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Abstract: Enterocytozoon hepatopenaei (EHP), a microsporidian responsible for hepatopancreatic mi-
crosporidiosis, is a major pathogen in commercial shrimp production. Among the affected species,
Palaemon carinicauda (formerly Exopalaemon carinicauda) is commercially important in China and rep-
resents a potential research model for studying crustaceans. However, little information is available
on its response to EHP infection. Hence, this study analyzed the transcriptome and metabolome of
P. carinicauda’s hepatopancreas using high-throughput sequencing and liquid chromatograph-mass
spectrometry (LC-MS) to determine its response during the early stage of infection. The transcrip-
tomic analyses identified 730 differentially expressed genes, of which those associated with EHP
infection were enriched in metabolic pathways as well as detoxification and antioxidant pathways. In
addition, 144 differential metabolites were identified using a combination of positive and negative ion
modes in LC-MS. The Kyoto encyclopedia of genes and genomes pathway analyses further indicated
that the degradation of aromatic compounds, the AMP-activated protein kinase signaling pathway
and C5-branched dibasic acid metabolism were significantly enriched after EHP infection. These
results could provide useful insights into the effects of EHP on shrimps during the early stages of
infection and help to understand the mechanisms underlying the stunted growth of shrimps after
infection.
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1. Introduction

Infectious diseases represent the main factor that limits shrimp cultivation around the
world, and for Asian countries in particular, they have been reported to induce shrimp
mortality or retarded growth during aquaculture [1]. In this context, hepatopancreatic
microsporidiosis (HPM), caused by Enterocytozoon hepatopenaei (EHP), is currently among
the main diseases which affect shrimp production [2]. EHP is a microsporidian parasite that
was first reported in 2004 and officially characterized and named in 2009; this microsporid-
ian has become a prominent pathogen which infects the hepatopancreas of hosts such
as ridgetail white prawn (Palaemon carinicauda) (formerly Exopalaemon carinicauda), blue
shrimp (Penaeus stylirostris), Pacific whiteleg shrimp (P. vannamei) and black tiger shrimp
(P. monodon) to cause HPM [3–7]. EHP can spread rapidly via spores or by cannibalism of
infected shrimp. Under laboratory conditions, shrimp can be successfully infected after
being exposed to the infected tissue homogenate for 48 h [2]. However, unlike other infec-
tious diseases of shrimp which have visible clinical signs, infection by EHP does not result
in mass mortality. Instead, during the later stages of infection, it slows down growth and
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causes significant variations in shrimp size, thus leading to severe economic losses which
threaten sustainable shrimp aquaculture [8].

The EHP-induced growth retardation of shrimps has been attracting the attention
of researchers for several years; subsequently, efforts have been devoted to revealing the
underlying mechanisms involved in the process. More recently, transcriptomic, proteomic
and metabolic studies of EHP-infected shrimps showed that the infection process was
associated with immune protein/gene expression, growth and energy synthesis pathways,
and this could partly explain the slowed growth observed in infected shrimps [9–11]. A
previous study has also shown that the survival of EHP-infected shrimps could be three
months, with retarded growth generally visible from the second month after infection [8].
This finding is an indication that the host’s response might be different at different stages
of infection. To the best of our knowledge, most studies have focused on the latter stages of
the infection, where growth retardation is visible. However, little information is available
on how hosts respond during the early infection stage, which could provide important
information about the mechanisms of growth retardation and host response. In order to
identify the significant genes and pathways involved in the response to EHP infection
during the early stage, the application of omics-based approaches for the analysis of shrimp
hepatopancreas may be useful. Such data would be valuable not only to identify the
biological processes involved in EHP infection, but also to understand the mechanisms
behind growth retardation.

The Palaemon carinicauda, also referred to as ridgetail white prawn, is assigned to the
family of Palaemonidae within the suborder Pleocyemata, and it is one of the most commer-
cially important shrimps in East China [12,13]. In addition, because of its transparent body,
rapid growth, short reproductive cycle and strong adaptability, P. carinicauda is widely used
as a model organism in crustacean research [14].

