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Abstract 
To study the toxic effects of microcystin-LR (MC-LR) on crayfish, adult male Procambarus clarkii were exposed to different 
concentrations of MC-LR for 96 h. In the meantime, the accumulation characteristics of MC-LR and the alternations of 
antioxidant system, histopathology and intestinal flora of P. clarkii were investigated. The results demonstrated that the 
hepatopancreas, gills and intestines of P. clarkii could effectively accumulate MC-LR. Antioxidant-related genes such as Mn-sod, 
cat, gst, gpx, mt and hsp70 showed different expression trends in different organs to respond to MC-LR-induced oxidative stress. 
MC-LR led to histological changes in the hepatopancreas, gills and intestines, thus affecting their corresponding physiological 
functions. Additionally, the abundances of bacterial phyla including Firmicutes and Planctomycetes and genera including 
Dysgonomonas, Brevundimonas and Anaerorhabdus in the intestine were significantly changed after MC-LR exposure, and 
the disruption of intestinal flora might further cause abnormal intestinal microbial metabolism and genetics in P. clarkii. This 
study provides novel mechanistic insights into the toxic impacts of microcystins on aquatic crustaceans.

Highlights  
• MC-LR was significantly accumulated in the hepatopancreas, gills and intestines of P. clarkii.
• MC-LR induced the differential expression of antioxidant-related genes of P. clarkii.
• MC-LR caused histological alterations in the hepatopancreas, gills and intestines of P. clarkii.
• MC-LR affected the intestinal microbial composition and function of P. clarkii.
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Introduction

Microcystins (MCs), mainly produced by freshwater 
cyanobacteria species and released during harmful algal blooms, 
are among the most abundant cyanobacterial toxins (Ni et al. 

2021). MCs have multiple organic toxicity, genetic toxicity, 
neurotoxicity, immunotoxicity and potential cancer-promoting 
effects. MCs exposure will cause the liver failure in wild animals, 
livestocks and aquatic animals, and even lead to human diseases 
and deaths (Schreidah et al. 2020). It has been reported that MCs 
can be accumulated in aquatic organisms, which will bring about 
the transmission of such environmental toxins to higher trophic 
levels along the food chain, thus becoming a potential threat to 
human health (Ibelings et al. 2015; Pham and Utsumi 2018). 
MC-LR, as one of the most toxic MCs, has gained extensive 
attention worldwide (Wu et al. 2015; Duan et al. 2020). MC-LR 
is capable of regulating the immune responses and expression 
of inflammatory cytokine, and has potent hepatotoxicity in 
different fish or shellfish species (Li et al. 2012; Rymuszka and 
Adaszek 2012; Qu et al. 2018; Duan et al. 2020). Due to its 
abundance and toxicity in the water environment, there have 
been growing concerns over the toxicological mechanisms in 
aquatic organisms.
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The toxic impacts of MC-LR on aquatic crustaceans have 
been reported in several researches. MC-LR could inhibit 
the swimming speed and hopping frequency of water flea 
(Daphnia magna) (Pawlik-Skowrońska and Bownik et al. 2021). 
MC-LR could be accumulated in mysid crustacean (Neomysis 
awatschensis) (Min et al. 2018) and crab (Neohelice granulate) 
(Sabatini et al. 2015), and induce oxidative stress. Besides, 
Zhang et al. (2019c) documented that MC-LR was capable 
of entering the testis of prawn (Macrobrachium rosenbergii), 
injuring testicular germ cells, and exerting considerable 
inhibition on the development of testis. In the study by Sun 
et al. (2021), similar results were also found, in which MC-LR 
could inflict damage to the testis tissue of oriental river prawn 
(Macrobrachium nipponense), activate mitochondrial apoptosis, 
and induce cross-generational immunotoxicity. Qu et al. (2018) 
found a variety of significantly differentially expressed genes 
(DEGs) associated with toxicity and liver detoxification in 
silver carp (Hypophthalmichthys molitrix) following MC-LR 
exposure. In spite of these studies, the deep impacts of MC-LR 
on the antioxidant system, histopathology and intestinal flora 
of crustaceans deserve further investigations to clarify the 
toxicological mechanisms of MC-LR.

Hepatopancreas, as an organ with multiple functions for 
crustaceans, plays a significant role in metabolism, absorption, 
immunological defense and xenobiotic detoxification (Rőszer 
2014; De Melo et al. 2019). Meanwhile, hepatopancreas acts 
as a key target organ for a variety of environmental stresses 
(Mazzei et al. 2014; Müller et al. 2020; Zhang et al. 2020a). 
Gills of crustaceans generally interface with the ambient 
environment directly and therefore have important functions 
in ionic regulation, ammonia excretion, acid–base balance and 
osmoregulation, which can accumulate toxic substances in 
a contaminated environment (Henry et al. 2012; Tang et al. 
2020). Intestinal microbiota of crustaceans can regulate many 
crucial physiological functions, thus sustaining the health 
for the host (Zhang et al. 2020a). Notably, it can promote 
metabolism by synthesizing some enzymes that the host 
cannot produce (Rowland et al. 2018). It can also participate 
in energy storage and supply essential vitamins and amino 
acids for the host (Gill et al. 2006; Nayak 2010). Furthermore, 
as reported by Chen et al. (2017), intestinal flora is pivotal in 
regulating host immune system.

