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Comparative analysis of
Neptunea cumingii growth,
related digestive and immune
enzyme indicators, and liver
transcriptome under different
feeding conditions

Xinfan Ge', Jing Zhao*', Zhongde Liang®, Qinghong Chi*,
Junxia Mao?, Xubo Wang?, Yaging Chang™ and Zhenlin Hao™
'Key Laboratory of Mariculture & Stock Enhancement in North China’s Sea, Ministry of Agriculture,
Dalian Ocean University, Dalian, China, 2Modern Agricultural Production Development Service

Center of Dalian, Dalian, China, *Dalian Agriculture and Fishery Industry Group, Dalian, China,
4Changhai County Economic Development Service Center, Dalian, China

Neptunea cumingii is a carnivorous snail with a very high market value, but it
cannot be cultivated on a large scale at present due to the lack of an
appropriate artificial feed. In this study, we fed N. cumingii four kinds of diets
(Cristaria plicata meat, Chlamys farreri mantle, Mytilus edulis meat, and artificial
feed) for 90 days and then measured growth indexes and digestive and
immune enzyme indexes. We also subjected liver samples to transcriptome
sequencing to detect significant differences among the four groups at the
transcriptome level. The survival rate of N. cumingii fed with each type of feed
was > 90%. The weight, shell length, shell height, and weight gain of the N.
cumingii in the C. plicata meat group were significantly higher than those of the
other treatment groups, while the values in the artificial feed group were
significantly lower than those of the other treatment groups. The superoxide
dismutase, catalase, amylase, protease, and lipase activities were higher in the
stomach, intestine, and liver of snails in the C. plicata meat feeding group than
in those of the other treatment groups, and they were significantly higher than
those of the artificial feed group (p < 0.05); the opposite was true for
malondialdehyde content. A total of 3407 differentially expressed genes
(DEGs) were found in the M. edulis meat group vs. C. plicata meat group
comparison. A total of 3422 DEGs genes were identified in the artificial feed
group vs. C. plicata meat group comparison. A total of 3,929 DEGs were found
in the C. plicata meat group vs. C. farreri mantle group comparison. Through
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis, we found the DEGs in the liver of N. cumingii fed with the
different diets were mainly enriched in the energy metabolism, growth, and
immunity pathways. Our results indicated that among the four diets tested, C.
plicata meat had the best effect on N. cumingii, and they provided an important
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reference for identification of suitable diets for the development of N. cumingii

artificial breeding.
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1 Introduction

Neptunea cumingii (Gastropoda, Probranchia, Neptunea,
Mothidae) is a carnivorous snail, and it is the main
economically important shellfish along the northern coast of
China (Qi, 1979). Its meat is delicious, nutritious, and an ideal
source of dietary protein and fat (Hao et al, 2016), and it is
deeply loved by consumers. At present, the demand for N.
cumingii is increasing, and natural sources can no longer meet
the demand. Since the middle of the twentieth century, the
world’s aquaculture industry has developed rapidly (Jiang,
2015), which has opened up new ways to produce aquatic
species. Factory farming of N. cumingii has become necessary
(Sun and Yang, 2011), but developing appropriate feed to
optimize production remains an obstacle to large scale culture
of this species.

Feed composition is very important for aquaculture animals,
as the feed affects body growth as well as the activities of
digestive and immune enzymes (Liao et al., 2018). The level of
digestive enzyme activity affects the absorption of major
nutrients such as fat, starch, and protein by the digestive tissue
of aquatic animals, thereby affecting the growth of cultured
organisms (Xu, 2006; Zhou et al., 2018). To a certain extent, the
activity of immune enzymes can more accurately reflect the
impact of different feeds on the immune ability of cultured
organisms (Wang et al., 2012), which in turn affects their growth.
In recent years, the development of high-throughput sequencing
technology enables researchers to study the effect of food on
animal growth and enzyme activities from a genetic perspective.
In particular, transcriptome sequencing plays an important role
in biological studies of gene expression and in differential
expression analysis when the whole genome of the target
species is unknown (Morozova et al., 2009). It is an efficient
method to obtain massive amounts of genetic data in a short
time and at low cost (Wang et al., 2018).

