,
three sections were examined from each digestive tract region, and six standardized
microscopic fields were selected from each section. Mucosal surface architecture,
epithelial type, glandular composition, and muscle-layer organization were recorded for
each region of the digestive tract. An ocular micrometer was used to measure digestive-
tract wall and mucosal thicknesses, villus dimensions, and muscle-layer thickness.
Histomorphometric measurements were summarized using descriptive statistics, with
no inferential comparisons performed among digestive-tract regions.
Digestive Enzyme Activity Assays

After their contents were removed, stomach, small-intestinal, and large-intestinal
tissues were rinsed with phosphate-buffered saline (PBS; Wuhan Servicebio
Technology Co., Ltd., Wuhan, China) and blotted dry. Approximately 0.1 g of each
tissue was combined with 1 mL of extraction buffer and homogenized on ice. The
homogenates were centrifuged at 10,000 rpm for 10 min at 4°C, and the supernatants

were collected as crude enzyme extracts. All enzyme assays were completed within 8
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h. Soluble protein concentrations were determined using a bicinchoninic acid (BCA)
assay, and the activities of pepsin (ZIKERI163), trypsin (ZIKER524), lipase
(ZIKERS529), and chitinase (ZIKER592) were measured using the corresponding
commercial assay kits, all obtained from Shenzhen Ziker Biological Technology Co.,
Ltd. (Shenzhen, China), according to the manufacturer’s instructions. Enzyme activities
were normalized to soluble protein content and expressed as U mg™' protein.

Gut Metagenomic Sequencing and Functional Annotation

The six intestinal-content samples described above (LI R1-LI R6) were
submitted to Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China)
for metagenomic sequencing. DNA concentration was measured using a Quantus
Fluorometer with PicoGreen, and DNA integrity was assessed by 1% agarose gel
electrophoresis. All six samples met the quality requirements for library construction.
DNA was fragmented to approximately 350 bp using a Covaris M220 instrument,
followed by paired-end library construction and sequencing on an I[llumina NovaSeq X
Plus platform.

Raw metagenomic reads were quality-filtered using fastp v0.23.0 [22], and host-
derived sequences were removed using Bowtie2 v2.5.4 [23] against the host reference
genome from Ensembl Release 104. The remaining non-host reads were assembled
using MEGAHIT v1.2.9 [24], and open reading frames were predicted using Prodigal
v2.6.3 [25]. Predicted genes > 100 bp were retained for downstream analysis. A non-
redundant gene catalog was constructed using CD-HIT v4.6.1 [26], with the longest

sequence in each cluster retained as the representative sequence. Gene abundances were



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

quantified using Salmon v1.10.3 [27]. Taxonomic and functional annotations of the
non-redundant genes were performed against the NCBI non-redundant protein (NR),
Kyoto Encyclopedia of Genes and Genomes (KEGG) [28], and Carbohydrate-Active
enZymes (CAZy) [29] databases. NR and KEGG annotations were assigned using
DIAMOND v2.0.13 [30], whereas CAZy annotations were assigned using HMMER
v3.1b2 [31] with an E-value cutoff of 1 x 107,

Genus-level taxonomic composition of the gut microbiota was characterized from
the NR annotations, and the relative abundance of each genus was calculated from
transcripts per million (TPM) values. Genera previously reported to be associated with
chitin degradation or utilization were selected based on published studies.