As a typical species of crustaceans, Procambarus clarkii 
can tolerate contaminated and extreme environments, accu-
mulating toxins and pollutants. According to the study by 
Gherardi (2006), it is at the central location of aquatic food 
webs and acts a potential vector of pollutants to higher 
trophic levels. P. clarkii exhibits strong potential to indicate 
pollution and has acted as a typical test animal to evalu-
ate the toxic impacts of pollutants in water environment 
(Vioque-Fernándeza et al. 2009; Zhang et al. 2019b). In the 
present work, adult male P. clarkii were exposed to different 
concentrations of MC-LR for 96 h, which were 0, 10, and 

40 times the concentration of WHO-permitted maximum 
contaminant level (1 μg/L) in drinking water (WHO 2011). 
Quantitative real-time-PCR (qRT-PCR) was carried out to 
identify the expression levels of antioxidant-related genes. 
Meanwhile, the histological changes in the hepatopancreas, 
gills and intestines of crayfish were studied. Furthermore, 
the intestinal flora was examined through 16S rRNA Illu-
mina sequencing to investigate the composition and func-
tion of intestinal flora. This study aimed to comprehensively 
evaluate the alterations of antioxidant system, histopathol-
ogy and intestinal flora caused by MC-LR in crayfish, and 
reveal the toxicological mechanisms of MCs in aquatic crus-
taceans from different perspectives.

Materials and methods

Microcystin‑LR, organisms and toxicity test

MC-LR was purchased from Agent Technology Co., Ltd. 
(Beijing, China). Adult male crayfish were bought from 
a market of Harbin, China. They were kept in glass tanks 
(0.40 m × 0.30 m × 0.25 m) containing eighteen liters of tap 
water after dichlorination (Table S1) for more than ten days 
with a photoperiod of 12 h light/12 h dark. Tubificid worms 
(Limnodrilus hoffmeisteri) were provided as foods for crayfish 
daily, and it was stopped during MC-LR exposure experiment.

Crayfish were divided into three groups, with three 
replicates in each group. Besides, there were twelve 
specimens in each replicate. The crayfish of three groups were 
exposed to 0 μg/L (Con), 10 μg/L (M10) and 40 μg/L MC-LR 
(M40), respectively. Corresponding amounts of MC-LR were 
dissolved in methanol and added to dechlorinated tap water to 
make MC-LR solutions. It should be noted that no mortality 
was found during MC-LR exposure experiment.

Sampling

Three specimens from each group (one from each replicate) 
were taken after 96 h and dissected after anesthetization on ice 
for 15 min. Hepatopancreas (about 300 mg), gills and intestines 
were fixed in paraformaldehyde. Additionally, 300 mg of 
hepatopancreas was used for RNA extraction. Subsequently, 
nine specimens from each group (three ones from each 
replicate) were selected and dissected for collecting intestinal 
contents. The intestines were flushed with sterile phosphate 
solutions. In order to reduce inter-individual variation, the 
intestinal contents from three intestines in each replicate 
were pooled together. The resulted phosphate solutions were 
collected for DNA extraction. The remaining hepatopancreas, 
gills and intestines were washed using ultrapure water and 
kept for MC-LR extraction and quantification. All sampling 
procedures were accomplished under aseptic condition.
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Histological examination of hepatopancreas, gills 
and intestines

Following fixation in paraformaldehyde, the samples of 
hepatopancreas, gills and intestines were dehydrated by 
ethanol and embedded in paraffin. The resulted paraffin 
blocks were sectioned at 4-μm thickness. After hematoxylin 
and eosin (H&E) staining, the sections were observed with 
an Olympus microscope (IX71).

MC‑LR extraction and quantification

All the hepatopancreas, gills and intestines used for MC-LR 
extraction and quantification were lyophilized by a freeze 
drier (Labconco Corporation, USA). MC-LR was extracted 
and purified according the revised method of Xie et al. 
(2005). Specifically, lyophilized samples of hepatopan-
creas (0.25 g in dry weight (DW)), gills (0.15 g in DW), and 
intestines (0.05 g in DW) were respectively homogenized 
in a mortar and extracted three times with 10 mL of BuOH: 
MeOH:  H2O (1: 4: 15) for 24 h while stirring. The extracts 
were centrifuged at 18,000 rpm and the supernatants were 
diluted with ultrapure water. The detailed procedures of 
MC-LR quantification are described in Supporting Infor-
mation (SI) 1.1.