At present, the effect of feed on N. cumingii is poorly
understood. Therefore, we studied the effects of four low-cost
feed substitutes (Cristaria plicata meat, Chlamys farreri mantle,
Mpytilus edulis meat, and an artificial diet) on the growth and
related digestive and immune enzyme activities of N. cumingii.
We also used transcriptome sequencing technology to study the
differences in the liver tissue of N. cumingii in the different diet
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groups. Our results can be used to develop a suitable feed for N.
cumingii breeding and for industrialized marine aquaculture of
this species.

2. Materials and methods
2.1 Ethics approval statement

The animals used in this study are unregulated invertebrates.
Animal welfare and experimental procedures were carried out in
accordance with the Laboratory animals-General requirements
for animal experiment (National Standards of P. R. China, GB/T
35823-2018).

2.2 Experimental materials

The 480 N. cumingii used in the experiment were taken from
the sea area of Zhangzidao, Dalian City, Liaoning Province,
China. They were transported back to the North Key Laboratory
of Marine Aquaculture, Ministry of Agriculture and Rural
Affairs, Dalian Ocean University in a damp state. The samples
were kept for 2 weeks in a 1,000 L culture tank with water
temperature 19 * 1°C, salinity 30 + 1%, continuous aeration
without feeding, and 50% water change every day (tank clean
every 7 days). The specimens had a wet weight of 10.5 + 2.0 g,
shell length of 4.25 + 0.2 cm, and shell width 2.35 + 0.1 cm.

The artificial feed raw materials were fish meal (33%),
soybean meal (33%), alpha starch (18%), dextrin (4%), fish oil
(5%), calcium dihydrogen phosphate (3%), choline chloride
(0.5%), multi-vitamin (1%), and multiple minerals (1.5%).
Before preparing the feed, we fully crushed the raw materials,
passed them through an 80-mesh sieve, and mixed them. After
confluence, we poured the material into a mixer to concentrate
and mix it thoroughly. After mixing, we poured the mixture into
a basin, added fish oil, food attractant, and a little water,
continued mixing, and then waited until the raw materials
could be squeezed and kneaded into blocks. We poured the
mixed raw materials into an extruder, heated and shaped it, and
placed the formed feed in a cool place to dry. The natural feeds
consisted of C. plicata, C. farreri mantle, and M. edulis.
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2.3 Experimental method

2.3.1. Experimental setup and culture methods

The experiment contained four groups, each with three
replicates of 40 snails, and each group was fed only one kind
of feed. Each replicate group was cultured in a 300 L water tank
for 90 days. The feed was provided every day at 9:00 and 17:00.
Two hours after feeding, 50% of the water was changed and the
residual feed was collected, dried, and weighed. Wash the water
tank every 7 days. The growth indexes of N. cumingii in each
group were measured and recorded every 15 days. After 90 days,
three N. cumingii were randomly selected from each group. After
dissection, their liver tissues were removed. Mixed samples were
placed in liquid nitrogen and stored in a -80°C freezer for
future analysis.

2.3.2. Determination of four kinds of
feed nutrients

Proximate analysis of four kinds of feed were measured
according to standard Association of Official Agricultural
Chemists methods (AOAC, 1995). Crude protein content was
determined by measuring nitrogen (N x 6.25) levels using the
Kjeldahl method following acid digestion with an auto Kjeldahl
System (Kjelflex K-360; BUCHI Labortechnik AG, Flawil,
Switzerland). Moisture content was measured by freeze-drying
samples for 48 h in a vacuum freeze dryer (Christ Beta 2-4 LD
plus LT, Marin Christ Corporation, Osterode, Ger-many). Ash
level was examined through incineration at 550 °C for 24 h in a
muffle furnace. Content of amino acid were carried by an
automatic amino acid analyzer (Agilent-1100, Agilent
Technologies Co., Ltd., Santa Clara, CA, USA) as described in
previous study (Ren et al., 2017). The fatty acid composition of
experimental diets was determined by series gas
chromatography (Agilent 7820a, Agilent Technologies Co.,
Ltd.,, Santa Clara, CA, USA) according to Li et al. (2016).
Three technical replicates were designed in this experiment.