Overall functional composition was assessed using the KEGG annotations, and the
major functional categories were summarized at KEGG Level 2. Candidate glycoside
hydrolase (GH) families associated with the degradation or utilization of chitin,
chitooligosaccharides, N-acetylglucosamine (GIcNAc), and chitosan were then
identified from the CAZy annotations according to CAZy family descriptions.
Candidate GH families were classified according to their putative roles in chitin
polymer cleavage, chitooligosaccharide processing, and chitobiose utilization. KEGG-
annotated genes involved in product transport and intracellular metabolism were
subsequently integrated with these GH families to reconstruct a putative chitin
degradation and utilization pathway. Finally, key functional genes were linked to NR
taxonomic annotations to identify their likely genus-level sources, and the relative

contribution of each genus within each functional stage was calculated from the
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normalized abundances of the corresponding target genes. Genera not shown
individually were grouped as Others.
Statistical Analysis

Dietary data were analyzed using SPSS version 10.0. The number of prey items
per non-empty stomach was compared between males and females using a Mann—
Whitney U test, whereas all other dietary indices were summarized using descriptive
statistics. Digestive enzyme activity data were presented as the mean + standard
deviation (SD) and summarized descriptively. Figures were generated in R version
4.6.0, primarily using the ggplot2, patchwork, and vegan packages, and exported using
ragg and svglite.
Results
Diet Composition

Stomach contents were obtained by stomach flushing from 120 of the 124 adults
examined, comprising 41 males and 79 females, yielding a non-empty stomach rate of
96.8%. A total of 437 prey items, representing 6 classes, 15 orders, and 35 families,
were identified (Additional file 1: Table S1). Non-empty stomachs contained an average
of 3.6 £2.9 prey items. In total, 154 and 283 prey items were recovered from males and
females, respectively. The mean number of prey items per non-empty stomach was 3.8
+ 2.9 for males and 3.6 + 2.8 for females, with no statistically significant difference
between the sexes (Z=—0.438, P =0.662; Table 1).

Table 1. Summary of stomach-flushing samples and dietary diversity in F. cancrivora.
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Metric Overall Male Female
Sample size (individuals) 124 42 82
Non-empty stomachs, n (%) 120 (96.8%)  41(97.6%) 79 (96.3%)
Number of prey items 437 154 283
Taxonomic richness 6 classes, 5 classes, 6 classes,
15 orders, 13 orders, 14 orders,

35 families

25 families

30 families

Prey items per non-empty stomach 3.6+£29 3.8+29 3.6+2.8
Shannon—Wiener diversity index (H') — 3.5661 3.5040
Evenness index (E) — 0.7679 0.7141
Levins' niche breadth (B) — 8.2164 6.7459

Note: Only non-empty stomachs were included when calculating the mean number of
prey items per stomach; values are presented as the mean + SD. An em dash (—)
indicates that the overall index was not calculated.

At the order level, decapoda was the dominant prey group in the stomach contents
of both sexes. In males, the percentage by number (N%), frequency (F%), and volume
(V%) for decapoda were 51.95%, 47.66%, and 83.50%, respectively, with a summed
family-level index of relative importance (IRI) of 2189.54. The corresponding values
in females were 62.55%, 52.35%, and 92.83%, respectively, with an IRI of 2895.10
(Fig. 1a; Additional file 1: Table S2). Thus, compared with other prey orders, decapods

accounted for a large proportion of prey items and contributed particularly strongly to
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total stomach-content volume.

At the family-level, the principal prey families all belonged to Decapoda. The IRI
values for Grapsidae were 1064.79 in males and 1999.35 in females, whereas those for
Ocypodidae were 869.65 and 490.44, respectively. The corresponding values for
Palaemonidae were 254.18 and 404.35. Together, these three families represented the
most important prey groups for both sexes (Fig. 1b). In males and females, respectively,
the Shannon—Wiener diversity indices were 3.5661 and 3.5040, and the evenness
indices were 0.7679 and 0.7141. The corresponding Levins' niche breadth values were
8.2164 and 6.7459. These results indicated that although the stomach contents included
multiple prey taxa, both numerical and volumetric contributions were strongly
concentrated in Decapoda, particularly Grapsidae, Ocypodidae, and Palaemonidae.
Morphology and Histology of the Digestive System

The oropharyngeal cavity measured 25.10 + 4.36 mm in length and contained 2—
6 mucosal folds. The tongue exhibited filiform and fungiform papillae, lingual glands,
and skeletal muscle bundles arranged in multiple directions (Fig. 2a, b). The esophagus
was characterized by 9-13 longitudinal mucosal folds, abundant goblet cells and
esophageal glands, and circular and longitudinal smooth muscle layers (Fig. 2¢, d; Table
2).