Quantitative real‑time‑PCR (qRT‑PCR)

RNA of hepatopancreas was extracted by the Trizol reagent 
(Invitrogen, USA). The primer pairs of antioxidant-related 
genes of P. clarkii were listed in Table 1 and the 18S rRNA 
was used as a normalized control gene. The qRT-PCR was 
performed according to our previous report (Zhang et al. 
2020b). The significant differences in expression level were 
tested by one-way ANOVA between Con group and M10 
group or M40 group.

DNA extraction, PCR amplification and sequencing

The microbial genomic DNA (gDNA) of intestinal content 
samples was extracted by utilizing the E.Z.N.A.™ Mag-Bind 

Soil DNA Kit (Omega Bio-tek, USA). Subsequently, the 
V3-V4 regions of 16S rRNA genes were amplified using the 
primers in Table S2. Further detailed procedures are pre-
sented in SI 1.2 and SI 1.3, respectively. Raw data of 16S 
rRNA sequencing in the present study have been deposited 
in the NCBI SRA database (No. SRR 9,671,444).

Linear discriminant analysis (LDA) effect size (LEfSe) 
algorithm

Linear discriminant analysis (LDA) effect size (LEfSe) algorithm 
(Segata et al. 2011; Afgan et al. 2018) was used to identify the 
differences among groups at all taxonomic levels. As a suitable 
method used for discovering and interpreting multi-level biologi-
cal markers and characteristics, it used Kruskal–Wallis (KW) 
sum-rank test with nonparametric coefficient to determine the 
significant differences in abundance between Con group and 
M10 group or M40 group (LDA score (log10) > 2).

Functional analysis of intestinal microbial 
community

According to the method described by Langille et  al. 
(2013), the 16S rRNA gene sequencing data were compared 
with the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database, and microbial functions were predicted 
by PICRUSt (version 1.1.0). Statistical significance was 
evaluated by using Welch's t-test (P < 0.05).

Results

Accumulation of MC‑LR in different organs

As shown in Table S3, the MC-LR concentrations in the 
hepatopancreas, gill and intestine of P. clarkii in Con group 
were not detectable. By contrast, MC-LR concentrations 
in three types of organs in M10 and M40 groups showed 
significantly higher levels (P < 0.01) compared those in Con 
group, which increased as the MC-LR concentration in water 
rose. In M10 group, the MC-LR concentrations were 0.021, 

Table 1  Sequences of primer pairs used in the quantitative real-time quantitative PCR (qRT-PCR)

Target gene Forward primers (5′-3′) Reverse primers (5′-3′) Accession number

Mn-sod TGA TAC CCT TGC TTG GAC TAG CGT TCA TTC ACA TTA GACC EU254488
cat CGA CCA TAC ACC GCT TCA C TTT CAG GAA TGC GTT CTC TATC KM068092
gst ACT TAG AGA CGG ACT TCC AG CGA GGG CGA ACT TCA CGG HQ414581.1
gpx CCG CTC TTC ACC TTC TTG GCG AGT GTA TGG CTT ACC JN835259.1
mt CGA GGG CGG GTG CAA GAC T CTT GGA GCA GGT CTT GGC AC GU220368.1
hsp70 GTT GAC CAA GAT GAA GGA GAC CTG ACG CTG AGA GTC GTT G DQ301506.1
18S rRNA CTG TGA TGC CCT TAG ATG TT GCG AGG GGT AGA ACA TCC AA X90672.1
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0.031 and 0.014 mg/kg in the hepatopancreas, gill and intestine, 
respectively. In M40 group, the MC-LR concentrations were 
0.045, 0.046 and 0.023 mg/kg in the hepatopancreas, gill and 
intestine, respectively.

Expression profiles of antioxidant‑related genes

In the  hepatopancreas, the expression of Mn-sod was 
significantly up-regulated by 35.08% (P = 0.0047) in M10 
group, but not significantly changed (P = 0.0865) in M40 
group (Fig. 1a). In the gill, its expression was significantly 
up-regulated by 73.14% (P = 0.0093) and 262.35% 
(P = 1.25E-4) in M10 and M40 groups, respectively. In 
the intestine, its expression was remarkably up-regulated 
by 32.34% (P = 0.0136) and down-regulated by 11.66% 
(P = 0.0274) after exposure to 10 and 40 μg/L MC-LR, 
respectively.

As shown in Fig. 1b, in the hepatopancreas, the expression 
of cat was evidently up-regulated in M10 and M40 groups by 
170.35% (P = 8.58E-5) and 232.29% (P = 1.53E-4), respectively. 
By contrast, its expression level in the gill and intestine did not 
change significantly in MC-LR exposure groups.