2.3.3 Digestive enzymes and immune enzyme

Three individuals per replicate were selected for enzyme
activity assays. Intestine, stomach and liver tissues were removed
from N. cumingii and immediately frozen in liquid nitrogen.

Intestine, stomach and liver were shredded and weighed
(accurate to 0.01 g), diluted 10 times with distilled water,
centrifuged at 4°C for 10 min (5000 r/min), after which each
supernatant was placed in a centrifuge tube, and stored at 4°C.
The results were determined within 24 h. Amylase, lipase,
protease activity (Long et al., 2015), superoxide dismutase
(SOD) (Xu and Pan, 2014), catalase activity (CAT) (Kim et al,,
2015), and malondialdehyde (MDA) (Yin et al, 2018) were
determined using commercial assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).
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2.3.4 Liver transcriptome

One gram of the liver tissue frozen in liquid nitrogen were
removed for transcriptome sequencing.

Total RNA was extracted using the mirVana miRNA
Isolation Kit (Ambion) following the manufacturer’s protocol.
RNA integrity was evaluated using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). The samples with
RNA Integrity Number (RIN) > 7 were subjected to the
subsequent analysis. The libraries were constructed using
TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San
Diego, CA, USA) according to the manufacturer’s instructions.
Then these libraries were sequenced on the Illumina sequencing
platform (HiSeqTM 2500 or Illumina HiSeq X Ten) and 125bp/
150bp paired-end reads were generated.

The transcriptome sequencing and analysis were conducted
by OE biotech Co., Ltd. (Shanghai, China). Raw data (raw reads)
were processed using Trimmomatic. The reads containing ploy-
N and the low quality reads were removed to obtain the clean
reads. After removing adaptor and low quality sequences, the
clean reads were assembled into expressed sequence tag clusters
(contigs) and de novo assembled into transcript by using Trinity
(version: 2.4) in paired-end method. The longest transcript was
chosen as a unigene based the similarity and length of a sequence
for subsequent analysis.

The function of the unigenes was annotated by alignment of
the unigenes with non-Redundant Protein Sequence Database
(NR), SwissProt, and Clusters of orthologous groups for
eukaryotic complete genomes (KOG) databases using Blastx
with a threshold E-value of 10-5. The proteins with the highest
hits to the unigenes were used to assign functional annotations
thereto. Based on the SwissProt annotation, Gene ontology (GO)
classification was performed by the mapping relation between
SwissProt and GO term. The unigenes were mapped to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database to
annotate their potential metabolic pathways.

FPKM and read counts value of each unigene was calculated
using bowtie2 and eXpress. DEGs were identified using the
DESeq (2012) functions estimateSizeFactors and nbinomTest.
P value < 0.05 and foldChange >2 was set as the threshold for
significantly differential expression. Hierarchical cluster analysis
of DEGs was performed to explore transcripts expression
pattern. GO enrichment and KEGG pathway enrichment
analysis of DEGs were respectively performed using R based
on the hypergeometric distribution

2.3.5 Data analysis

We used SPSS 17.0 software (Chicago, IL, USA) for
statistical analysis of experimental data and univariate analysis
(analysis of variance, Tukey’s test) to assess significant
differences among groups (p < 0.05). The results are expressed
as the mean * standard deviation.
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3. Results

3.1 Nutrient composition of
different feeds

Figure 1 shows the nutrient composition of the four different
feeds tested in this study. The water content of M. edulis meat
was the highest (71.32%), and that of the artificial feed was the
lowest (10.58%). The crude protein (dry weight; 55.16%) and
crude fat (6.08%) contents of C. plicata meat were the highest.
The ash content of the C. farreri mantle was the highest (13.74%)
and that of M. edulis meat was the lowest (1.46%).

Supplementary Table 1 shows the amino acid contents of the
four different feeds. Eighteen types of amino acids were detected
in the C. farreri mantle, M. edulis meat, and artificial feed,
including eight essential amino acids, eight nonessential amino
acids, and five flavor amino acids. Seventeen kinds of amino
acids were detected in C. plicata meat, as cysteine was absent.