The stomach exhibited 47 prominent longitudinal folds, and the cardiac, body
and pyloric regions were clearly distinguished (Fig. 2e, f; Table 2). Wall thickness
averaged 807.3 £+ 148.9 pum in the cardia, 1088.1 + 198.6 um in the body, and 509.0 +
94.3 um in the pylorus, with the gastric body exhibiting the greatest thickness. The

12
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gastric mucosa was lined by a simple columnar epithelium and formed gastric pits.
Glandular composition varied among the stomach regions, with serous acini
predominating in the cardiac and body glands and mucous acini in the pyloric glands.
The muscular layer contained circular, oblique, and longitudinal bundles.

The small intestine measured 137.7 + 35.1 mm and comprised the duodenum and
ileum. Duodenal villi were branched and leaf-shaped, whereas the ileal mucosa formed
oblique, overlapping folds with densely packed villi (Fig. 2g; Table 2). Both regions
were lined by a simple columnar epithelium containing goblet cells. The large intestine
had a wide lumen with semilunar folds formed by the mucosa and submucosa. These
folds were lined by a simple columnar epithelium containing goblet cells. A distinct
muscularis mucosae was not evident. The muscular layer comprised an inner circular
and an outer longitudinal smooth muscle (Fig. 2h; Table 2).

The liver exhibited cords of hepatocyte surrounding central veins, with hepatic
sinusoids and pigment cells scattered throughout the parenchyma (Fig. 3a). The
pancreas showed a compound tubuloacinar organization with acinar cells, ducts and
pancreatic islets (Fig. 3b).

Table 2. Histomorphometric measurements of major digestive tract regions in F.

cancrivora.
Region Parameter Value
Oropharyngeal cavity  Length (mm) 25.10+4.36

Mucosal fold height (um) 121.0+11.4

Esophagus Wall thickness (um) 733.9+£18.2

13
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Mucosal thickness (pm) 651.5+10.9
Gastric cardia Wall thickness (um) 807.3 £ 148.9
Gastric body Wall thickness (um) 1088.1 +£198.6
Gastric pylorus Wall thickness (pum) 509.0+94.3
Small intestine Length (mm) 137.7+35.1
Duodenum Villus length (um) 359.3+110.9
Villus width (um) 69.1 £19.8
Muscular layer thickness (um) 529+£53
Ileum Villus length (um) 630.9+91.1
Villus width (um) 139.1 £21.9

Large intestine

Muscular layer thickness (um)

Muscular layer thickness (um)

Approximately 51.5

60.5+19.1

Note: Values are presented as mean + SD, except for ileal muscular layer thickness,
which was recorded as an approximately in the original measurements.
Digestive Enzyme Activities

Enzymes involved in the hydrolysis of chitin, proteins, and lipids were detected in
different regions of the digestive tract (Table 3). Pepsin activity was detected only in
the stomach and averaged 3.2 = 0.5 U mg! pro. Trypsin activity was 45.0 £5.7 U mg™!
pro. in the small intestine and 44.8 = 8.1 U mg™! pro. in the large intestine. Chitinase
activity was detected in the stomach, small intestine, and large intestine, with activities
of 21.7+ 2.0, 19.8 £ 2.0, and 20.1 = 2.3 U mg™! pro. Lipase activity averaged 101.4 +

9.1 Umg ! pro. in the small intestine and 111.4 + 16.0 U mg™" pro. in the large intestine.
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Thus, chitinase activity was present in all three digestive tract regions examined.

