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Abstract

Background. This review systematizes current scientific data on the influence
of abiotic (pH, temperature, hypoxia, ammonia, nitrite) and biotic (viral and bac-
terial infections) stress factors on gene expression in crustaceans of the order De-
capoda. Molecular responses affecting key functional groups of genes associated
with immunity, osmoregulation, antioxidant defense, chitin metabolism, and cellu-
lar homeostasis are analyzed. Stress-induced changes in gene expression are com-
plex, tissue-specific, and time-dependent, representing key adaptive mechanisms.
The results of this analysis have important practical implications for aquaculture,
opening up prospects for identifying molecular markers of stress resistance and
developing strategies for optimizing the maintenance conditions of commercially
important species.

Purpose. This review aims to systematize and analyze current scientific data on
the influence of abiotic (such as pH, temperature, hypoxia, ammonia, nitrites) and
biotic (viral and bacterial infections) stress factors on expression of genes associ-
ated with immunity, osmoregulation, antioxidant defense, chitin metabolism and
cellular homeostasis in crustaceans of the order Decapoda.

Materials and methods. The research was conducted in the scientific research
laboratory “Center of Agrobiotechnology” of the Don State Technical University
in 2024-2025.

Results. Complex changes in the expression of key genes regulating immunity,
osmoregulation, antioxidant protection, chitin metabolism, and cellular homeostasis
have been identified. It has been shown that these tissue-specific and time-dependent
changes in expression are the central mechanism of the adaptive response to stress.

Conclusion. An analysis of current scientific data has allowed us to systematize
information on the influence of abiotic and biotic stress factors on gene expression
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in crustaceans, particularly in members of the order Decapoda. It has been estab-
lished that changes in key environmental parameters (such as temperature, pH,
ammonia and nitrite concentrations) and exposure to pathogens (viruses, bacteria)
trigger complex molecular responses affecting genes associated with immunity,
osmoregulation, antioxidant defense, chitin metabolism, and cellular homeostasis.

Keywords: crustaceans; stress factors; gene expression; immunity; aquacul-
ture; transcriptome analysis; antioxidant system; chitin metabolism; osmoregula-
tion; Decapoda
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BJIUAHUE CTPECC-®AKTOPOB
HA 3KCIHHPECCHIO 'EHOB PAKOOBPA3HBIX

A.10. Kosanvuyk, /1.C. Capkucan,
2.9. Yonymaeesa, B.H. Ille¢uenko

Annomayusn

OobocHoBaHue. B taHHOM 0030pe CHCTEMAaTH3MPOBAHbI COBPEMEHHbBIC HAYYHBIC
JaHHBIE O BIWSIHUK aduoTHiyeckux (pH, Temmeparypa, rHITOKCHS, aMMHaK, HUTPH-
ThI) U OMOTHYECKHUX (BUPYCHBIC M OaKTepHuajbHble HHPEKIMU) CTpecc-PaKTopoB
Ha 9KCIIPECCHIO TeHOB y pakooOpasHoro orpsanga Decapoda. IIpoanannsnposanst
MOJIEKYIISIPHBIE OTBETHI, 3aTparuBaroIine KIFo4eBble ()YHKIIMOHAIBHBIE TPYIIITBI I'e-
HOB, CBSI3aHHbIE ¢ UMMYHUTETOM, OCMOPErYJISILIUEH, aHTUOKCUAAHTHON 3alllUTOH,
MeTab0aM3MOM XUTHHA U KJIETOYHBIM romeocTasoM. [lokazaHo, 4To cTpecc-uHIy-
LOUPOBAHHBIE H3MEHEHHSI SKCIIPECCUH HOCAT KOMIUIEKCHBIN, TKaHECTIeUUPHIHBIN
1 BPEMSI3aBUCHMBIH XapakTep, BBICTYNAs KIIOUEBBIM MEXaHU3MOM aJalTalHu.
PesynpraThl aHamM3a UMEIOT BaXKHOE MPUKIIAJHOE 3HAUCHUE JUIS aKBAKYJIbTYPHI,
OTKPBIBAsI IEPCIIEKTHBEI ISl HACHTU(HUKAIIMN MOJIEKYIIPHBIX MapKepOB CTPECCo-
YCTOHUUBOCTHU U Pa3pabOTKU cTpaTeruil ONTUMH3ALUY YCIOBUH COoEPKAHUSL KOM-
MEPUECKH BasKHBIX BUJIOB.

