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The redclaw crayfish (Cherax quadricarinatus), a highly valued freshwater aquaculture 
species, is renowned for its rapid growth, environmental adaptability, and nutritional 
quality. However, the intensification of aquaculture practices has led to increased disease 
outbreaks, prompting the widespread use of disinfectants such as formaldehyde. While 
formaldehyde is effective against bacterial, parasitic, and fungal infections, its impact on 
the gut microbiota of redclaw crayfish remains poorly understood. This study employed 
metagenomic sequencing to investigate the effects of formaldehyde exposure on the gut 
microbial community of redclaw crayfish. Results revealed significant alterations in 
microbial diversity and structure, with a marked decrease in beneficial bacteria and an 
increase in potential pathogens. Fungal and archaeal communities were also affected, 
with shifts in dominant taxa such as Zygotorulaspora and Haloarcula. Functional analysis 
indicated disruptions in metabolic pathways related to amino acid metabolism, 
carbohydrate metabolism, and immune response. These results indicate the regulatory 
mechanism of formaldehyde exposure on the structure and functional characteristics of 
the intestinal microbial community of red claw crayfish, revealing the multiple effects of 
formaldehyde on the host body by changing the composition of gut microbial, interfering 
with metabolic pathways, and destroying the balance of microecology. 

1. INTRODUCTION 

Redclaw crayfish (Cherax quadricarinatus) is a freshwater 
species that inhabits streams, rivers, and lakes in Australia. 
It has the advantages of environmental tolerance, large 
body size, strong stress resistance, delicious meat quality, 
and rich nutrition. Its tail meat yield is five times that of 
ordinary crayfish. Therefore, the redclaw crayfish has sig
nificant economic value and has been regarded as one of 
the most suitable and popular aquaculture species in the 
world.1,2 The redclaw crayfish grows rapidly and can reach 
commercial specifications (50-100 grams) within 7 months 
in a suitable environment.3,4 However, with the rapid de
velopment of aquaculture in recent years, the deterioration 
of the water environment and the increase in aquaculture 
density have led to frequent aquatic animal diseases, which 
have seriously affected the output and economic benefits of 

aquaculture.5,6 In order to control the spread of pathogens, 
disinfectants are widely used in aquaculture.7 

Formaldehyde (HCHO) is one of the most widely used 
fungicides in aquaculture.8,9 In aquaculture, formaldehyde 
is mainly used to prevent and treat bacterial, parasitic, 
and fungal infections, especially in high-density aquacul
ture environments, helping to reduce the incidence of dis
eases.10,11 However, the widespread use of formaldehyde in 
the aquaculture process can lead to environmental degra
dation and may have negative effects on treated fish.12 

In recent years, with the development of microbiology 
and immunology, people have gradually realized that gut 
microbiota not only plays a key role in maintaining host 
health, but also plays an important role in defending 
against pathogen infection.13 The role of gut microbiota 
in pathogen infection is multi-fold, involving colonization 
resistance, immune regulation, production of metabolites, 
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and direct inhibition of pathogens.14 The gut microbiota 
restricts the growth and colonization of pathogens by com
peting for nutrients and colonization sites.15 In addition, 
the growth of pathogens can be directly inhibited by gut 
microbiota through the production of metabolites such as 
antimicrobial peptides and short-chain fatty acids.16‑18 

Studies have shown that a stable gut microbiota can pro
mote the growth and development of aquatic animals while 
enhancing their resistance to pathogens.19 On the contrary, 
an imbalance in the gut microbiota may increase the risk of 
disease.20,21 Although formaldehyde, as a widely used dis
infectant in aquaculture, has been proven to have a remark
able bactericidal effect, there is still a lack of systematic re
search on its influence mechanism and potential ecological 
risk on the intestinal microecosystem of redclaw crayfish. 

At present, the regulatory effect of formaldehyde expo
sure on the composition and function of crustacean intesti
nal flora and the interaction between host and microorgan
ism is unclear, especially the mechanism of its influence 
on the intestinal microecological balance of red crayfish, 
an important economic species, needs to be clarified. How
ever, there are few studies on the effects of formaldehyde 
on the gut microbiota of redclaw crayfish. Therefore, this 
study intends to analyze the changes in gut microbiota of 
redclaw crayfish exposed to formaldehyde through metage
nomic sequencing technology and explore its potential im
pact on gut microbial homeostasis and host health. To 
deeply study the microbial adaptation mechanism of 
aquatic organisms to exogenous chemical substances, re
veal their ecological impact and regulation mechanism, and 
thus provide scientific theoretical support for the develop
ment of environmentally friendly aquaculture technology. 