Table 3. Digestive enzyme activities in different digestive tract regions of F. cancrivora

Digestive tract

Pepsin Trypsin Chitinase Lipase
region
Stomach 32+0.5 — 21.7+2.0 —
Small intestine — 45.0+5.7 19.8 £2.0 101.4+9.1
Large intestine — 44.8 £ 8.1 20.1+£23 111.4+16.0

Note: Values are presented as mean = SD. Enzyme activities are reported as U mg™!
protein. A dash (—) denotes the absence of a corresponding measurement in the original
dataset.

Genus-Level Composition of the Gut Microbiota and Relative Abundance of
Genera Reported to Degrade Chitin

Genus-level community composition varied among samples (Fig. 4a). Across the
six samples, the most abundant genera were Bacteroides (7.626%), Cetobacterium
(7.625%), Alistipes (7.533%), Parabacteroides (5.998%), and Clostridium (3.572%).
The 20 taxa shown in Fig. 4a together accounted for 55.477% of the community, while
the remaining taxa, grouped as Others, accounted for 44.523%.

Using a literature-derived list of 31 genera reported to include chitin-degrading
members, we screened the NR-based taxonomic profiles of F. cancrivora gut
metagenomes for these genera (Fig. 4b). Among them, Bacteroides [32] had the highest
mean relative abundance (7.626%), followed by Clostridium [32], Aeromonas [33], and

Plesiomonas [34], at 3.572%, 1.481%, and 1.250%, respectively. The mean relative
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abundances of Acinetobacter [35], Vibrio [36], Pseudomonas [37], and Photobacterium
[38] were 0.773%, 0.608%, 0.439%, and 0.310%, respectively. The 18 genera with
mean relative abundances below 0.1% collectively accounted for 0.451% [39-46]
(Additional file 1: Table S3).

Functional Potential of the Gut Microbiota to Utilize Chitin and Its Degradation
Products

All samples contained genes assigned to the KEGG categories Carbohydrate
metabolism and Membrane transport, both of which include functions relevant to the
downstream utilization of chitin-derived products (Fig. 5).

Joint analysis of CAZy and KEGG annotations identified genes with predicted
roles spanning chitin polymer cleavage, chitooligosaccharide and chitobiose processing,
GlcNAc transport, and intracellular metabolism (Fig. 6; Additional file 1: Table S4).
Genes annotated as GH18 chitinase (K01183), GH18 endo-chitodextrinase (K21606),
and GH19/GH19 1 putative chitinase (K03791) represented the chitin polymer-
cleavage step and could generate shorter chitooligosaccharides and chitobiose.
Downstream, nagZ (K01207) was associated with further hydrolysis of
chitooligosaccharides and the release of GIcNAc. GH94—ChbP (K18675) represented
an alternative phosphorolytic route for chitobiose utilization, yielding GlcNAc and
GlcNAc-1-P. Potential GIcNAc uptake routes were encoded by nagFE, a component of
the phosphotransferase system (PTS), and the ngcE-ngcF—ngcG ABC transporter
genes. The PTS could couple GlcNAc uptake to the formation of GIcNAc-6-P, whereas
GlcNAc entering through other transport routes could be phosphorylated to GIcNAc-6-
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P by NagK. Annotations for NagA and NagB were consistent with the sequential
conversion of GIcNAc-6-P to GIcN-6-P and then to Fru-6-P, thereby linking chitin-
derived products to downstream carbohydrate metabolism.

Taxonomic assignment of the target functional genes revealed distinct profiles of
candidate source genera across functional stages (Fig. 6). For genes associated with
chitin polymer cleavage, the largest proportions were assigned to Plesiomonas and
Aeromonas, at 25.93% and 17.33%, respectively, followed by Bacteroides (9.87%),
Millionella (9.49%), and Clostridium (7.87%). For genes associated with
chitooligosaccharide processing and chitobiose utilization, the leading candidate source
genera were Candidatus Avirikenella (22.17%) and Ruthenibacterium (12.27%),
whereas Clostridium and Candidatus Microsyncoccus accounted for 7.50% and 7.48%
of the assigned gene abundance, respectively. For genes associated with GIcNAc
transport, Cetobacterium had the largest assigned proportion (37.42%), followed by
Thomasclavelia (11.04%), Clostridium (8.25%), and Longibaculum (7.04%). For genes
associated with intracellular metabolism, the largest proportions were attributed to
Mucinivorans (13.78%), Parabacteroides (11.69%), and Alistipes (11.37%), with
Cetobacterium accounting for 8.91%. Thus, the leading candidate source genera
differed among functional stages, although their taxonomic profiles overlapped. In
particular, Clostridium and Cetobacterium were linked to target genes involved in
multiple stages.