Heab. Lenpro 0630pa sABASETCS CUCTEMATH3ALMS U aHAIN3 COBPEMEHHBIX Ha-
YYHBIX JIAHHBIX O BIMSIHUM a0MOTHYECKUX (Takux Kak pH, Temmeparypa, THIOK-
cHsl, aMMUAaK, HUTPUTHI) U OMOTUUECKUX (BUPYCHBIE U OaKTepHalbHble HH(EKIUN)
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cTpecc-(paKkTopoB Ha HKCIIPECCHIO TEHOB, aCCOLMUPOBAHHBIX C UMMYHHUTETOM, OC-
MOpETYJIALUeH, aHTHOKCUAAHTHOH 3aIIUTOH, METa0O0IM3MOM XUTHHA U KIIETOUHBIM
rOMEOCTa30M, y pakoodpasHoro orpsina Decapoda.

MarepunaJbl 1 MeTobl. lccnenoBanust NpOBOAMINCE B HAyYHO-HCCIIE0BA-
Tenbckoi taboparopun «lleHTp arpoduorexHonornny JlOHCKOTro rocyapcTBeH-
HOTO TexHu4eckoro ynusepcurera 2024-2025 rr.

Pesyabrarbl. BolsBieHbl KOMIUIEKCHBIE U3MEHEHHSI B OKCIIPECCUHU KITFOUEBBIX
TeHOB, PETYJIUPYIOLINX UMMYHUTET, OCMOPETYIIALNI0, aHTHOKCHJAHTHYIO 3aIIUTY,
MeTa00IM3M XUTHHA U KJICTOYHBINA roMeoctas. [lokazaHo, 4To 3TH TKaHecnenupuy-
HBIE M BPEMA3aBUCHMbIE U3MEHEHHsI DKCIIPECCUU SBJISIFOTCS LIEHTPAJIbHBIM MeXa-
HU3MOM aJIalTallMOHHOTO OTBETA Ha CTPEecC.

3akuriouenne. [IpoBeieHHBINH aHAIN3 COBPEMEHHBIX HAYYHBIX JJAHHBIX MO3BO-
JIMJT CUCTEMaTU3UPOBaTh HHPOPMALUIO O BIMSHUN a0MOTHYECKUX U OMOTHYECKUX
cTpecc-(pakTOpoOB Ha HKCIPECCHIO TEHOB Y PakoOOpa3HBIX, B YACTHOCTH y MpeN-
craBurenelt orpsana Decapoda. YCTaHOBIIEHO, YTO U3MEHEHUS KIIIOYEBBIX Mapame-
TPOB OKPYXKAIIICH Cpeibl (TAaKUX Kak Temiieparypa, pH, KOHIIeHTpalus aMmMuaka
Y HUTPUTOB) U BO3ICUCTBHE MATOICHOB (BUPYCOB, OAKTEPHIi) BHI3BIBAIOT CIIOKHBIC
MOJIEKYJISIPHBIE OTBETHI, 3aTParuBaroIlue TeHbl, CBSI3aHHbIE C HMMYHHUTETOM, OCMO-
peryisinuen, aHTHOKCUIAHTHOM 3allIUTOM, METa0O0IN3MOM XUTHHA U KIICTOUHBIM
TOMEOCTA30M.

KuroueBsble ci1oBa: pakooOpasHble; cTpecc-(paKkTopbl; IKCIIPECcCus TeHOB; M-
MYHUTET; aKBaKyJIbTypa; TPAHCKPUIITOMHBIN aHAJIN3; aHTHOKCH/IAaHTHAs CHCTEMA;
XUTHHOBBINM MeTa0b0IM3M; ocMoperyisnus; Decapoda
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Introduction

Aquatic crustaceans, particularly commercially and ecologically important
species from the order Decapoda (shrimp, crayfish, crabs, lobsters, and spiny
lobsters), represent valuable economic resources. Their global cultivation is
continually challenged by disease outbreaks caused by pathogen infection and
exposure to unfavorable environmental factors [S]. These problems lead to
immune suppression, mass mortality, and, consequently, significant economic
losses [5]. When grown in aquaculture, these organisms are exposed to the
complex effects of a number of abiotic and biotic stress factors, the parame-
ters of which (temperature, pH, salinity, dissolved oxygen concentration, am-
monium, etc.) often fluctuate outside optimal ranges [13]. Such fluctuations
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negatively impact the physiological state, immune status, and overall health
of the organism [5; 13]. Changes in key environmental parameters, as well
as exposure to pathogens, trigger complex stress and immune responses at
the molecular and cellular levels [5]. However, the underlying mechanisms
by which these stressors mediate changes in immune parameters are not fully
understood [13]. In recent years, advances in molecular biology techniques
such as RNA sequencing (RNA-seq) and real-time PCR have made it possi-
ble to thoroughly investigate the transcriptomic responses of crustaceans to
various stressors [5; 13].

Thus, the aim of this review is to systematize and analyze current scientific
data on the influence of abiotic and biotic stress factors on the expression of
immunity-associated genes in crustaceans of the order Decapoda.