2. MATERIALS AND METHODS 

2.1. ANIMALS AND EXPERIMENTAL DESIGN 

The experiments were performed at the Zhejiang Institute 
of Freshwater Fisheries, Huzhou, China. All experimental 
specimens of redclaw crayfish were obtained from a com
mercial crayfish farm in Wencheng County, Wenzhou City, 
Zhejiang Province, China. A total of twenty redclaw crayfish 
(body weight: 50 ± 0.15 g) at 10 months of age were used 
for the experiment. The experiment was conducted in a 
100-liter polyethylene plastic barrel. The culture tank water 
was maintained at a temperature of 26 ± 0.5 ◦C, salinity at 
3‰, and pH at 7.2 ± 0.2. Before the experiment, redclaw 
crayfish were acclimatized in the containers for 7 days and 
were fed commercial pellet feed (Guangdong Hengxing, 
China) twice daily at 8:00 am and 5:00 pm until satiation 
was achieved. Following a 7-day acclimatization period, the 
formaldehyde exposure experiment was initiated. 

A one-hour prophylactic static bath with formaldehyde 
was performed, in which healthy redclaw crayfish were ex
posed to formaldehyde solutions at concentrations of 0 
ppm (control group, CK, n = 10) and 100 ppm (treatment 
group, IN, n = 10). At one hour of exposure, intestinal con
tents were collected from twenty redclaw crayfish in both 

the control (n = 10) and treatment groups, and 100 ppm (n 
= 10). 

One part of the sample was taken for microbiome analy
sis and stored at − 80 ◦C. The samples from the control 
group were processed in the same manner as those from 
the treatment group, with five replicates performed for the 
microbiome analyses. The study procedures were approved 
by the Ethics Committee of the Animals Research Centre of 
Zhejiang Province. 

2.2. GENOMIC DNA EXTRACTION AND SEQUENCING 

We extracted genomic DNA from 200 mg intestinal con
tents using an optimized CTAB protocol. Samples were ho
mogenized in CTAB buffer using a Precellys 24 homoge
nizer, followed by proteinase K digestion. DNA quality was 
verified by electrophoresis and spectrophotometry. Qual
ified DNA libraries were sequenced by Illumina Novaseq 
high-throughput sequencing platform, and the raw data 
obtained from sequencing was used for bioinformatic 
analysis. 

2.3. BIOINFORMATICS AND STATISTICAL ANALYSIS 

In order to ensure the reliability of data, the Raw sequenc
ing data needs to be preprocessed using Kneaddata soft
ware. FastQC is used to detect the rationality and effect 
of quality control (Langmead and Salzberg22; Martin23; 
Robert et al., 2011). We performed taxonomic profiling of 
microbial communities using Kraken2 (version 2.1.2), a k-
mer-based classification tool, with a custom-built microbial 
database constructed by screening bacterial, fungal, ar
chaeal, and viral sequences from NCBI’s NT nucleic acid 
database and RefSeq whole genome database. Kraken2 
analysis was conducted with a confidence threshold of 0.2 
(–confidence 0.2) to optimize sensitivity for species detec
tion. The resulting classifications were then processed with 
Bracken to estimate species-level relative abundances us
ing default parameters, which probabilistically re-distrib
utes reads across the taxonomic tree to provide more ac
curate abundance measurements. This combined approach 
leverages Kraken2’s rapid k-mer matching for initial clas
sification and Bracken’s Bayesian re-estimation method to 
generate refined quantitative profiles of microbial commu
nity composition. The clean reads after quality control and 
de-host were used to blast to database (Uniref90) using 
Humann2 software (based on Diamond), and the annota
tion information and relative abundance table from each 
functional database were obtained according to the corre
sponding relationship between Uniref90 ID and each data
base.24‑27 Lefse Biomarker and Dunntest analysis per
formed to excavate differences in species composition and 
functional composition between samples.28 