The expression levels of gst in different organs of P. clarkii 
under MC-LR exposure changed to varying degrees (Fig. 1c,). 
In the hepatopancreas, the expression of gst in M10 group was 

significantly up-regulated by 39.57% (P = 0.0114), while in 
M40 group it was down-regulated by 11.55% (P = 0.2153). 
In the gill, gst expression was obviously down-regulated 
(P = 0.0261) in M10 group, while significantly up-regulated 
(P = 0.0071) in M40 group. Unlike that in the hepatopancreas 
and gill, gst expression in the intestine did not change signifi-
cantly (P = 0.5896) in M10 group, but decreased markedly 
(P = 0.0278) in M40 group.

The expression levels of gpx in different organs of P. 
clarkii exposed to different doses of MC-LR are shown 
in Fig. 1d. In the hepatopancreas, the expression level of 
gpx in M10 group was markedly increased by 210.36% 
(P = 1.12E-5), and decreased by 52.76% (P = 0.0011) in 
M40 group. In the gill, however, its expression was down-
regulated (P = 0.0986) and up-regulated (P = 0.2429) 
under exposure to 10 and 40 μg/L MC-LR, respectively. 
Meanwhile, the expression of gpx in  the intestine was 
significantly up-regulated (P = 0.0287) in M10 group, 
while the expression level in M40 group was close 
to normal (P = 0.1005).

In the hepatopancreas, gill and intestine of P. clarkii, mt 
expression changed significantly in M10 and M40 groups 
(Fig. 1e). The expression of mt in the hepatopancreas was 
significantly down-regulated by 23.14% (P = 0.0044) and 
77.18% (P = 3.74E-5), respectively. Similarly, its expression 

Fig. 1  Relative expression levels of (a) Mn-sod, (b) cat, (c) gst, (d) 
gpx, (e) mt and (f) hsp70 in the hepatopancreas, gills and intestines of 
crayfish exposed to different concentrations of MC-LR (n = 3). Data 
are analyzed by one-way ANOVA. Asterisks indicate statistically 

significant differences between control group and MC-LR exposure 
groups; *P ≤ 0.05, **P ≤ 0.01. Con: Control; M10: 10  μg/L MC-LR; 
M40: 40 μg/L MC-LR
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in the intestine was markedly down-regulated by 36.40% 
(P = 3.31E-4) and 29.44% (P = 0.0024), respectively. By 
contrast, in the gill, the expression of mt in M10 group was 
significantly up-regulated by 17.12% (P = 0.0046), while it 
was significantly down-regulated by 59.39% (P = 3.92E-6) in 
M40 group.

As shown in Fig.  1f, the expression of hsp70 in 
the  hepatopancreas was up-regulated in M10 group 
(P = 0.0079) and M40 group (P = 0.1722). However, in 
the gill, its expression was remarkably down-regulated 
(P = 0.0192) in M10 group and maintained at a nor-
mal level (P = 0.8461) in M40 group. Similar to that in 
the hepatopancreas, the expression of hsp70 in  the intes-
tine was significantly up-regulated in both M10 
(P = 0.0014) and M40 (P = 0.0025) groups.

Histological analysis of hepatopancreas, gills 
and intestines

Histological analysis was performed to elaborate the mor-
phological and histopathological effects of MC-LR on the 
main organs including hepatopancreas, gill and intestine 
of P. clarkii (Fig. 2). The hepatopancreas without MC-LR 
exposure had intact structures and the tubule lumens dem-
onstrated asterisk-like shapes (Fig. 2a). By contrast, the 
hepatopancreas exposed to MC-LR exhibited histological 
changes and damage. Epithelium vacuolization and tubule 
lumen dilatation were observed in the hepatopancreas in 
M10 and M40 groups (Fig. 2b, c). The gill of P. clarkii 
in control group showed typical structures such as intact 
gill membrane, orderly inner respiratory epithelial cells 

Fig. 2  Histological photomicrographs of hepatopancreas, gills and 
intestines. (a) Hepatopancreas exposed to 0 μg/L MC-LR; (b) hepato-
pancreas exposed to 10 μg/L MC-LR; (c) hepatopancreas exposed to 
40 μg/L MC-LR; (d) gill exposed to 0 μg/L MC-LR; (e) gill exposed 
to 10 μg/L MC-LR; (f) gill exposed to 40 μg/L MC-LR; (g) intestine 
exposed to 0 μg/L MC-LR; (h) intestine exposed to 10 μg/L MC-LR; 
(i) intestine exposed to 40  μg/L MC-LR; C: corneum; H: haemo-