Purpose. The aim of the review is to systematize and analyze current scientif-
ic data on the influence of abiotic (such as pH, temperature, hypoxia, ammonia,
nitrites) and biotic (viral and bacterial infections) stress factors on expression
of genes associated with immunity, osmoregulation, antioxidant defense, chi-
tin metabolism and cellular homeostasis in crustaceans of the order Decapoda.

The influence of abiotic factors on gene expression

Abiotic factors are non-living environmental conditions that directly or in-
directly affect living organisms. These factors are essential for the existence of
agroecosystems, but at the same time, these conditions can become extreme
(for example, changes in water temperature or pH from optimal to suboptimal).
These changes can have a significant impact on the productivity of aquaculture
species. Therefore, a better understanding of the genes that control responses to
stress factors will allow us to optimize the production of commercially farmed
crustaceans under varying water parameters [5; 17].

he hydrogen ion concentration (pH) characterizes the acid-base balance
of water. For most crustacean species, the optimal range lies in the neutral or
slightly alkaline zone, approximately 7.5 - 8.5. Deviations from this range trig-
ger a cascade of stress reactions. Under low pH conditions, that is, in an acidic
environment, the most dangerous thing for crustaceans occurs — demineraliza-
tion of their exoskeleton. Calcium carbonate, the main structural component
of the shell, begins to dissolve, weakening the existing shell, making the pro-
cess of molting and forming a new one extremely difficult and often fatal. The
new shell becomes soft, unable to protect the animal from mechanical damage,
pathogens, and cannibalism. At the same time, the acidic environment damages
the gill filaments, disrupting gas exchange and osmoregulation, and reduces the
effectiveness of hemocyanin, the respiratory pigment that carries oxygen [5].
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On the other hand, the high pH characteristic of an alkaline environment
has a direct toxic effect on gill tissue and disrupts the excretion process. In
crustaceans, ammonia is the end product of nitrogen metabolism, and it is nor-
mally excreted through the gills by diffusion. However, in alkaline water, the
chemical equilibrium shifts toward the formation of highly toxic free ammonia
(NH,), which, instead of being excreted, begins to passively diffuse back into
the body’s tissues, causing severe internal poisoning [17].

Thus, at the School of Earth, Environmental and Biological Sciences
(Queensland University of Technology, Brisbane, Queensland, Australia), ex-
pression of genes controlling osmoregulation in the Australian red-claw cray-
fish Cherax quadricarinatus (von Martens, 1868) was studied [2]. The animals
were distributed into three separate glass containers with water temperature of
25.5 °C and conductivity of 521 puS/cm [2]. A total of nine crayfish (average
length 131.9 mm and body weight 56.3 g) were used in the experiment. The
crayfish were placed in three different pH levels: 6, 7 and 8 conventional units
[2]. RNA was isolated from gill tissues. Isolation was performed using the
guanidine thiocyanate-phenol-chloroform extraction method (TRIZOL/Chlo-
roform method) [2]. The yield and quality of RNA were checked using agarose
gel electrophoresis, spectrophotometry and a bioanalyzer using the RNA 2100
nanochip chip [2]. The obtained RNA was then used to construct a cDNA library
and subsequent sequencing on the Illumina platform. The obtained sequences
were assembled into longer chains using bioinformatics tools [2].

Real-time PCR (qPCR) analysis was performed to test the expression of
the identified genes [2]. Specific primers developed based on sequencing data
were used, with 18S rRNA serving as the reference gene for normalization. The
statistical significance of differences in gene expression between the three pH
groups was determined using one-way analysis of variance [2].

As a result, five transcripts belonging to the carbonic anhydrase (CA) gene
family were identified [2]. Among them, three full-length isoforms were de-
scribed: cytoplasmic CA (ChqCAc), membrane-bound (GPI-anchored) CA (Ch-
qCAg), and beta-class CA (ChqCA-beta), which represents the first complete
sequence of the B-CA gene in cancer [2]. Two partial sequences (ChqCA-pl
and ChqCA-p2) were also found that showed high similarity to the GPI-linked
isoform, suggesting a duplication of this gene. In addition to the CA genes, nu-
merous other key osmoregulatory genes were found in the transcriptome, such
as various subunits of Na+/K-+-ATPase and V-type H+-ATPase [2].

A key finding was that when gene expression was examined in response
to changes in the pH of the surrounding water, significant differences were
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found only for cytoplasmic carbonic anhydrase (ChqCAc) [2]. Its expression
was highest at pH 6, where the mRNA level was approximately 2-fold higher
than at pH 7, and 6-fold higher than at pH 8 [2]. Expression of the GPI-linked
and beta isoforms of CA, as well as other tested osmoregulatory genes (with
the exception of an increase in V-type H+-ATPase), did not show statistically
significant changes depending on the pH level. These results suggest that cyto-
plasmic carbonic anhydrase (ChqCAc) plays an important role in the systemic
acid-base balance in crayfish [2].