3. RESULTS 

3.1. OTUS AND DIVERSITY ANALYSIS OF GUT FLORA 

Metagenomic sequencing gave a mean 27,080,833 clean 
reads per sample for CK and 24,754,015 clean reads per 
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Figure 1. Alpha-diversity and beta-diversity analysis of the gut flora of redclaw crayfish in control and               
formaldehyde exposure group.    
(A) Chao 1 index, Simpson index, and observed features index. Five lines from bottom to top are minimum, first quartile, median, third quartile and maximum. (A) PCoA analysis be
tween the control and formaldehyde exposure group. 

sample for In. Based on 97% similarity, 2433 and 1802 OTUs 
were separately acquired from CK and In groups, respec
tively. We statistically analyzed the effects of formaldehyde 
on intestinal microbiota diversity in redclaw crayfish using 
Independent Samples t-tests for diversity indices, with sub
sequent False Discovery Rate (FDR) adjustment to account 
for multiple comparisons. Compared with the CK group, 
the Chao1 and Simpson index of the In group were sig
nificantly lower than those of the CK group (p<0.05) (Fig. 
1A). PCoA analysis showed that the gut microbiota of the 
In group deviated from the control group (Fig. 1B). In sum
mary, formaldehyde exposure has a significant effect on the 
diversity of redclaw crayfish gut microbiota. 

3.2. RESULTS OF ANNOTATION OF GUT BACTERIAL 
LEVELS IN REDCLAW CRAYFISH 

In this study, Pseudomonadota, Bacillota, Actinomycetota, 
Bacteroidota and Cyanobacteriota were the dominant phyla 
in the gut of redclaw crayfish (Fig. 2A). The dominant gen

era in redclaw crayfish were Citrobacter, Bradyrhizobium, 
Salmonella, Escherichia and Aeromonas (Fig. 2B). 

An LEfSe determination (LDA score > 2) was performed 
to identify the key differential taxa in the redclaw crayfish 
gut bacterial (Fig. 2C, Table S1). Formaldehyde exposure 
caused decreases in the relative abundance of some bac
terial families including Lactobacillaceae, Brevibacteriaceae, 
Oceanospirillaceae and Moritellaceae (Table S1), and in some 
bacterial genera including Enterobacter, Lactobacillus, Po
laribacter, Nitrogeniibacter and Neptunomonas (Table S2). 
The relative abundance of Aeromonas, Moraxella, Acidovo
rax, Sphaerotilus and Phocaeicola increased after formalde
hyde exposure. 

3.3. RESULTS OF ANNOTATION OF GUT FUNGAL LEVELS 
IN REDCLAW CRAYFISH 

The results of this study showed that the dominant phyla in 
the gut of redclaw crayfish were Ascomycota, Basidiomycota, 
Chytridiomycota, and Microsporidia (Fig. 3A), and the domi
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Figure 2. Formaldehyde exposure alters the composition and functional profile of the gut microbiota in redclaw               
crayfish.  
Taxonomic composition distribution bar plot of the top twenty most abundant phyla (A) and top twenty most abundant genera (B) in the control and formaldehyde exposure group. 
(C) An LEfSe analysis (LDA score > 2) was conducted to identify the key differential taxa within the gut bacterial community of redclaw crayfish. 

nant genera were Lodderomyces, Saccharomycopsis, Verticil
lium, Saccharomyces and Aspergillus (Fig. 3B). 

LEfSe analysis showed that the relative abundance of 
Glomerulaceae and Arthrodermataceae decreased, while the 
relative abundance of Didymellaceae increased in the In 
group at the family level compared with the control group 
(Fig. 3C Table S3). At the genus level, the relative abun
dance of Colletotrichum and Neohortaea decreased, while 
that of Zygotorulaspora increased in the In group compared 
with the control group (Fig. 3C, Table S4). 