The fatty acid content of the four different feeds is shown in
Supplementary Table 2. We detected 23 fatty acids in C. plicata
meat, including nine saturated fatty acids (SFAs), six
monounsaturated fatty acids (MUFAs), and eight
polyunsaturated fatty acids (PUFAs), whereas we found 15
fatty acids in C. farreri mantle, including five SFAs, three
MUFASs, and seven PUFAs. M. edulis meat contained 17 fatty
acids, including seven SFAs, four MUFAs, and six PUFAs. We
detected 23 fatty acids in the artificial feed, including eight SFAs,
7 MUFAs, and eight PUFAs. The fatty acid content of C. plicata
meat and the artificial feed group was relatively rich. Among the
four groups of SFAs, palmitic acid (C16:0) and stearic acid
(C18:0) were the most abundant.
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3.2 Growth and survival rate differences
for N. cumingii cultured using
different feeds

Table 1 shows the weight changes of N. cumingii fed with
different diets. After 90 days of feeding, the N. cumingii fed with C.
plicata meat showed the best growth, with wet weight, shell width,
and shell height increases of 4.95 g, 0.48 c¢m, and 0.95 cm,
respectively. The artificial feed group had the worst growth, with
wet weight, shell width, and shell increases of 3.06 g, 0.31 cm, and
0.64 cm, respectively. Significant differences in the growth of N.
cumingii fed with different diets were detected (p < 0.05). The
survival rates of N. cumingii fed with different diets were all > 90%,
and differences among groups were not statistically significant.

3.3 Effects of different feeds on
immunoenzyme activities of related
tissues of N. cumingii

The immunoenzyme activity of N. cumingii differed
significantly among different groups in the same tissue
(Table 2). The highest SOD activity was found in the intestine
tissue of M. edulis meat group (p < 0.05). The lowest MDA
activity was found in the intestine tissue of C. plicata meat group
(p < 0.05). The M. edulis meat group had the highest catalase
CAT activity (0.44 U/mg protein) in the intestine tissue, and
values for the other two groups were significantly higher than
that of the artificial feed group (p < 0.05). The highest SOD
activity was found in the stomach tissue of C. plicata meat group
(p < 0.05). The highest MDA activity was found in the stomach

B Cristaria plicata meat

" Chlamys farreri mantle

w Mpytilus edulis meat
Atrtificial feed

1374

6.08 712

298
= -

Moisture (%)
mass%)

FIGURE 1
Nutrient composition of different feeds.
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TABLE 1 Effects of different feeds on the growth of N. cumingii.

Group Cristaria plicata meat Chlamys farreri mantle Mpytilus edulis meat Artificial feed
group group group group
Initial body weight/g 10.43 £ 0.81 10.23 £ 0.82 10.55 £ 0.86 10.41 £ 0.88
Final weight/g 1538 + 1.36 14.38 + 1.34 15.15 + 1.36 13.44 £ 1.33
Weight gain/g 4.95 + 0.49¢ 4.15 + 0.43b 4.60 + 0.48¢ 3.06 £ 0.33a
Weight gain rate/% 4746 + 5.45d 40.57 £ 5.12b 43.60 + 5.24¢ 29.39 £ 3.31a
Initial shell width/cm 2.33 +0.31 231 £0.31 2.35+0.31 2.37 £ 0.32
Final shell width/cm 2.81 +0.36 2.71 £0.35 2.72 +0.35 2.68 + 0.36
Shell width growth/cm 0.48 + 0.08c 0.40 + 0.07b 0.37 + 0.07b 0.31 + 0.06a
Shell width growth rate/% 20.60 + 2.67d 17.32 + 2.34c 15.74 + 2.11b 13.08 + 1.78a
Initial shell height/cm 423 £0.61 4.13 £0.59 4.35 £ 0.63 4.21 £0.61
Final shell height/cm 5.18 £ 0.72 4.92 £ 0.68 5.05 + 0.69 4.85 + 0.68
Shell height growth/cm 0.95 + 0.16d 0.81 + 0.14c 0.70 + 0.13b 0.64 + 0.12a
Shell high growth rate/% 2246 +2.51d 19.61 + 2.31c 16.09 + 2.02b 15.20 + 1.98a
Survival rate/% 96.25 93.75 98.75 98.75