The influence of pH on gene expression was also studied at the Key Lab-
oratory of Experimental Marine Biology of the Chinese Academy of Scienc-
es, where a bioinformatics analysis of chitin metabolism gene expression was
conducted. Specifically, the glutamine and fructose-6-phosphate aminotrans-
ferase (GFAT) gene was analyzed in Litopenaeus vannamei. GFAT is the first
and key rate-limiting enzyme of the hexosamine biosynthetic pathway, which
directs metabolic flux toward the synthesis of chitin precursors [18]. The study
indicated that LvGFAT gene expression was significantly upregulated in shrimp
hepatopancreas when exposed to two abiotic stress factors: alkaline pH and the
toxic heavy metal cadmium [18]. The hepatopancreas, as a central organ of di-
gestion, metabolism, and detoxification, plays a key role in stress response [18].
The increased LvGFAT expression under these conditions suggests that this
gene and the entire hexosamine pathway may be involved in cellular defense
mechanisms. One possible molecular mechanism is that activation of this path-
way provides a substrate for O-GlcNAcylation, an important post-translational
modification of proteins that regulates the cellular response to various stress-
ors, including toxins and changes in redox status [18]. Thus, chitin metabolism
appears to be not limited to the construction of structural components but can
also be integrated into complex biochemical networks that respond to adverse
environmental conditions. The work was based on a comprehensive analysis of
genomic and transcriptomic data [18]. Published genomic sequences of more
than twenty crustacean species were used as materials, including economically
important species such as Litopenaeus vannamei, Penaeus monodon and Por-
tunus trituberculatus, as well as model and ecologically significant species such
as Daphnia magna and copepods. In addition, multiple transcriptome (RNA-
Seq) datasets obtained from publicly available databases such as NCBI were
analyzed, covering various tissues, developmental stages, physiological states
(e.g., molting cycle), and exposure conditions [18].

The study methodology relied on bioinformatics tools. Homology search-
es against known sequences using protein alignment and domain architecture
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analysis tools were used to identify genes associated with chitin metabolism
[18]. Protein structural characteristics such as molecular weight and isoelectric
point were predicted using computational tools such as ExPASy Compute pl/
Mw [18]. Phylogenetic analysis was performed to classify genes and establish
evolutionary relationships between them [18]. Gene expression pattern anal-
ysis was performed using RNA-Seq data to determine tissues and molt stages
where genes are active [18]. Regarding stress data, the results were apparently
taken from cited experimental studies that likely used quantitative PCR (qPCR)
methods to accurately measure gene expression levels in shrimp subjected to
controlled stress conditions [18].

A genomic analysis revealed systemic features of chitin metabolism in crus-
taceans. A key discovery was the fundamental difference between synthesis
and degradation genes: biosynthesis genes, such as chitin synthase (CHS), are
highly conserved and typically present in one or two copies, while degradation
genes, particularly the chitinase family (CHT), are significantly expanded and
form multi-copy families, highlighting their functional diversity [18]. The gen-
eral pathways of chitin metabolism were found to be similar to those in insects,
but possess specific features, including groups of chitinases unique to crustaceans
[18]. Expression analysis revealed that these genes have distinct tissue-specific
and temporal regulation, closely linked to the molting cycle [18]. In addition,
their role in the response to stress, both abiotic (increased GFAT gene expression
under the influence of alkaline pH and cadmium) and biotic (changes in chitinase
expression during immune response to pathogens) was confirmed [ 18]. Thus, chi-
tin metabolism is not only a growth mechanism, but also a multifunctional sys-
tem integrated into the processes of adaptation and defense of the organism [18].

Environmental temperature is the dominant factor determining the rate of
metabolic processes in poikilothermic animals, which include crustaceans. Each
species has a specific temperature optimum. Temperatures exceeding the species
optimum induce the development of a stress response [5,6].

When temperatures reach critical values, an exponential acceleration of
metabolic activity is observed. Despite the potential increase in growth rate,
this process leads to a number of physiological dysfunctions. The increasing
metabolic demand for oxygen conflicts with the decreasing solubility of gases
in water. An imbalance arises between the body’s energy expenditure and the
availability of resources (oxygen and nutrients), which can lead to heat shock.
At the cellular level, heat shock is characterized by disruption of the catalytic
function of key enzymes, denaturation of protein structures, and subsequent
systemic homeostasis failure, which is a common cause of mortality [5; 6].



Siberian Journal of Life Sciences and Agriculture, Tom 17, Ne6-2, 2025 119

Suboptimal temperatures, in turn, act as a limiting factor, inhibiting physio-
logical functions. A decrease in environmental temperature causes a slowdown
in metabolism, which is manifested by a significant reduction in feeding activity
and motility. This leads to the cessation of feeding and, consequently, to growth
arrest. Digestive processes are disrupted due to a decrease in the catalytic effi-
ciency of enzymes at low temperatures [5; 6].