3.4. RESULTS OF ANNOTATION OF GUT ARCHAEA 
LEVELS IN REDCLAW CRAYFISH 

The results of this study showed that candidatus, bath
yarchaeota, candidatus thermoplasmatota, euryarchaeota, ni
trososphaerota and thermoproteota were the dominant bac
teria in the redclaw crayfish gut (Fig. 4A). Haloferax, 
methanosarcina, methanolobus, thermococcus and 
methanobrevibacter were the dominant genera in the fish 

Influence of formaldehyde on the intestinal microflora of redclaw crayfish

Israeli Journal of Aquaculture - Bamidgeh 147



Figure 3. Formaldehyde exposure alters the composition and function of the gut fungi of redclaw crayfish.               
Taxonomic composition distribution bar plot of the top eight most abundant phyla (A) and top twenty most abundant genera (B) in the control and formaldehyde exposure group. (C) 
An LEfSe analysis (LDA score > 2) was conducted to identify the key differential taxa within the gut fungi community of redclaw crayfish. 

gut. It is worth noting that haloarcula was unique to the In 
group (Fig. 4B). 

3.5. ANALYSIS OF DIFFERENTIAL METABOLIC 
PATHWAYS BETWEEN GROUPS 

KEGG database statistics (Fig. 5A), the number of genes an
notated by metabolism in the CK and In groups was the 
highest in the first level classification. At the secondary 
level (Fig. 5B), the CK group had the highest number of 
genes annotated in the amino acid metabolism of the gut 
microbiota, followed by carbohydrate metabolism, metabo
lism of cofactors and vitamins, metabolism of other amino 
acids, and immune disease. In the In group, the number 
of genes annotated in immune disease was the highest, 
followed by carbohydrate metabolism, amino acid metabo
lism, metabolism of cofactors and vitamins, and substance 
dependence. 

According to the annotation results of MetaCyc data
base, relative abundance statistics of each channel in each 
experimental group were drawn (Fig. 5C). In the CK group, 
the number of genes annotated in PWY0-1586 was the 
largest, followed by PWY-7663、VALSYN-PWY and 
PWY-5103. In the In group, the number of genes annotated 

in PWY-7220 was the largest, followed by PWY-7222、
PWY-5103 and VALSYN-PWY. 

Eggnog database statistics (Fig. 5D), the number of an
notated genes in the intestinal microbiota COG2036 in the 
CK and In groups were the highest, followed by kog1744, 
enog4111nv5, cog5262 and kog1756. 

4. DISCUSSION 

As a highly effective broad-spectrum disinfectant, 
formaldehyde is widely used in aquaculture to control in
fections by pathogens such as fungi, bacteria and parasites 
on the surface of fish. However, studies have shown that 
formaldehyde exposure can cause a variety of pathological 
and physiological symptoms in farmed fish, but its un
derlying toxicity mechanism has not yet been fully eluci
dated.29‑31 Given the key regulatory role of the gut mi
crobiota in maintaining host health, we speculate that the 
interaction between formaldehyde and the gut microbiome 
may be one of the important mechanisms of its toxic ef
fects.32 

Intestinal microbiota plays a crucial role in maintaining 
host immune function, regulating metabolic homeostasis, 
and providing resistance against pathogenic infections. Re
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Figure 4. Formaldehyde exposure alters the composition and function of the gut archaea of redclaw crayfish.               
Taxonomic composition distribution bar plot of the top eight most abundant phyla (A) and top twenty most abundant genera (B) in the control and formaldehyde exposure group. (C) 
An LEfSe analysis (LDA score > 2) was conducted to identify the key differential taxa within the gut archaea community of redclaw crayfish. 

cently, it has been reported that the changes in intestinal 
microflora are related to the pathogenesis of many inflam
matory diseases and infections.33,34 In studies on zebrafish, 
goats, mouse and Plagiodera versicolora, it was found that 
gut microflora can be used as a physical barrier to inhibit 
pathogens from invading the host gut and improve the host 
immunity.35‑37 

In recent years, research on the gut microbiota of red
claw crayfish has made significant progress, but research on 
the effects of formaldehyde exposure on the gut microbiota 
of this species is still relatively scarce. Therefore, this study 
used metagenomics technology to systematically elucidate 
the regulatory mechanism of formaldehyde exposure on the 
structure and functional characteristics of the intestinal 
microbial community of red claw crayfish, focusing on the 
dynamic changes in the community composition of the in
testinal flora under formaldehyde stress, the functional re
sponse of key metabolic pathways, and the potential envi
ronmental adaptation mechanism. The results of this study 
showed that formaldehyde exposure significantly changed 
the composition and diversity characteristics of the intesti
nal microbial community of red claw crayfish. These find
ings provide new insights into the ecotoxicological effects 
of formaldehyde exposure on crustaceans. 