Discussion
Decapods contributed more than 80% of stomach-content volume in both sexes,
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confirming that crustaceans constitute a major component of the natural diet of F
cancrivora. This result is consistent with the predominance of crustaceans, including
crabs, in F. cancrivora collected from brackish-water swamps and ditches in Singapore
[14], the dominance of crabs (Brachyura) in the diet of F. moodiei sampled on Middle
Andaman Island, India [47] and records of crab consumption by F. cancrivora in Bogor,
West Java, Indonesia [48]. Although the relative importance of the families Grapsidae
and Ocypodidae differs between the sexes, decapods account for a high proportion of
the total volume of food consumed by both sexes, suggesting that the chitinous
exoskeleton is an important structural component of the food processed by the digestive
system of F. cancrivora. Natural diet data provide an important ecological context for
interpreting feeding-related morphological and functional traits in wild animals [49].
This dietary pattern provides the ecological context for evaluating the digestive traits
associated with processing mechanically resistant, chitin-rich foods.

The pronounced longitudinal folds and multidirectional muscle layers of the
stomach are consistent with roles in accommodation, mixing, and propulsion of ingesta,
potentially compensating for the limited oral processing typical of anurans [17]. The
mucosa of the small intestine is highly folded and bears well-developed villi, whereas
the lumen of the large intestine is relatively wide and features semilunar folds in the
mucosa and submucosa. These structural adaptations facilitate the accommodation of
larger volumes of chyme and ensure sufficient contact with chitinase during digestion,
thereby promoting the absorption of chitin hydrolysates. Chitinase activity was detected
at similar levels across the stomach, small intestine, and large intestine, indicating that
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chitin hydrolysis may occur throughout the digestive tract. Lipase exhibits high activity
in the intestine, which may be associated with the breakdown and digestion of lipids in
the hepatopancreas of crabs [50]. Previous histological, biochemical, and molecular
studies have documented chitinase expression in the gastric mucosa and pancreas of
frogs [7, 8, 51]. Oshima et al. found that pancreatic chitinase from Bufo japonicus
cleaved crab-shell chitin with a specific activity up to 4.5 times that of a commercial
bacterial chitinase, indicating that endogenous chitinases can act directly on native
crustacean chitin in at least some anurans [8]. Zhang et al. found significantly higher
chitinase activity in F. cancrivora than in F. multistriata in both gastric tissue at pH 3.0—
5.0 and intestinal tissue at pH 4.0-6.0 [18]. This comparative evidence is consistent
with the chitinase activity detected across multiple digestive tract regions in the present
study and supports a relatively strong endogenous capacity for chitin hydrolysis in F.
cancrivora.