Different letters indicate a significant differences among the values in the same row (p < 0.05), which meant that the growth and survival rate of N. cumingii differed significantly among
different feeds.

tissue of M. edulis meat group (p < 0.05). The lowest SOD
activity was found in the liver tissue of artificial feed group (p <
0.05). The highest MDA activity was found in the liver tissue of
C. plicata meat group (p < 0.05). The lowest CAT activity was
found in the liver tissue of artificial feed group (p < 0.05).
There were also some differences in the immunoenzyme
activity of N. cumingii in different tissues in the same group. In
the C. plicata meat group and the artificial feed group, SOD enzyme
activity in stomach tissue was higher than that in intestine and liver
tissue. In the C. farreri mantle group and M. edulis meat group, SOD
enzyme activity in intestine tissue was higher than that in stomach
and liver tissue. In the C. plicata meat group, C. farreri mantle
group, and artificial feed group, the MDA level in liver tissue was
higher than that in intestine and stomach tissue. In the M. edulis

meat group, the MDA in the stomach was higher than that in
intestine and liver tissue. In the C. plicata meat group, C. farreri
mantle group, and M. edulis meat group, the CAT enzyme activity
in liver tissue was higher than that in intestine and stomach tissue.
In the artificial feed group, the CAT activity in intestine tissue was
lower than that in stomach and liver tissue.

3.4 Effects of different feeds on digestive
enzyme activities of related tissues
of N. cumingii

The digestive enzyme activities of N. cumingii differed
significantly among the different feed groups (Table 3). The

TABLE 2 Effects of different feeds on immunoenzyme activities of N. cumingii.

Group Cristaria plicata meat Chlamys farreri mantle Mytilus edulis meat Artificial feed
group group group group
Intestine  SOD(U/mgprot) 6127 + 7.21b 64.46 + 7.38¢ 78.94 + 8.91d 55.09 + 6.43a
MDA (nmol/ 0.25 + 0.03a 0.74 + 0.09b 0.72 + 0.08b 0.76 + 0.09b
mgprot)
CAT(U/mgprot) 0.35 + 0.05b 033 % 0.04b 0.44 + 0.06¢ 0.19 + 0.03a
Stomach SOD(U/mgprot) 77.82 + 8.83d 55.09 + 6.65a 63.00 + 7.66¢ 60.93 + 7.21b
MDA (nmol/ 1.25 + 0.15a 4.04 + 0.64b 7.64 + 0.81d 4.55 + 0.71c
mgprot)
CAT(U/mgprot) 0.41 + 0.06b 0.39 £ 0.05ab 0.38 + 0.05ab 0.36 + 0.05a
Liver  SOD(U/mgprot) 65.90 + 7.51d 61.74 + 7.18b 63.13 + 7.58¢ 36.89 + 4.36a
MDA (nmol/ 8.88 + 0.98d 5.84 + 0.64a 6.69 + 0.72b 731 + 0.81c
mgprot)
CAT(U/mgprot) 0.71 + 0.09bc 0.68 + 0.08b 0.73 % 0.09¢ 038 + 0.05a

Different letters indicate a significant differences among the values in the same row (p < 0.05), which meant that that the enzyme activities of N. cumingii differed significantly among
different feeds. U/mgprot, unit per mg of protein.
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highest amylase activity was found in the intestine tissue of M.
edulis meat group (p < 0.05). The C. plicata meat group had the
highest lipase activity (22.48 U/mg protein) in the intestine
tissue, and the values for the C. farreri mantle group and artificial
feed group were significantly lower (p < 0.05). However, the
values for the C. plicata meat group and M. edulis meat group
did not differ significantly (p > 0.05). In the stomach tissue, the
M. edulis meat group had the highest amylase activity (0.80 U/
mg protein), followed by slightly lower values for the artificial
feed group and C. plicata meat group (p < 0.05). The lowest
amylase activity was found in the stomach tissue of C. farreri
meat group (p < 0.05). The lowest lipase activity was found in the
stomach tissue of artificial feed group (p < 0.05). In the liver
tissue, the amylase activity of the artificial feed group was highest
(0.56 U/mg protein. It was significantly higher than that of the C.
plicata meat group and M. edulis meat group (p < 0.05), but it
did not differ significantly from that of the C. farreri mantle
group (p < 0.05). The lowest lipase activity was found in the liver
tissue of artificial feed group (p < 0.05).