This study used metagenomic sequencing technology to 
systematically analyze the composition characteristics of 
the intestinal microbiome of redclaw crayfish from three 
dimensions: bacterial community structure, archaeal com

position characteristics, and fungal diversity, and evaluated 
the mechanism of formaldehyde exposure on the structure, 
function, and diversity of its intestinal flora. The charac
terization of redclaw crayfish intestinal microbiota revealed 
Pseudomonadota, Bacillota, Actinomycetota, Bacteroidota 
and Cyanobacteriota as the predominant phylum.38 The 
characterization of redclaw crayfish Intestinal microbiota 
communities revealed Citrobacter, Bradyrhizobium, Salmo
nella, Escherichia and Aeromonas as the predominant gen
era. LEfSe analysis results showed that after formaldehyde 
exposure, the relative abundance of redclaw crayfish Lacto
bacillus Nitrogeniibacter, Aeromonas and Phocaeicola in the 
intestine had changed significantly. Lactobacillus had 
broad-spectrum antibacterial activity, which can inhibit 
many pathogenic bacteria and improve the survival rate of 
shrimp.39 Nitrogenibacter is a nitrifying bacterium, which was 
used in a bioremediation system to control the concentra
tion of nitrogen compounds in shrimp ponds. For exam
ple, the use of nitrifying bacteria in aquaculture can sig
nificantly reduce the concentration of ammonia and nitrite 
in shrimp ponds and improve the survival rate of shrimp.40 

Aeromonas was a gram-negative bacterium, which had a 
significant negative impact on aquaculture and can infect 
many animals, including sea bass, Crucian Carp, alligator, 
Yangtze finless porpoise, Trionyx sinensis and sheep 
etc.41‑47 Phocaeicola is a gram-negative, strictly anaerobic 
bacterium that widely exists in animal intestines and has 
remarkable functions in digesting complex carbohydrates 
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Figure 5. Functional prediction of gut microbiota of redclaw crayfish infected with Formaldehyde exposure based              
on database analysis (KEGG primary (A) and secondary (B) classification level pathways; C. Metacyc; D. eggNOG).                 

and producing short-chain fatty acids (SCFAs).48 For exam
ple, Phocaeicola vulgatus was one of the most abundant bac
teria in human feces, which can decompose dietary fiber 
and produce SCFAs such as acetic acid, propionic acid, and 
butyric acid, which were beneficial to intestinal health and 
general health.49 Also, Phocaeicola interacts with other mi
croorganisms in the intestine to inhibit the growth of path
ogenic bacteria through competition, thus maintaining in
testinal homeostasis. The changes of Phocaeicola 
abundance in intestinal microbiota were related to many 

diseases, such as inflammatory bowel disease (IBD) and ir
ritable bowel syndrome (IBS).50,51 Therefore, Phocaeicola 
played an important ecological and physiological role in in
testinal microflora, and its research was helpful in devel
oping strategies to promote intestinal health and treat re
lated diseases. The significant change of relative abundance 
of Lactobacillus, Nitrogeniibacter, Aeromonas and Phocae
icola may be related to the damage of intestinal cells. How
ever, its ecological function in crustaceans has not yet been 
clarified, and the specific function of this bacterium still 
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needs to be further clarified through crustacean-specific 
studies (such as metagenomic analysis and in vitro veri
fication). This study showed that acute formaldehyde ex
posure changed the composition of the intestinal flora of 
redclaw crayfish and may affect host health through micro
ecological imbalance. However, due to the lack of simulta
neous detection of host physiological indicators, the direct 
correlation between this change in microbiome structure 
and host physiological function still needs further verifica
tion. Future studies need to further verify its biological im
pact mechanism by integrating multi-omics analysis (such 
as transcriptome, proteome) and host function experiments 
(such as immune response assays and pathogen challenge 
tests). 