In this work, to investigate the molecular response of P. carinicauda after EHP infection,
the infection status of shrimps (EHP-infected vs. uninfected) was first confirmed by PCR
and through the examination of EHP spores. This was followed by transcriptomic and
metabolomic profiling to identify differentially expressed genes and metabolites between
the two groups of shrimps during the early stage of infection. Eventually, the expression
patterns of genes in the hepatopancreas were verified by quantitative real-time PCR (qRT-
PCR). It is expected that the results of the current study will provide useful information
on the genes and signaling pathways that respond to EHP infection. Moreover, a deep
understanding of the mechanism involved in the growth retardation of shrimps as a result
of infection by intracellular pathogens.

2. Materials and Methods
2.1. Experiment Design and Sample Collection

Healthy P. carinicauda (body weight: 1.54 ± 0.22 g; body length: 4.95 ± 0.26 cm) were
provided by commercial shrimp ponds in Lianyungang, Jiangsu Province, China. PCR
tests were performed on animals to check for the presence of EHP prior to the start of
the experiment, with only negative ones selected for subsequent steps. Shrimps (n = 180)
in the treatment group (in triplicate), were initially given EHP-infected tissues to get
infected and then fed with commercial feed during the whole experiment, while for the
control group (n = 180) only commercial feed was provided. The experiment was carried
out under controlled conditions (temperature: 26 ◦C, salinity: 27‰, pH: 7.8 ± 0.3), and
14 days after initiating infection, the shrimps were sampled and the seawater was wiped
off their surfaces before collecting individual hepatopancreas. For each group, to reduce
the sampling error caused by individual differences, five hepatopancreas were combined
into a single sample, with three and six replicates used for transcriptomic and metabolomic
analyses, respectively. After collection, each sample was immediately frozen in liquid
nitrogen for storage at −80 ◦C until required for the extracting of RNA and metabolites.
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2.2. PCR and Spore Examination for Detecting EHP

The EasyPure Genomic DNA Kit, EE101 (TransGen, Beijing, China) was used, as speci-
fied by the manufacturer, to extract total DNA from the collected hepatopancreas samples.
This was followed by PCR amplification using the following primers to detect EHP: For-
ward: 5′-GCCTGAGAGATGGCTCCCACGT-3′; Reverse: 5′-GCGTACTATCCCCAGAGC-
CCGA-3′ [15]. In this case, amplification was carried out in 25 µL reaction volumes with a
2 × Taq PCR MasterMix II kit, KT201 (TransGen, Beijing, China); the PCR conditions were
as follows: 95 ◦C for 5 min, followed by 35 cycles, each with an initial denaturation for
30 s at 95 ◦C, annealing for 30 s at 60 ◦C and extension for 30 s at 72 ◦C. The amplification
process ended with a final extension at 72 ◦C for 10 min. The resulting PCR products were
then examined by electrophoresis on 1.2% agarose gels to determine the infection status of
shrimps.

To isolate EHP spores, the hepatopancreas of shrimps from the experimental group
was mixed with a phosphate buffered solution and ground completely. After filtration, the
spores were separated from the homogenate by performing differential centrifugation three
times, including centrifugation at 2000 r/min for 10 min and centrifugation at 3000 r/min
for 20 min followed by 8000 r/min for 10 min. Then the crude spore’s supernatant was
obtained. After that, 30, 60 and 90% sucrose density gradient centrifugation was performed
to isolate spores, and spores from different layers were collected. A small drop (about
10 µL) of the purified spores was placed on a microscope slide followed by the addition of
5 µL of Phloxin B. The slide was incubated at room temperature for 10 min, and observed
under a light microscope [16].