In all three tissues, the protease activity of the artificial feed
group was significantly lower than that of the other three groups
(p < 0.05). In intestine, stomach, and liver tissue, the C. plicata
meat group had the highest protease activity (44.30, 45.72, and
42.42 U/mg protein, respectively). The protease activities in the
liver tissue of the C. plicata meat group and M. edulis group did
not differ significantly from each other but were significantly
higher than that of the other two groups.

There were also some differences in N. cumingii digestive
enzyme activities in different tissues in the same group. In the C.
plicata meat group and M. edulis meat group, the amylase
activity in stomach and intestine tissue was higher than that in
liver tissue. In the C. farreri mantle group, the amylase activity in

10.3389/fmars.2022.1013180

intestine tissue was higher than that in stomach tissue and liver
tissue. In the artificial feed group, the amylase activity in
stomach tissue was higher than that in intestine tissue and
liver tissue. In all four groups, the lipase activity in liver tissue
was higher than that in stomach and intestine tissue. In the three
bivalve groups, the protease activity in different tissues was
similar. In the artificial feed group, the protease activity in the
intestine tissue was the highest.

3.5 Transcriptome results

3.5.1 Transcriptome sequencing

We used Illumina HiSeq X Ten to generate the liver tissue
transcriptome of N. cumingii fed with different feeds. Four
sequencing libraries were prepared: C. plicata meat group (CP,
53,252,704 raw reads), artificial feed group (AF, 56,626,668), C.
farreri mantle group (CF, 516,06,304), and M. edulis meat group
(ME, 50,252,186). Filtering the raw data to remove low-quality
sequences with linkers yielded 518,782,60, 55,222,734,
49,875,376, and 48,580,748 valid reads, respectively. The Q30
of each sample was greater than 90%, which indicated that
subsequent analysis and research could be conducted. Table 4
shows the data quality and comparison results of the
sequencing samples.

3.5.2 Common function database notes

The unigene gene sequences were aligned with the Nr, egg
NOG, KOG, PFAM, SwissProt, GO, and KEGG databases to
obtain the corresponding annotation information.
Supplementary Table 3 shows the genes and percentages
annotated in each database.

TABLE 3 Effects of different feeds on digestive enzyme activities of N. cumingii.

Group Cristaria plicata meat Chlamys farreri mantle Mpytilus edulis meat Artificial feed
group group group group
Intestine amylase(U/ 0.80 + 0.11c 0.74 + 0.09b 0.98 + 0.03d 0.64 + 0.08a
mgprot)
protease(U/ 44.30 + 5.01d 37.34 £ 4.28b 41.38 + 4.26¢ 29.64 £ 3.02a
mgprot)
Lipase(U/mgprot) 22.48 + 2.98¢ 19.67 + 2.56a 22.18 £ 3.01¢ 20.76 + 2.71b
Stomach amylase(U/ 0.72 £ 0.09b 0.51 + 0.07a 0.80 + 0.11c¢ 0.71 + 0.09b
mgprot)
protease(U/ 4572 + 4.98¢c 39.56 + 4.32b 40.50 + 4.23b 24.72 + 2.74a
mgprot)
Lipase(U/mgprot) 45.68 + 4.87¢c 44.87 + 4.11bc 43.74 + 4.01b 3041 + 3.51a
Liver amylase(U/ 0.42 + 0.06a 0.52 + 0.07ab 0.44 + 0.06a 0.56 + 0.08b
mgprot)
protease(U/ 42.42 +4.71c 36.52 £ 4.21b 41.94 + 4.31c 22.56 +2.31a
mgprot)
Lipase(U/mgprot) 52.67 £ 4.99a 48.76 + 4.71b 50.38 + 4.67¢ 32.64 + 3.66d

Different letters indicate a significant differences among the values in the same row (p < 0.05), which meant that that the enzyme activities of N. cumingii differed significantly among

different feeds. U/mgprot, unit per mg of protein.
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TABLE 4 Statistics for the N. cumingii liver transcriptome data.