cytes; Rec: respiratory epithelium cells; Hc: hemolymph congestion 
in vessels; L: lumen; E: epithelium; Lp: lamina propria; Sm: submu-
cosa; M: muscularis; Tubule lumen dilatation (marked by black solid 
arrows), vacuolization (marked by white solid arrows) and eosino-
philic granule cells (marked by black hollow arrows) were observed. 
Hematoxylin and eosin (H&E) stain (100 ×)
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(RECs), complete gill leaf and haemocytes in microvascu-
lar cavity (Fig. 2d). The corneum in the gill of P. clarkii in 
control group was holonomic and smooth (Fig. 2d), while 
that in M40 group was tortuous and partially ruptured 
(Fig. 2f). Large areas of RECs in the gills of P. clarkii 
exposed to both 10 and 40 μg/L MC-LR were scattered in 
microvascular lumen (Fig. 2e, f). Notably, the gill of cray-
fish after 40 μg/L MC-LR exposure showed hemolymph 
congestions in vessels, and the number of haemocytes 
was reduced under this condition. The intestine of cray-
fish in Con group exhibited a normal histological structure 
including epithelium, lumen, submucosa, lamina propria 
and muscularis, and neither injury nor inflammation was 
shown (Fig. 2g). Nevertheless, there appeared eosino-
philic granule cells (EGCs) in both M10 and M40 groups 
(Fig. 2h, i). Particularly, abnormal muscularis and lamina 
propria infiltrated by lympaocytes were displayed in the 
intestine of crayfish in M40 group (Fig. 2i).

Alteration in the taxa of intestinal microbiota

The most prevalent phyla included Proteobacteria, Bacte-
roidetes, Firmicutes and Fusobacteria, accounting for over 
98% of total phyla among the intestinal microbiota (Fig. 3). 
According to the supervised comparison of the intestinal 
microbiota between Con group and M10/M40 group by uti-
lizing the LEfSe algorithm and remarkable differences were 
identified. In this study, we particularly analyzed the differ-
ences at the levels of phylum and genus. It was character-
ized by a predominance of the phylum Planctomycetes and 

the genus Pseudorhodobacter in Con group (Con vs M10) 
(Fig. 4a and Fig. S1). The relative abundance of phylum 
Firmicute was higher in M40 group, whereas the relative 
abundances of phylum Planctomycetes and genera including 
Dysgonomonas, Brevundimonas and Anaerorhabdus were 
higher in Con group (Con vs M40) (Fig. 4b and Fig. S2).

Fig. 3  Taxonomic distribution 
of intestinal microbiota at the 
phylum level. Con: Control; 
M10: 10 μg/L MC-LR; M40: 
40 μg/L MC-LR

Fig. 4  LEfSe analysis revealing significant differences in intestinal 
microbiota. (a) Differences between control group (Con, positive 
score) and 10  μg/L MC-LR exposure group (M10, N.A.); (b) dif-
ferences between control group (Con, negative score) and 40  μg/L 
MC-LR exposure group (M40, positive score). The LDA scores 
(log10) > 2 and P < 0.05 are listed
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Functional characterization of intestinal 
microbiome

PICRUSt was used to analyze the main functions of the 
intestinal flora, and the functional categories were com-
pared between Con group and M10 group or M40 group 
(Fig. 5). Microbial sequences annotated to ribosome biogen-
esis, DNA replication proteins, homologous recombination, 
DNA repair and recombination proteins, DNA replication 
and chaperones and folding catalysts were significantly more 
enriched in MC-LR exposure groups, and the enrichments in 
M40 group were more remarkable. Inversely, the abundances 
of sequences involved in the pathways including glycine, 
serine and threonine metabolism, porphyrin and chlorophyll 
metabolism, galactose metabolism, amino acid metabolism, 
valine, leucine and isoleucine biosynthesis, phenylalanine 
metabolism and mineral absorption were significantly 
decreased after MC-LR exposure.

Discussion

P. clarkii is a dominant economic species of crayfish in 
China and it frequently lives in water with cyanobacterial 
blooms producing MC-LR. Therefore, it is essential to ana-
lyze the accumulation characteristics of MC-LR in P. clarkii 
to assess its potential hazard to human health. In this study, 
the gills accumulated the most MC-LR in a unit mass, fol-
lowed by the hepatopancreas and intestines, which might 
result from the fact that the gill of crayfish can interface 
with the water environment containing MC-LR and accu-
mulate the toxin directly. It is worth noting that the intestine 

accumulated the least MC-LR in a unit mass, which was 
different from the results reported by Yuan et al. (2016), 
in which the intestine was the main accumulation organ of 
MC-LR in P. clarkii. Due to the fact that the crayfish were 
fed with commercial pellet foods once a day in the study by 
Yuan et al. (2016), it was inferred that the MC-LR could be 
transported to intestine along with foods. However, no food 
as transporter was provided in our study, which might cause 
the intestine accumulate less MC-LR.