2.3. Assembly of Transcriptomic Data and Analysis of Differentially Expressed Genes

For transcriptome analysis, total RNA extraction was carried out from EHP-infected
(T-H) and control hepatopancreas samples (CK-H) using a Trizol reagent kit (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA quality was
assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA)
and checked by performing RNase free agarose gel electrophoresis. After that, samples
were sent to the Gene denovo Company, Guangzhou, China, where a cDNA library was
constructed prior to sequencing on an Illumina NovaSeq 6000 platform as previously
described [17]. All RNA-Seq data were submitted to the NCBI SRA database (BioPro-
ject number: PRJNA903220). The transcriptome data were analyzed, including assembly
and annotation. Briefly, the transcript was assembled using the StringTie software (ver-
sion 1.3.4) program [18]. Functions were annotated with the assembled unigenes by
comparing similarity levels using the BLAST algorithm against the following databases:
COG/KOG, SwissProt and Nr (e-value < 0.00001). This was followed by the analysis
of enriched Gene Ontology (GO) terms (http://bioinfo.cau.edu.cn/agriGO/, accessed
on 15 March 2022) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
(https://www.kegg.jp/kegg/pathway.html, accessed on 15 March 2022).

For each transcription region, an FPKM (fragment per kilobase of transcript per
million fragments mapped) value was calculated to quantify its expression abundance and
variations using StringTie software. RNAs differential expression analysis was performed
using the DESeq2 software (version 1.22.2) with a comparison of two different groups [19].
Differentially expressed genes (DEGs) were then identified; the parameter of absolute Log2
FC (fold change) value of ≥ 1 and a False Discovery Rate (FDR) of < 0.05. Moreover, the
expression patterns of eight vital genes were validated by qRT-PCR (Table S1).

2.4. Metabolite Extraction and Liquid Chromatograph-Mass Spectrometry Analysis

The samples were homogenized, and then suspended in 500 µL of prechilled 80%
methanol. After that, the samples were kept on ice for 5 min prior to centrifugation
for 20 min at 15,000× g and 4 ◦C. Part of the supernatant was then diluted in liquid
chromatograph-mass spectrometry (LC-MS) grade water to a final concentration containing
53% methanol. After transferring the samples to a new centrifuge tube, centrifugation was
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again performed as before, with the resulting extracted metabolites eventually analyzed by
LC-MS [20].

LC-MS was carried out using a Vanquish UHPLC system (Thermo Fisher Scientific,
Waltham, MA, USA), coupled with an Orbitrap Q ExactiveTM HF-X mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA), at Gene Denovo Co., Ltd., Guangzhou,
China.

2.5. Differential Metabolites Identification

A variable importance in projection (VIP) score of orthogonal projections to latent
structures (OPLS) model was applied to rank the metabolites that best distinguished
between two groups. The threshold of VIP was set to 1. In addition, the t-test was also used
to provide a univariate analysis for screening differential metabolites. Those with a p value
of t-test < 0.05 and VIP ≥ 1 were considered differential metabolites between two groups.

2.6. Quantitative Real-Time PCR

The total RNA isolated from the hepatopancreas (n =3 ) of the EHP-infected and
control groups was used to synthesize cDNA using the PrimeScript® RT Reagent Kit, RR037
(TaKaRa, Shiga, Japan), according to the manufacturer’s protocols. The amplification was
carried out using the StepOne Plus Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA) and the SYBR Premix Ex Taq (TaKaRa, Shiga, Japan), with 18S rRNA selected
as the reference gene [21]. The relative expression levels of target genes were eventually
calculated with the 2–∆∆Ct method [22].

2.7. Statistical Analysis

All data were analyzed by performing one-way ANOVA, followed by Duncan’s test
in SPSS software (version 21.0), with differences considered to be statistically significant at
p < 0.05.