The chitin-related functional markers extended from polymer cleavage to
chitooligosaccharide processing, uptake of degradation products, and intracellular
utilization of N-acetylglucosamine (GlcNAc). Cross-referencing the CAZy and KEGG
annotations increased the specificity with which chitin-related target genes were
identified [28, 29]. Among these markers, GHI8/GH19 genes associated with chitin
hydrolysis provided relatively clear upstream evidence for polymer cleavage [52-54],
whereas nagZ and chbP are involved in the further processing of chitooligosaccharides
or chitobiose [52, 53, 55, 56]. The phosphotransferase system (PTS) component
encoded by nagE is associated with GlcNAc uptake and phosphorylation [52, 54],
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whereas ngcE—ngcF-ngcG is involved in the ABC-type uptake of chitin degradation
products [57]. Once inside the cell, GIcNAc can be converted to fructose-6-phosphate
(Fru-6-P) through reactions involving nagKk—nagA-nagB, thereby linking it to central
carbon metabolism [52, 54, 58]. These hydrolytic, uptake, and intracellular metabolic
steps are supported by culture-based, mutational, or multi-omics evidence from Vibrio,
Aeromonas, and other chitin-utilizing bacteria [52-54, 57]. Among the candidate
bacterial genera, Aeromonas is known for its chitinolytic capacity and ability to utilize
chitin-derived substrates [59]. Plesiomonas is commonly found in the intestinal
microbiota of aquatic vertebrates, particularly freshwater fishes [60]. Ruthenibacterium
is an anaerobic gut bacterium associated with carbohydrate fermentation [61], while
Cetobacterium is involved in carbohydrate utilization and the production of short-chain
fatty acids and vitamin B12 [62]. In contrast, the metabolic functions of Candidatus
Avirikenella remain poorly characterized. Thus, the metagenomic analysis indicates
that the gut microbial gene repertoire of F. cancrivora contains genes spanning a series
of functional steps involved in the further processing and utilization of chitin
degradation products [52-54, 57].

The respective roles of the host and gut microbiota should not be divided simply
into two fixed, sequential stages. Studies integrating host digestive physiology with gut
microbial analyses have similarly shown that the presence or composition of gut
microbiota alone does not necessarily establish their contribution to a specific host
physiological function [63]. Chitinase activity in host tissues provides direct phenotypic
evidence of hydrolysis [7, 8, 51], whereas the microbial metagenome reflects the
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genetic potential of the community to utilize chitin degradation products [12]. F
cancrivora had higher host chitinase activity than F. multistriata but a significantly
lower abundance of gut microbial genes encoding GH18-family chitinases [18]. This
finding does not conflict with the present study; Zhang et al. tested whether the relevant
genes were enriched in F. cancrivora relative to F. multistriata, whereas the present
study examined whether the gut microbial gene repertoire of F. cancrivora spanned the
processing, uptake, and intracellular utilization of chitin cleavage products [18]. Taken
together, the available evidence supports endogenous host chitinases as a relatively
well-defined basis for chitin hydrolysis [7, 8, 18, 51], whereas the gut microbiota may
further utilize the oligosaccharides and amino sugars generated by chitin hydrolysis [52,
54, 55, 64]. In other animals that consume chitin-rich foods, the retention of functional
CHIA genes and acidic chitinase activity have also been associated with the utilization
of invertebrate prey [4, 5, 65]. Studies of myrmecophagous mammals and predatory
heteropterans have further shown that their gut microbial gene repertoires have the
potential to utilize chitin and its degradation products [6, 10, 66]. It should be noted that
tissue homogenates used for enzyme assays may include enzymes from surface-
associated microbes, although the histological and molecular evidence supports a host
origin for at least part of the chitinase activity. These studies support the separate
evaluation of host hydrolytic phenotypes and microbial functional potential, but the
present results do not yet demonstrate that the gut microbiota mediate the adaptation of
F. cancrivora to a crab-based diet, nor do they directly establish metabolic synergy
between the host and its gut microbiota[12, 67].
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Stomach contents reflect food intake during the sampling period, whereas the gut
microbiota of wild animals may also be influenced by season, location, and
interindividual variation [67]. Metagenomic annotations reflect the available gene
repertoire; whether the relevant genes are expressed and what they contribute
metabolically still require functional validation [12]. Future studies could pair analyses
of dietary composition, digestive enzyme activity, and microbial function within the
same individuals to test the correspondence among these three lines of evidence [12,
67]. Controlled-feeding experiments combined with metatranscriptomics and
metabolomics could assess how the relevant genes and metabolites respond to dietary
crustacean input [12, 18]. Long-read sequencing or high-quality metagenome-
assembled genomes (MAGs) could also be used to confirm the genomic assignment of
genes involved in cleavage, uptake, and intracellular metabolism [12].