There were evidences indicating that the increased activi-
ties of antioxidant enzymes could be realized by activat-
ing available enzymes or/and up-regulating enzyme syn-
thesis, while their decreased activities might result from 
the secondary effects (e.g. substrate inhibition of existing 
molecules) or down-regulation of enzyme synthesis (Kau-
shik and Kaur 2003; Cazenave et al. 2006). Mn-SOD, as 
the only antioxidant enzyme in mitochondria (Al Kaddissi 
et al. 2012), has important antioxidant and protective effects, 
which can quickly scavenge the free radicals generated in the 
electron transfer process of mitochondrial respiratory chain, 
and eliminate or alleviate the oxidative stress in organisms. 
The results in this study indicated that MC-LR produced 
excessive ROS in the gill, and also induced antioxidant 
defense (Fig. 6a). Besides, 10 μg/L MC-LR exposure could 
induce intestinal antioxidant defense by increasing the 
expression level of Mn-sod. However, the expression levels 
of cat and gpx did not change significantly under 40 μg/L 
MC-LR exposure, suggesting that  H2O2 might accumulate in 
large quantities and inhibit the expression of Mn-sod and the 
activity of Mn-SOD (Guecheva et al. 2003; Hernández et al. 
2013). In the hepatopancreas, the inducement and inhibition 
reached a balance. Hou et al. (2015) also found a similar 
phenomenon when studying the toxic impacts of MC-LR 
on zebrafish (Danio rerio).

The up-regulation of cat indicated that redundant ROS 
were produced in the hepatopancreas of P. clarkii exposed to 
both concentrations of MC-LR, which contained excessive 
 H2O2. Therefore, the expression of cat in the hepatopancreas 
is up-regulated, which promoted the increase of CAT content 
to cope with excessive  H2O2 (Fig. 6b). By contrast, when 
exposed to two concentrations of MC-LR, the expression 
level of this gene in the gill and intestine did not change 
significantly. Some studies have shown that the accumula-
tion of superoxide radical can inhibit the activity of CAT 
(Chance et al. 1952; Kono and Fridovich 1982). According 
to the results in the present study, it can be found that the 
inhibition was realized by restraining the expression of cat. 
Both 10 and 40 μg/L MC-LR resulted in the production of 
excessive superoxide anions in the gill and intestine of P. 
clarkii, and inhibited the expression of cat. Therefore, when 
the promotion from excessive  H2O2 and the inhibition from 
excessive superoxide anions were in balance, the expression 
level of cat showed no significant change.

Fig. 5  Metabolic function prediction of intestinal microbiota in dif-
ferent groups. Data are analyzed by Welch’s t-test. Asterisks indicate 
statistically significant differences between control group and MC-LR 
exposure groups; *P ≤ 0.05; **P ≤ 0.01. Con: Control; M10: 10 μg/L 
MC-LR; M40: 40 μg/L MC-LR
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As a free radical scavenger, reduced glutathione (GSH) 
plays a crucial role in the metabolic pathways associated 
with the degradation of MCs through conjugation with those 
toxins (Goncalves-Soares et al. 2012). Under the catalysis 
of GST, GSH can be combined with many heterotypic bio-
masses to produce GSH-containing combined products. The 
results in this study demonstrated that two concentrations 
of MC-LR caused oxidative stress in the hepatopancreas, 
and the expression of gst was up-regulated under expo-
sure to 10 μg/L MC-LR to realize the detoxification of P. 
clarkii (Fig. 6c). Meanwhile, it has been found that MC-LR 
exposure can reduce the level of GSH (Lin et al. 2018). 
Under 40 μg/L MC-LR exposure, the content of GSH was 
reduced, so the content of GST with GSH as substrate also 
decreased by down-regulating the expression of gst (Fig. 6c). 
The reduced expression level of gst in M10 group possibly 
resulted from that the gill produced more SOD under this 
condition, and its content was enough to reduce or elimi-
nate excessive ROS, thus reducing the demand for GST 
(Fig. 6c). Similar to that in the hepatopancreas, excessive 
ROS induced by 40 μg/L MC-LR exposure in the intestine 
reduced the amount of GSH, so GST content also decreased 
through the down-regulation of gst expression. At the same 

time, based on the expression changes of Mn-sod, cat and 
gst in the intestine of crayfish in M40 group, it could be 
found that the antioxidant capacity of intestine decreased 
after exposure to 40 μg/L MC-LR.

GPx plays an important role in eliminating redundant 
ROS that cause oxidative stress in aquatic organisms to pro-
tect them from oxidative damage. The expression patterns of 
gpx and gst were similar, which might be on account of the 
fact that both GST and GPx encoded by these two genes use 
GSH as substrate to realize antioxidant and detoxification 
functions (Fig. 6d). Both CAT and GPx can degrade  H2O2, 
thus eliminating or alleviating oxidative stress (Zhang et al. 
2019a). Under exposure to 10 μg/L MC-LR, excessive ROS, 
especially  H2O2, were produced in the hepatopancreas, so 
the expression of gpx was up-regulated to generate more 
GPx to decompose  H2O2. In addition, it could be inferred 
that under 40 μg/L MC-LR exposure, large quantities of 
CAT were produced, thus inhibiting the expression of gpx. 
This phenomenon might also be related to the decrease 
of GSH content and the increase of oxidized glutathione 
(GSSG) content under 40 μg/L MC-LR exposure (Serafini 
et al. 2019). It should be noted that the expression of this 
gene in the gill didn′t change significantly, which indicated 