The Center for the Study of Food and Development (CIAD) conducted a
study on the effects of high temperatures and hypoxia on the expression of sele-
nium-dependent CqGPx3 isoforms. The study was also conducted on C. quadri-
carinatus. Two isoforms of glutathione peroxidase 3 (CqGPx3a and CqGPx3b)
were examined. This enzyme protects against oxidative damage by catalyzing
the reduction of hydrogen peroxide to water, thereby neutralizing this poten-
tially dangerous oxidant [12].

Methods included exposure to stress factors, RNA isolation from various
tissues, gene cloning, quantitative PCR, and bioinformatics analysis [12].

Two distinct isoforms were discovered: CqGPx3a was expressed predom-
inantly in the nervous system, while CqGPx3b was expressed in pereiopods
(walking legs). Under stress, CqGPx3a expression was significantly increased
by hypoxia and high temperature, while CqGPx3b expression remained un-
changed. Bioinformatics analysis revealed that CqGPx3b contains a proline-rich
C-terminal domain with potential antimicrobial activity [12].

Thus, the isoforms exhibit tissue-specific expression and distinct responses
to stress: CqGPx3a plays a role in antioxidant defense in the nervous system,
while CqGPx3b likely performs dual functions in peripheral tissues [12].

Research on the effects of low temperatures was conducted at the Jiangsu
Provincial Institute of Freshwater Fisheries. This study examined the effects of
long-term (8 weeks) acclimation to low temperatures (10, 15, 20, 25, and 30 °C)
on C. quadricarinatus. Anumber of physiological, biochemical, and molecular
methods were used to comprehensively assess the organism’s response. Growth
parameters (weight and length gain, molting frequency) were measured, and
the activity of key antioxidant enzymes (glutathione-S-transferase, GST; glu-
tathione reductase, GR) and antioxidant content (total, reduced, and oxidized
glutathione) were determined in the hepatopancreas. Gene expression of heat
shock proteins (HSP20, HSP21, HSP60, HSP70, HSP90) and cold shock pro-
tein (CSP) was analyzed using quantitative PCR. To identify global molecular
changes, transcriptome analysis (RNA-Seq) of the hepatopancreas of crayfish
from the 10°C and 25°C groups was performed, followed by bioinformatics
analysis to identify expressed genes and affected biological pathways [20].
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Results showed that low temperatures (15 and 10°C) inhibited crayfish
growth, reducing the rate of weight and length gain, and disrupted normal molt-
ing dynamics. Biochemically, the activity of the antioxidant enzyme GST de-
creased, but the content of reduced glutathione (GSH) and the GSH/GSSG ratio
increased, indicating activation of non-enzymatic antioxidant defenses. Gene
expression analysis revealed a specific response of different HSPs: the expres-
sion of HSP60 and HSP70 was significantly increased at low temperatures,
while HSP20 was suppressed. Expression of the cold shock protein (CSP) gene
was also significantly increased. Transcriptome analysis identified 589 differ-
entially expressed genes. Long-term cold exposure was shown to disrupt the
endocrine system (steroid and thyroid hormone biosynthesis), glucose metab-
olism, and suppress immune function (reduced expression of genes associated
with the antibacterial response and inflammation). At the same time, defense
mechanisms were activated, including glutathione metabolism and expression
of genes associated with longevity. Thus, adaptation of C. quadricarinatus to
cold is achieved by slowing growth and basal metabolism while simultaneously
activating specific molecular defense mechanisms, which ensures survival [20].

Ammonia nitrogen and nitrite, which are formed through bacterial nitrifi-
cation of ammonia or denitrification of nitrate, are common toxicants in aqua-
culture. These elements are a serious problem in aquatic ecosystems, as they
accumulate from a number of anthropogenic sources, such as wastewater from
metal, dye, and celluloid industries, municipal wastewater, and aquaculture.
Being a stress factor similar to temperature and pH fluctuations, they can affect
gene expression [3, 9].

The Key Laboratory of Mariculture at Ocean University in China conduct-
ed a study to investigate the effects of ammonia nitrogen (ammonia-N) on the
molecular immune mechanisms of Litopenaeus vannamei [3].

Healthy shrimp were acclimatized for two weeks and then divided into four
groups: control (0 mg/L) and three experimental groups (2, 10 and 20 mg/L
ammonia-N) for 48 hours [3].