3. Results
3.1. Detection of EHP Infection in Shrimps

Fourteen days after initiating infection, PCR tests were carried out on shrimps from the
EHP-infected and control groups. For the control group, the absence of electrophoretic bands
was noted, while for the EPH-infected group, the target band was observed (Figure 1A). Spore
examination was also carried out for the two groups, with a large number of EHP spores
isolated only from the hepatopancreas of infected shrimps (Figure 1B).
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Figure 1. Detection of EHP infection of Palaemon carinicauda. (A) PCR detection of EHP in P. carini-
cauda. M, marker; 1–5, positive samples; 6–10, negative samples. (B) EHP spores collected from
EHP-infected shrimp, scale bar 20 µm.
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3.2. Transcriptomic Alteration of P. carinicauda in Response to EHP Infection

RNA sequencing of hepatopancreas samples from CK-H and T-H was performed to
identify the DEGs responsible for EHP infection in P. carinicauda. After the removal of
low-quality sequences, an average of 40,934,471 and 44,962,924 reads was obtained for each
sample from the CK-H and T-H groups, respectively. Overall, a total of 69,322 unigenes
were identified for the two groups, with an N50 of 1645 bp as well as an average length of
862 bp for all unigenes, indicating that the sequencing and assembly were of a high quality
(Table S2). Of all expressed genes, 730 DEGs (421 upregulated and 309 downregulated)
in the hepatopancreas were found in the T-H group in comparison with the CK-H group
(Table S3).

A functional annotation of the DEGs involved in EHP infection was performed by
GO and KEGG analyses. In this case, all DEGs were significantly enriched in three GO
terms (molecular function, cellular component and biological process) (Figure S1), and of
those classified as biological processes, the main subcategories included single-organism,
cellular and metabolic processes. More specifically, the DEGs were mainly involved in
the “carboxylic acid metabolic process” (GO: 0019752), “oxoacid metabolic process” (GO:
0043436), “organic acid biosynthetic process” (GO: 0016053), “organic acid metabolic
process” (GO: 006082) and “carboxylic acid biosynthetic process” (GO: 0046394) (Figure S2).
Similarly, among the KEGG pathways which were significantly enriched as a result of
EHP infection, the top 20 included the metabolic pathways, glycolysis/gluconeogenesis,
starch and sucrose metabolism, carbon metabolism, biosynthesis of amino acids, pentose
phosphate pathway and metabolism of xenobiotics by cytochrome P450 (Figure 2). Changes
were also noted in other pathways, such as arginine and proline metabolism, in the fatty
acid metabolism and the HIF-1 signaling pathway after EHP infection (Figure 2).
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In this study, some DEGs that were associated with metabolism were identified
(Table 1). In particular, the heat map of the gene expression profiles for the T-H and
CK-H groups revealed that genes related to enzymes involved in carbohydrate metabolism
(e.g., GAPDH, PFKM, PKM, Aldoa, GPI and LDHA) were significantly down-regulated.
In contrast, those involved in lipid metabolism, including ACAC, Scda2 and Fasn, were
up-regulated (Figure 3).

Table 1. Changes in metabolism-related differentially expressed genes in the hepatopancreas of
Palaemon carinicauda in response to EHP infection.

Gene ID Functional Annotation Regulation Log2FC

Unigene0022441 Lactate dehydrogenase A (LDHA) ↓ −1.49156

Unigene0064591 Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) ↓ −7.08089

Unigene0043961 Phosphofructokinase, muscle type-like
isoform (PFKM) ↓ −5.81762

Unigene0049780 Pyruvate kinase (PKM) ↓ −10.737

Unigene0048878 Fructose-bisphosphate aldolase A
(Aldoa) ↓ −10.1604

Unigene0039097 Glucose-6-phosphate isomerase (GPI) ↓ −10.6073

Unigene0042701 Glycogen phosphorylase, muscle form
(PYGM) ↓ −10.5051

Unigene0013469 Acyl-CoA desaturase 2 (Scd2) ↑ 2.810844
Unigene0016572 Fatty acid synthase (Fasn) ↑ 3.881282

Unigene0044969 Elongation of very long chain fatty acids
protein 6 (ELOVL6) ↑ 1.489288

Unigene0000801 Acetyl-CoA carboxylase (ACAC) ↑ 1.569836
Unigene0068248 Acyl-coenzyme A oxidase 1 (Acox1) ↑ 1.443408
Unigene0061647 Glutathione S-transferase (GSTM) ↑ 1.553945

Note: “↓” indicate downregulation; “↑” indicate upregulation.