Fig. 6  A schematic diagram showing the proposed pathways of how 
MC-LR leads to oxidative stress and affects antioxidant system by 
regulating the expression of antioxidant-related genes including 
(a) Mn-sod, (b) cat, (c) gst, (d) gpx, (e) mt and (f) hsp70 in differ-
ent organs. The physiological functions are realized by corresponding 

enzymes including Mn-SOD, CAT, GST, GPx, MT and HSP70. Data 
are analyzed by one-way ANOVA. Asterisks indicate statistically 
significant differences between control group and MC-LR exposure 
groups; *P ≤ 0.05; **P ≤ 0.01. Con: Control; M10: 10  μg/L MC-LR; 
M40: 40 μg/L MC-LR
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that ROS induced by two concentrations of MC-LR balanced 
the promotion and inhibition of gpx expression. According 
to the results of gpx expression in the intestine, it could be 
inferred that it produced more GPx as a response to10 μg/L 
MC-LR-induced stress to compensate for CAT shortage 
by elevating the gpx expression level, while the effects of 
promotion by compensation and inhibition by GSH defi-
ciency on gpx expression were at equilibrium under 40 μg/L 
MC-LR exposure.

As a low-molecular-weight, cysteine-rich and metal-bind-
ing protein, metallothionein (MT) widely exists in various 
organisms and can effectively combine with ROS (Fang 
et al. 2010), so it can also participate in antioxidant defense 
system, especially in the tissues under stresses (Fig. 6e). It 
could be concluded that the up-regulation of mt in the gill 
was related to MC-LR-induced oxidative stress (Al Kaddissi 
et al. 2012). There were studies reporting that MC-LR could 
cause cytotoxicity in organisms (Rozman et al. 2017), which 
could further inhibit the expression of mt (Roesijadi et al. 
1997). From the experimental results in the present study, 
it could be concluded that the inhibition of mt expression in 
different organs was caused by the cytotoxicity induced by 
MC-LR, and the degree of inhibition varied with different 
organ types and MC-LR concentrations. At the same time, 
the statistical significance of mt expression changes certifi-
cated that it could act as a biomarker indicating MC-LR tox-
icity in aquatic crustaceans.

Heat shock proteins (HSPs) can protect the body from 
apoptosis caused by oxidative stress by acting on multiple 
sites of apoptosis pathway (Garrido et al. 2001). Meanwhile, 
as reported by Molina et al. (2002), HSPs can protect cells 
from oxidative stress by obstructing irreversible loss of 
important proteins and promoting their subsequent regen-
eration. Generally, environmental stresses can up-regulate 
the expression of hsp70, and then maintain homeostasis 
in vivo by inhibiting protein denaturation (Morimoto and 
Santoro 1998; Christians et al. 2002). In addition, HSP70 
is also related to innate immunity and adaptive immunity 
of organisms (Srivastava 2002). The expression results 
suggested that 10 and 40 μg/L MC-LR exposure induced 
obvious oxidative stress in the hepatopancreas and intes-
tine, while the body maintained the homeostasis in vivo 
by up-regulating the expression level of hsp70 (Fig. 6f). 
Similar to this study, it has been found that the expression 
level of hsp70 in the liver of tilapia (Oreochromis niloticus) 
exposed to MC-LR was also up-regulated (He et al. 2010). 
In addition, it was found by immunohistochemical stain-
ing that MC-LR exposure could induce the expression of 
hsp70 in the liver of common carp (Cyprinus carpio L.) 
(Jiang et al. 2012). Therefore, the significant up-regulation 
of its expression could result from MC-LR-induced oxida-
tive stress, which enhanced the translation of HSP70 as cell 
defense (Fig. 6f). The expression level of hsp70 in the gill 

in M10 group indicated that this concentration of MC-LR 
would reduce the content of HSP70 by inhibiting its expres-
sion. The reason for this change might be that the gill pro-
duced more SOD under this condition, which was enough to 
reduce or eliminate excessive ROS produced in the gill, thus 
reducing the demand for HSP70. However, when MC-LR 
concentration was 40 μg/L, the promotion and inhibition 
of this gene expression caused by environmental stress just 
reached a balance, so the expression level of this gene in 
the gill showed no significant change.

There were studies (Lin et al. 2018; Duan et al. 2022) 
documenting that MC-LR could cause severe histological 
injuries in the liver or hepatopancreas of D. rerio and Pacific 
white shrimp (Litopenaeus vannamei). Based on the result in 
this study and above reports, it was found that MC-LR could 
destroy the normal physiological structure of hepatopancreas 
at the histological level, and might bring adverse effects on 
the crucial functions including detoxification, metabolism 
and immunity. Additionally, the gills of P. clarkii exhibited 
similar pathological changes and damaged characteristics of 
zebrafish caused by MC-LR (Chen et al. 2016). The patho-
logical changes of gills in this study suggested that MC-LR 
exposure at environmental concentrations could pose a haz-
ard to the processes of gas exchange and ionic regulation of 
crayfish. As for intestines, there were reports supporting the 
viewpoints that EGCs function as inflammatory cells (Reite 
1997) and participate in host defense (Da Silva et al. 2017). 
The elevated quantity of lymphocytes could be attributed to 
immunological reaction to produce larger numbers of anti-
bodies as responding to MC-LR-induced stress. Hence, the 
showing up of abnormal muscularis, EGCs and lymphocyte 
infiltration in the intestine demonstrated that MC-LR caused 
intestinal histological damage and induced inflammatory and 
immune responses of P. clarkii.