Hemolymph was collected at different time points (0, 3, 6, 12, 24 and 48 h).
Quantitative real-time PCR (qRT-PCR) was used to determine the expression
level of a wide range of genes in hemocytes, including genes encoding com-
plement components, a cascade system of proteolytic enzymes designed to pro-
tect the body from foreign agents (Clq, MBL, Ficolin, A2M, Integrin), C-type
lectins, which are involved in intercellular interactions, immune response and
apoptosis (C-lectin 1, 2), intracellular signaling factors (PLC, NF-«xB, PKA,
CREB), phagocytosis (ROCK, Myosin, Cubilin, Peroxinectin, Dynamin) and
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exocytosis (SNAP, Syntaxin, VAMP) [15, 16]. Expression of genes of the pro-
penol oxidase system (PPAE, PPO3), immune factors (Pen3, Crustin, Stylicins,
ALFs, LYC) and inflammatory factors (*HSP90, TNFa, IL-16%*) was also ana-
lyzed. Functional immune parameters were also assessed in parallel: phagocyt-
ic activity of hemocytes, total hemocyte count (THC), and in plasma — serine
proteinase activity, phenol oxidase (PO), antibacterial and bacteriolytic activity.
Statistical analysis of the data was performed using one-way analysis of vari-
ance (ANOVA) followed by Duncan’s test [3].

The results demonstrated a marked suppression of immune function under
the influence of ammonia-N [3]. The expression of key complement compo-
nents (Clq, MBL, Ficolin, A2M) and their receptor Integrin was significant-
ly reduced, especially at 6-24 hours of exposure [3]. The C-type lectin genes
demonstrated opposite dynamics: C-lectin 1 was suppressed, while C-lectin 2
was transiently activated at 3 and 6 hours with a subsequent decrease. In signal-
ing pathways, a decrease in NF-kB and transient activation of PLC, PKA and
CREB were observed. This correlated with a significant decrease in expression
of genes associated with phagocytosis (ROCK, Myosin, Cubilin, Dynamin),
and a drop in phagocytic activity itself and the total number of hemocytes. Hu-
moral immunity was also impaired: the expression of exocytosis genes (SNAP,
Syntaxin, VAMP) and the proPO system (PPAE, PPO3) was suppressed, which
was accompanied by a decrease in PO and serine proteinase activity in plasma.
Plasma antibacterial and bacteriolytic activities also significantly decreased.
The expression of many antimicrobial peptides (Pen3, Crustin, Stylicins) was
suppressed, while ALFs and LYC showed a transient increase. Inflammatory
factors (HSP90, TNFa, IL-16) demonstrated complex changes, indicating the
development of an immune imbalance [3].

This study demonstrates that nitrogen stress leads to profound suppression
of both cellular (phagocytosis) and humoral (exocytosis, proPO system, antimi-
crobial peptides) immunity in shrimp. The authors suggest that this suppression
is mediated by coordinated changes in the expression of complement compo-
nents and C-type lectins, which, in turn, affect intracellular signaling pathways
(NF-xB, PKA/CREB) regulating key immune behaviors of hemocytes [3].

The study on the effects of nitrite was conducted at the Key Laboratory
of Aquatic Live Feed Production and the Key Laboratory of Biodiversity and
Biotechnology, Jiangsu Provincial College of Life Sciences. The effect of acute
nitrite exposure on gene expression was studied using Australian red-claw cray-
fish [9]. Juveniles with an average weight of 20 + 2 g were used in the study
[9]. After acclimation for four weeks, the crayfish were exposed to four nitrite
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concentrations (NO,-N: 0.5, 1, 1.5, and 2 mg/L) and a control for 48 h, while
maintaining a constant chloride level (10 mg/L) [9]. The temperature was 26
+1°C, pH 7.1 £ 0.5, and dissolved oxygen concentration was approximately
5.0 mg/L. Gill tissue samples were collected after 12, 24, and 48 h. Relative
mRNA expression of ten genes was measured using real-time reverse transcrip-
tion-PCR (RT-PCR): antioxidant enzymes (mitochondrial and cytosolic Mn-
SOD, extracellular Cu/ZnSOD, catalase CAT, glutathione-S-transferase GST)
and metabolic enzymes (arginine kinase AK, glutamate dehydrogenase GDH,
mitochondrial malate dehydrogenase mMDH, a-subunit of Na*/K*-ATPase and
phosphoenolpyruvate carboxykinase PEPCK) [9]. Statistical significance was
determined using two-way analysis of variance and Post Hoc tests [9].

As a result, it was found that the expression of antioxidant enzyme genes
increased significantly after 12 and 24 hours of exposure in all experimental
groups, indicating the activation of oxidative stress defense system [9]. How-
ever, after 48 hours at high nitrite concentrations (1.5 and 2 mg/L), their ex-
pression was suppressed, indicating a breakdown of compensatory mechanisms
[9]. The genes of metabolic enzymes (AK, GDH, mMDH, Na'/K*-ATPase)
demonstrated similar dynamics: an increase in expression at early stages, prob-
ably to meet increased energy needs, and a subsequent decrease after 48 hours
[9]. In contrast, the expression of the PEPCK gene was significantly suppressed
throughout the experiment at high nitrite concentrations. The obtained data in-
dicate that acute exposure to nitrite causes dose- and time-dependent oxidative
and metabolic stress in crayfish [9].