In addition, the RNA-Seq data were validated using the qRT-PCR method; for this
purpose, eight metabolism-related DEGs were analyzed by qRT-PCR. The results were
consistent with those obtained by RNA-seq, thereby confirming the reliability of the RNA-
seq analysis (Figure 4).

3.3. Identification of Differential Metabolites in P. carinicauda after EHP Infection

To further study the effects of EHP infection on metabolism, the differential metabo-
lites in the hepatopancreas of sampled shrimps were analyzed with LC-MS. In this case,
orthogonal projections to latent structures-discriminant analysis (OPLS-DA) was used to
compare the control and EHP-infected groups (Figure 5); after 200 permutations, the R2
and Q2 were 0.996 and 0.789, respectively, in the positive ion mode (Figure 5A), while in the
negative ion mode, they were 0.989 and 0.648, respectively, indicating that the established
model was stable and reliable (Figure 5B).
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LC-MS analysis revealed that in the positive ion model, 113 metabolites (50 upregu-
lated and 63 downregulated metabolites) were significantly different in EHP-infected
samples in comparison with the control (VIP > 1, p ≤ 0.05). On the other hand, in
the negative ion model, 31 differential metabolites were identified (18 upregulated and
13 downregulated metabolites) (Table 2). These differential metabolites were involved in
77 metabolic pathways (Table S4). According to the enrichment analysis of KEGG pathways,
they were mainly involved in the degradation of aromatic compounds, AMP-activated
protein kinase (AMPK) signaling, C5-branched dibasic acid metabolism and thiamine
metabolism (Figure 6A). Overall, the heatmap of significant differential metabolites showed
obvious increases/decreases after EHP infection (Figure 6B).

Table 2. Statistics of differential metabolites.

Model Up Down Total

Positive ion model 50 63 113
Negative ion model 18 13 31
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4. Discussion

EHP currently represents a major pathogen of shrimp culture in Asia [2], especially
for species such as the Pacific white leg shrimp, the black tiger shrimp and the ridgetail
white prawn, which are among the main hosts of EHP. The ridgetail white prawn is an
economically valuable cultured shrimp species in East China as well as a widely used
model organism in crustacean research [12–14]. Thus, this species was selected in this study
to investigate changes in gene expression and metabolism during the early stage of EHP
infection.
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The hepatopancreas is an important organ in crustaceans due to its key role in energy
metabolism, and after infecting this organ, EHP causes HPM, a disease characterized by
slowed growth. However, based on practical experience and previous experiments [8],
it is now known that slowed growth is not visible until the second month of infection.
Previous transcriptomic and proteomic studies comparing healthy shrimps and those
showing slowed growth revealed that the energy metabolism and immune genes/proteins
expression were associated with EHP infection [9–11]. The results of this study, based on
-omics analyses, also suggested that similar pathways, especially metabolic ones, were
altered after EHP infection (Figure 2). In particular, the fact that “Metabolic processes”
accounted for most of the enriched GO terms indicated that, during the early stages of
EHP infection, shrimp metabolism was significantly changed. Furthermore, the infection
process also altered the expression pattern of genes in P. carinicauda’s hepatopancreas, with
the greatest changes noted for carbohydrate and lipid metabolism (i.e., “starch and sucrose
metabolism”, “glycolysis/gluconeogenesis” and “fatty acid metabolism”) (Figure 3). The
results therefore showed that infection by EHP was likely to affect energy metabolism in
shrimps.