Conclusions

Decapods, particularly Grapsidae, Ocypodidae, and Palaemonidae, constituted a
major component of the natural diet of F. cancrivora in both sexes, indicating that its
digestive system routinely encounters mechanically resistant, chitin-rich animal foods.
The gastrointestinal structural features and chitinase activity detected across the
stomach, small intestine, and large intestine indicate an endogenous capacity for
physical processing and hydrolysis of such foods. Gut metagenomes further contained
genes associated with chitin polymer cleavage, chitooligosaccharide processing,
transport of degradation products, and intracellular GIcNAc metabolism, with
candidate source genera differing among functional stages. Together, these findings
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show that the crustacean-rich diet of F. cancrivora corresponds to both host digestive
traits and gut microbial functional potential, providing an integrated ecophysiological
perspective on the utilization of chitin-rich animal foods.
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Figure Legends

Fig. 1. Composition of stomach contents recovered by flushing from male and female
F. cancrivora. a. Relationship between the numerical percentage (N%) and volumetric
percentage (V%) of prey at the order level. Point size represents the relative frequency
of occurrence (F%), and gray lines connect values for the same prey order between the
sexes. b. The 10 prey families with the highest index of relative importance (IRI) values.
Circles and squares represent males and females, respectively, and horizontal lines
connect values for the same prey family between the sexes. F% represents the number
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of occurrences of each prey taxon as a percentage of the summed occurrences across
all taxa. IRI values are displayed on a logarithmic scale.

Fig. 2. Histological architecture of the digestive tract in F. cancrivora. a. Dorsal surface
of the tongue; b. ventral surface of the tongue; c-d. esophagus; e-f. gastric body; g.
small intestine; h. large intestine.

CE, columnar epithelium; EG, esophageal gland; FiP, filiform papilla; FuP, fungiform
papilla; GC, goblet cell; GG, gastric body gland; GP, gastric pit; LP, lamina propria;
LG, lingual gland; ME, mucosal epithelium; ML, muscular layer; MM, muscularis
mucosae; SU, submucosa; V, villus.

Fig. 3. Histological architecture of the liver and pancreas in F. cancrivora. a. Liver; b.
pancreas. CAC, centroacinar cell; HS, hepatic sinusoid; ID, intercalated duct; PI,
pancreatic islet; ILBD, interlobular bile duct; ILV, interlobular vein; PA, pancreatic
acinus; PC, pigment cell.

Fig. 4. Gut microbial community composition and chitin-degrading genera in F.
cancrivora. a. Genus-level composition of the gut microbiota. The 20 major taxa are
shown individually, and all remaining taxa are grouped as Others. b. Mean relative
abundances of 31 genera reported in the literature to include chitin-degrading members.
Genera with mean relative abundances greater than 0.1% are shown individually, and
the remaining 18 genera are grouped as Others. Mean relative abundances were
calculated after normalization within each sample, with the six samples weighted
equally.

Fig. 5. KEGG functional composition of the gut metagenomes of F. cancrivora. Major
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KEGG Level 2 functional categories are shown for six gut metagenomic samples

(LI R1-LI R6) based on KEGG annotations. Colors denote different functional

categories, and the y-axis indicates their relative abundance within each sample.

Fig. 6. Potential microbial pathway for chitin utilization in £ cancrivora. The schematic

on the left summarizes four functional stages: chitin polymer cleavage,

chitooligosaccharide processing, GIcNAc transport, and intracellular metabolism. Blue

text denotes the genes annotated at each stage, and the green dashed line indicates the

GH94—-ChbP-mediated route for chitobiose utilization. Pie charts on the right show the

relative contributions of the major candidate genera within each functional stage; the

remaining genera are grouped as Others.
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