The effect of nitrite on gene expression in Litopenaeus vannamei (Boone,
1931) was also studied at the Key Laboratory of Ecology and Environmental
Science of Guangdong Province Higher Education Institutions. Shrimp with an
average weight of4.41 £+ 1.80 g, which were acclimated for two weeks under lab-
oratory conditions, were used as experimental animals [19]. Exposure to nitrite ni-
trogen at a concentration of 20 mg/L, which is considered suitable for aquaculture
conditions, was carried out for different periods of time: 0, 4, 8, 12, 24, 48, and
72 hours [19]. The control group was kept in water without the addition of nitrite.
Hemolymph was collected from the shrimp at specified time points for analysis
[19]. Flow cytometry with Annexin V-FITC and propidium iodide (PI) staining
was used to assess hemocyte apoptosis, allowing the use of viable, early and late
apoptotic, and necrotic cells [19]. Concurrently, total RNA was isolated from the
hemolymph cell pellet for gene expression analysis [19]. mRNA levels for seven
key genes were determined using quantitative real-time PCR: two apoptosis-re-
lated genes (caspase-3 and cathepsin B (CTSB)), one stress protein (HSP70), and
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four antioxidant enzymes (manganese superoxide dismutase (MnSOD), catalase
(CAT), glutathione peroxidase (GPx), and thioredoxin (TRx)) [19]. Statistical
significance of differences between the control and experimental groups was de-
termined using one-way analysis of variance (ANOVA) [19].

The study found that nitrite exposure caused a significant increase in the
proportion of apoptotic hemocytes, but this effect was only evident at late stag-
es of exposure — 48 and 72 hours. Gene expression analysis revealed complex,
temporal dynamics of the molecular response. Genes responsible for antioxidant
defense and the immediate stress response were activated first. Thus, the ex-
pression of MnSOD, GPx, and the heat shock protein HSP70 was significantly
increased as early as 8 hours after exposure. GPx expression then decreased,
while MnSOD demonstrated a second peak of activation at 48 hours. A later
response was demonstrated by catalase (CAT), whose mRNA level increased
at 24 and 48 hours, and thioredoxin (TRx), whose expression increased sharp-
ly at 48 hours. Regarding apoptotic genes, caspase-3 expression increased sig-
nificantly at 24 and 48 hours, preceding the visible increase in the number of
apoptotic cells. Cathepsin B (CTSB) expression was also significantly increased
at later stages — 48 and 72 hours — correlating with the peak of apoptosis [19].

Thus, the obtained results indicate that the toxic effect of nitrite on shrimp
hemocytes is mediated by oxidative stress. The cells trigger a cascade of pro-
tective molecular reactions: first, fast-acting antioxidant enzymes (GPx) and the
chaperone HSP70 are activated, followed by the involvement of other compo-
nents of the antioxidant system (MnSOD, CAT, TRx). Long-term exposure to
stress leads to the activation of apoptotic pathways, in which caspase-3 and,
possibly, cathepsin B play a key role, which ultimately leads to cell death and
can weaken the shrimp immune system [19].

The influence of biotic factors on gene expression

Innate immunity is characteristic of both invertebrates and mammals. In
crustaceans, innate immunity is considered the primary defense factor, playing
a critical role in identifying viral infections and initiating antiviral responses
[5; 8]. Defense mechanisms against pathogens are directly mediated through
changes in gene expression. Diseases, such as viral infections, have a direct
and powerful effect on the transcriptome, inducing increased expression of
genes encoding antimicrobial peptides and immune system components. Thus,
studying which genes are turned on or off during disease allows us to uncover
molecular mechanisms of immune response and pathogenesis, providing key
insights into crustacean resistance to infections [7; 10].
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A study on the molecular response to white spot syndrome virus (WSSV)
infection was conducted at the State Key Laboratory of Marine Ecology, Col-
lege of Oceanography and Environmental Sciences, Xiamen University [10].
Hematopoietic tissue (Hpt) cell culture isolated from C. quadricarinatus was
used in the experiment [10]. The cells were infected with WSSV, and suppres-
sive subtractive hybridization (SSH) was used to identify genes with altered
expression, creating two libraries: L1 (1 hour after infection) and L12 (12 hours
after infection) [10]. Differential expression was further confirmed using semi-
quantitative real-time PCR (RT-PCR) [10].