In the intestinal flora of P. clarkii, Proteobacteria, Fir-
micutes, Fusobacteria and Bacteroidetes were predominant 
phyla, which was consistent with some other studies on the 
intestinal flora of P. clarkii under different stresses (Chen 
et al. 2021; Huang et al. 2021; Xue et al. 2022). The domi-
nance of those phyla indicated that they could play signifi-
cant roles in the intestinal functions including immunity, 
digestion and absorption of crayfish. Firmicutes can enhance 
the fatty acid absorption in the host intestine (Semova et al. 
2012), and its increased abundance in our research demon-
strated that 40 μg/L MC-LR exposure could accelerate the 
absorption process of fatty acid.  NH4

+ and  NO3
− can be 

used by Planctomycetes as substrates to generate nitrogen 
through anaerobic oxidation. Its abundance showed a posi-
tive correlation with the concentration of organic nitrogen 
(Tal et al. 2003), and its dominance in Con group (Con vs 
M10 and Con vs M40) suggested both concentrations of 
MC-LR might reduce the amount of organic nitrogen in the 
intestine of crayfish. Pseudorhodobacter is a genus capable 
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of generating diketopiperazine and alloxazine alkaloids 
(Youn et al. 2019). Its enrichment in Con group (Con vs 
M10) suggested 10 μg/L MC-LR exposure could inhibit 
the production of those compounds by the intestinal micro-
biota. The genus Anaerorhabdus can generate a high level 
of acetate (Parte et al. 2011), while adding acetate as a feed 
could exert inhibition on pathogens in marine shrimps (Da 
Silva et al. 2013) and decrease inflammatory variations 
in intestine (Maslowski et al. 2009). Dysgonomonas has 
been reported by Sun et al. (2015) to be mainly involved 
in decomposing lignocellulose and offering nutrients to the 
host. The decreased abundances of Anaerorhabdus and Dys-
gonomonas indicated that those corresponding physiological 
functions were disturbed by 40 μg/L MC-LR. It has been 
found by Tao et al. (2006) that Brevundimonas can generate 
hydroxylated astaxanthins, and its enrichment in Con group 
(Con vs M40) suggested that the production of this type of 
compound was potentially restricted by 40 μg/L MC-LR. 
Therefore, it could be concluded that MC-LR exposure dis-
rupted the composition of intestinal flora, which could fur-
ther hazard the intestinal health status of P. clarkii.

PICRUSt analysis indicated that the altered intesti-
nal microbiota was involved in a variety of metabolic and 
genetic pathways at KEGG level 3. The decreased abun-
dances of sequences involved in the pathways related to the 
metabolism of glycine, serine, threonine, galactose, por-
phyrin, chlorophyll and mineral absorption indicated that 
those corresponding metabolic functions of intestinal flora 
could be inhibited by MC-LR exposure. Similarly, Duan 
et al. (2020) also found that mineral absorption of intestinal 
flora was significantly inhibited in L. vannamei exposed to 
MC-LR. Meanwhile, the remarkably increased proportion 
of functional genes related to DNA replication, repair and 
recombination in the intestinal flora of P. clarkii exposed to 
MC-LR demonstrated that MC-LR exposure had the poten-
tial to accelerate intestinal microbial genetic information 
transmission. The findings on the KEGG pathways sug-
gested that disruption of intestinal flora caused by MC-LR 
exposure might further cause abnormal intestinal microbial 
metabolism and genetics in P. clarkii.

Conclusion

Overall, MC-LR exposure could pose adverse effects on 
P. clarkii at the histological and molecular levels. The 
hepatopancreas, gills and intestines of P. clarkii could 
effectively accumulate MC-LR. Meanwhile, antioxidant-related 
genes including Mn-sod, cat, gst, gpx, mt and hsp70 showed 
different expression trends in different organs to respond to 
MC-LR-induced oxidative stress. MC-LR could damage the 
histological structures of hepatopancreas, gills and intestines, 
thus affecting their corresponding physiological functions. 

Additionally, MC-LR could result in the disruption of intestinal 
flora, which might further cause abnormal intestinal microbial 
metabolism and genetics in P. clarkii. This study can extend 
existing knowledge regarding the toxic effects of MCs on 
aquatic crustaceans and elucidate the deep mechanisms.
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