Carbohydrates are important sources of energy for organisms, with glucose catabolism
being the main way through which they obtain energy [10]. The current study found that
the relative expression of many important enzyme-encoding genes such as PKM, PFKM,
GPI and GAPDH was significantly downregulated 14 days after EHP infection. This was
a clear indication that EHP infection affected energy metabolism in shrimps. Although a
number of additional genes related to glucose metabolism were also downregulated in
the hepatopancreas, those involved in lipid metabolism were actually upregulated. For
example, results from the RNA-seq analysis showed that Acox1, ACAC, Scd2 and Fasn
were significantly upregulated after EHP infection, with acyl-coenzyme A oxidase (Acox1)
and acetyl-CoA carboxylase (ACAC) involved in the synthesis and β-oxidation of fatty
acids, respectively, being key enzymes in lipid metabolism [23,24]. Hence, the significantly
upregulated genes were indicative of the fact that EHP infection enhanced lipid metabolism
during the early stages. This was in contrast to results regarding the latter stages of
infection, whereby the expression of lipid metabolism-related genes was reported to be
downregulated [11]. Moreover, based on the results, it was speculated that the interaction
between the host and the pathogen was a dynamic process which could differ between
the early and later stages of the infection. In addition, since EHP lacks mitochondria, it is
unable to carry out oxidative phosphorylation and glycolysis to produce ATP; as a result, it
depends on the host for energy [25,26]. During the early stages of infection, the need to
produce ATP as an energy source is not only essential for normal cellular functions but
also for EHP replication. In order to meet those energy demands, it is likely that lipid
metabolism was induced for energy production. Scd2, encoding stearoyl-CoA desaturase
(SCD) that is associated with the biosynthesis of unsaturated fatty acids, catalyzes the
conversion of saturated fatty acyl-CoAs to unsaturated ones [27,28]. The activity of this
enzyme affects the ratio of monosaturated fatty acid (MUFA) to saturated fatty acid (SFA),
and this subsequently influences lipid metabolism and membrane fluidity [29]. While many
factors can regulate SCD expression, this study showed that EHP infection was among
the factors that significantly upregulated its gene (Scd2) to induce lipid metabolism and
increase the cell membrane’s fluidity.

In addition to energy metabolism-related genes, those associated with detoxification
and antioxidants, including glutathione S-transferases (GST), were also upregulated during
the early stage of EHP infection (Figure 3). GSTs are important detoxifying enzymes which
catalyze the conjugation of glutathione to electrophilic centers of lipophilic compounds to
make it more soluble and help in its excretion from the cell [30]. The increased mRNA level
of GST in the hepatopancreas indicated that the detoxification mechanism in shrimps was
activated after EHP infection to prevent damage to proteins, lipids and DNA.
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Metabolic analyses also revealed significant changes in the metabolic biomarkers of
the AMPK pathway (Figure 6). The AMPK is an essential metabolic sensor that maintains
an energy balance in response to stress [31]. A previous study has shown that infectious
diseases could trigger AMPK signaling cascades which subsequently regulated various
catabolic and anabolic processes in response to altered energy levels [32,33]. These pro-
cesses eventually modulated the host’s responses, resulting in either enhanced pathogen
survival or induced host defenses in a context-dependent manner. In line with the above
transcriptome analyses, it might be plausible that EHP infection caused metabolic stress
which triggered AMPK signaling to maintain energy homeostasis. Although there is not
enough information on the relationship between EHP and shrimp in terms of energy
metabolism, it is clear that the AMPK signaling pathway does play an important role
during the early stages of EHP infection.

Based on the above analysis, we speculate that the disorder of energy metabolism
might be the major cause of slowed growth in EHP-infected shrimp. Many genes related
to glucose and lipid metabolism exhibited significant changes after EHP infection; in
addition, the AMPK pathway that maintains energy homeostasis was also affected after
EHP infection. Although transcriptomic and metabolomics can provide significant evidence
in interpreting the mechanisms of growth retardation in EHP-infected shrimps, further
studies are needed to clarify the effect of EHP infection on physiology in P. carinicauda. For
example, an analysis of enzymes related to energy metabolism would be useful.

5. Conclusions

In this study, we investigated the molecular responses induced by EHP at the transcript
and metabolite levels in the hepatopancreas of P. carinicauda. The results indicated that
EHP infection could induce detoxification and antioxidant processes, as well as disturb the
energy metabolism in P. carinicauda. Furthermore, EHP infection could trigger the AMPK
signaling pathway to maintain energy balance during the early stages of infection. These
results not only provide useful insights into the interactions between EHP and shrimps
but also help to understand the mechanisms underlying the stunted growth of shrimps
following EHP infection.
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