As aresult, 366 genes were identified whose expression levels were statis-
tically significantly increased in response to infection [10]. Among them, the
genes were divided into functional groups: immune response (e.g., anti-lipo-
polysaccharide factor ALF, apoptosis gene ALG-2), cytoskeletal system (actin,
tubulin), signal transduction (various kinases, transcription factors), stress (heat
shock proteins), metabolism and homeostasis, and protein synthesis and pro-
cessing. An important result was that 176 of these genes were described in the
context of WSSV infection for the first time [10]. Confirmed overexpression of
eight randomly selected genes (such as DNA helicase, coatomer, and TRIM32)
by RT-PCR revealed that WSSV infection activates a complex cellular response
involving not only classical immune pathways but also cytoskeletal remodeling,
the ubiquitination system, and intracellular transport [10].

Another study on the impact of diseases was conducted at the Key Labora-
tory of Freshwater Aquaculture Genetics and Breeding of Zhejiang Province,
Zhejiang Institute of Fisheries [7]. The study examined changes in gene expres-
sion in Australian red-claw crayfish infected with the iridescent virus (Decapod
iridescent virus 1, DIV1).

In this study, clinically healthy crayfish were artificially infected with DIV1
by intramuscular injection, and naturally infected individuals were also col-
lected from farms to investigate the response of C. quadricarinatus to virus
infection [7]. Nested PCR and histopathological examination of tissues (gills
and hepatopancreas) with hematoxylin and eosin staining were used to confirm
infection [7]. The expression profile of 90 immune genes in hemocytes was
analyzed using a qRT-PCR array [7]. The composition of the intestinal micro-
biota was studied by high-throughput sequencing of the 16S rRNA gene (V3—
V4 regions) followed by bioinformatics processing in QIIME2 [7]. Statistical
analysis included alpha diversity assessment, Student/Welch tests, and Spear-
man correlation analysis to identify relationships between gene expression and
microbiota composition [7].
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As a result, it was found that DIV infection causes characteristic histo-
pathological changes in tissues (eosinophilic inclusions and karyopyknosis) [7].
Gene expression analysis revealed significant activation of 27 immune genes
associated with antimicrobial peptides (e.g., Crustin2, lyz), Toll-like and JAK-
STAT signaling pathways, as well as with stress response (Hsp70) [7]. Analysis
of the microbiome revealed a decrease in alpha diversity (Chaol and Faith’s PD
indices) and significant changes in its composition: an increase in the proportion
of Enterobacter and Acinetobacter bacteria and a decrease in the proportion of
Fusobacterium and Bosea at the genus level [7]. Correlation analysis revealed
a close relationship between changes in the abundance of certain bacterial gen-
era (e.g., Enterobacter, Hyphomicrobium) and the expression level of immune
genes (such as Toll and Foxn), indicating a complex impact of infection on im-
mune system and the host’s symbiotic microbiota [7].

The influence of abiotic factors on chitin metabolism gene expression has
been described previously; however, these are not the only factors affecting its
regulation.

In addition to their central role in molting and growth, chitin metabolism
genes exhibit a pronounced response to biotic stress factors, serving as an
important component of the crustacean immune system. Numerous studies
confirm the activation of these genes in response to pathogens. In particular,
upregulation of shrimp chitinase genes is observed during viral infection with
white spot syndrome virus (WSSV) [18]. It has been shown that individu-
al enzymes, such as endo-beta-N-acetylglucosaminidase (NAG) in Penaeus
monodon, can directly interact with viral proteins (e.g., VP41B of WSSV),
which in some cases may facilitate infection, while in others, it may be part
of a defense response [18].

Similarly, bacterial infections with pathogens such as Vibrio parahaemo-
Iyticus and Aeromonas hydrophila induce expression of genes encoding chi-
tin-degrading enzymes, as demonstrated for the NAG gene in Exopalaemon
carinicauda. Key immune tissues such as hemocytes and hepatopancreas are the
main sites of expression of these immune-associated genes [18]. Knockdown
experiments with chitinases (e.g., LvCHTS in Litopenaeus vannamei) result in
significant changes in the expression profile of a wide range of immune genes,
including antimicrobial peptide genes, suggesting a regulatory role for chitin
metabolism in immune networks [18]. Thus, chitin metabolism system is in-
tegrated into overall defense mechanisms of crustaceans, maintaining cuticle
integrity as a physical barrier and participating in both direct and indirect re-
sponses to viral, bacterial, and potentially fungal pathogens [18].
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Conclusion

An analysis of current scientific data has allowed us to systematize infor-
mation on the influence of abiotic and biotic stress factors on gene expression
in crustaceans, particularly in members of the order Decapoda. It has been es-
tablished that changes in key environmental parameters (such as temperature,
pH, ammonia and nitrite concentrations) and exposure to pathogens (viruses,
bacteria) trigger complex molecular responses affecting genes associated with
immunity, osmoregulation, antioxidant defense, chitin metabolism, and cellular
homeostasis [2; 3; 7; 9; 10; 12; 18].
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framework of the “Nauka-2030”.
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