Afterwards, from the perspective of fungi, the charac
terization of redclaw crayfish gut flora communities re
vealed Ascomycota, Basidiomycota, Chytridiomycota and Mi
crosporidia as the predominant phylum.38 This was 
consistent with the analysis results of intestinal fungi by 
Xu.52 Wang et al. detected Colletotrichum in the intestines 
of horses, and found that the fungal flora in the intestines 
changed obviously after natural infection with Cryp
tosporidium.53 The results were consistent with our re
search. Zygotorulaspora is a yeast belonging to Ascomycota, 
which was significantly increased in the gut microflora of 
mice with micronutrient deficiency in early life.54 There
fore, changes in the intestinal flora structure caused by 
formaldehyde exposure may disrupt the intestinal microe
cological balance, lead to impaired intestinal barrier func
tion of the host, and affect the normal function of its im
mune regulation mechanism. 

Archaea played an important role in intestinal mi
croflora, and the diversity of gut archaea was related to the 
development of inflammation.55 Our analysis of archaea re
vealed that candidatus_bathyarchaeota, candidatus_thermo
plasmatota and euryarchaeota were the dominant phylum 
in redclaw crayfish intestine, Haloferax, Methanosarcina, 
Methanolobus and Thermococcus was the dominant genus in 
redclaw crayfish intestine. It was worth noting that Haloar
cula was unique to group In. Borjian56 and others found 
that Haloarcula has a unique metabolic pathway and en
zyme system. For example, the methanesulfonic acid cycle 
in Haloarcula hispanica was one of its unique metabolic 
pathways, which involves many key enzymes, such as suc
cinyl-CoA:mesaconate CoA-transferase and mesaconyl-
CoA hydratase.56 However, although archaea have been 
shown to have unique metabolic characteristics (such as the 
methane sulfonate cycle pathway and related enzyme sys
tems),56 as a non-dominant component of the intestinal 
microbiome, their functional characterization in the in
testinal ecosystem of redclaw crayfish remains unclear. 

In this study, an experimental design of 100 ppm 
formaldehyde exposure for 1 h was used to evaluate the ef
fects of acute exposure conditions on the intestinal flora 
of redclaw crayfish. Although this scheme provides an im
portant reference for understanding the potential toxic ef
fects of formaldehyde, we also recognize that there may be 
more complex application scenarios in actual aquaculture 
production. In conventional farming, formaldehyde is of

ten used in a flexible treatment scheme, and environmental 
conditions may also have a regulatory effect on the treat
ment effect. In future studies, more attention should be 
paid to the comprehensive evaluation of formaldehyde gra
dient concentrations and chronic exposure on the ecotoxic 
effects of redclaw crayfish. 

5. CONCLUSION 

This study systematically revealed the significant effects 
of formaldehyde exposure on the structure and functional 
characteristics of the intestinal microbial community of 
redclaw crayfish through metagenomic sequencing tech
nology. The results showed that formaldehyde exposure 
significantly reduced the alpha diversity index of the in
testinal microorganisms of redclaw crayfish (Chao1, Simp
son and observed features index, p<0.05) and changed its 
community composition. In terms of bacterial communi
ties, formaldehyde exposure led to a significant decrease in 
the relative abundance of beneficial bacteria such as Lac
tobacillus and Nitrogeniibacter, while a significant increase 
in the relative abundance of conditional pathogens such 
as Aeromonas. Fungal community analysis showed that As
comycota and Basidiomycota were the dominant phyla, 
among which the relative abundance of Zygotorulaspora in
creased significantly. In the archaeal community, Candida
tus_Bathyarchaeota and Candidatus_Thermoplasmatota were 
the dominant phyla, and Haloarcula was a genus unique 
to the exposure group. Metabolic pathway analysis showed 
that formaldehyde exposure affected key metabolic path
ways such as amino acid metabolism and carbohydrate me
tabolism, and increased the number of annotations of im
mune-related genes. These results suggest that 
formaldehyde exposure may affect the host’s intestinal mi
croecological balance by altering the structure and function 
of the intestinal flora. However, the specific mechanism 
of immune function regulation still requires further re
search and verification. This study provides new insights 
into the ecotoxicological effects of formaldehyde on crus
taceans and has important guiding significance for the for
mulation of safe use standards for formaldehyde in aqua
culture. 
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