Sample Raw_reads Raw_bases Clean_reads
cP 53252704 7987905600 51878260
AF 56626668 8494000200 55222734
CF 51606304 7740945600 49875376
ME 50252186 7537827900 48580748

3.5.3 Analysis of DEGs

Comparative analysis of DEGs in liver tissue of N. cumingii
fed with four different diets was conducted by screening for
DEGs (P-value < 0.05 and |log2FC| > 1) in the following
comparison groups: ME vs. CP, AF vs. CP, and CP vs. CF.
The most DEGs were found in the CP vs. CF comparison, with
1260 up-regulated and 2669 down-regulated genes. The ME vs.
CP comparison yielded the least DEGs, with 1811 up-regulated
and 1685 down-regulated genes. Differential genes in each group
are shown in the Table 5. Figure 2 shows the volcano plot of up-
regulated and down-regulated DEG expression in each group.

3.5.4 GO functional enrichment analysis
of DEGs

To evaluate the physiological regulation involved in
differentially expressing genes in the liver of N. cumingii during
adaptation to different feeds, we performed GO enrichment
analysis on the DEGs to describe their functions. Unigenes were
annotated into three categories (biological process (BP), cellular
component (CC), and molecular function (MF)) in the GO
classification system. Figure 3 is a schematic diagram showing the
top 30 terms in the GO enrichment analysis for the
three comparisons.

Intotal, 1,182 DEGs were annotated in the GO classification for
the CP vs. CF comparison, and the significantly enriched gene
functions in the BP category included histidine biosynthesis, 10-
formyltetrahydrofolate biosynthesis, and translation. The
significantly enriched gene functions in the CC category included
cytoplasmic large ribosomal subunit, spectrin, and cytoplasmic
small ribosomal subunit. Those significantly enriched in the MF
category included monophenol mono oxygenase activity, formate-
tetrahydrofolate ligase activity, methyltetrahydrofolate
cyclohydrolase activity, and methylenetetrahydrofolate
dehydrogenase [NAD(P)+] activity.

TABLE 5 Statistics of DEGs.

Case Control Up_diff
ME CP 1811
AF CP 1737
CP CF 1260

10.3389/fmars.2022.1013180

Clean_bases Valid_bases Q30 GC
6888902306 86.24% 93.13% 45.05%
7351556525 86.55% 93.68% 47.61%
6690150115 86.43% 91.74% 46.22%
6511511997 86.38% 91.79% 45.87%

For the AF vs. CP comparison, 416 DEGs were annotated in the
GO dlassification, and significantly enriched gene functions in the
BP category included microtubule-based processes, synaptic
transmission, and glycine trans-plasma membrane import. The
enriched gene functions in the CC category included extracellular
domain and glycinergic synapses, and those in the MF category
included translation inhibitory activity, nRNA regulatory element
binding, and cyclosporine A binding.

In total, 422 DEGs were annotated in the GO classification for
the ME vs. CP comparison. Significantly enriched gene functions in
the BP category included ATP synthesis coupled electron transport
and aerobic electron transport chain, and those in the CC category
included respiratory chain complex IV and respiratory chain. In the
ME category, the most significantly enriched gene functions were
cytochrome-c oxidase activity and heme binding.

3.5.5 KEGG enrichment analysis of DEGs

To further explore the biological functions of DEGs in N.
cumingii fed with different diets, we used the KEGG database and
conducted pathway analysis of DEGs in different groups. The DEGs
were annotated into the following six metabolic pathways:
Organismal Systems, Metabolism, Human Diseases, Genetic
Information Processing, and Environmental Information
Processing, Cellular Processes. Figure 4 shows the 20 most
significantly enriched pathways for the three comparisons.

For the CP vs. CF comparison, DEGs were enriched in 256
KEGG metabolic pathways and significantly enriched in the Citrate
cycle (TCA cycle), Glycolysis/Gluconeogenesis, and Oxidative
phosphorylation. For the AF vs. CP comparison, DEGs were
enriched in 236 KEGG metabolic pathways and significantly
enriched in Antigen processing and presentation, Lysosome, and
Apoptosis. For the ME vs. CP comparison, DEGs were enriched in
210 KEGG metabolic pathways and significantly enriched in Antigen
processing and presentation, Apoptosis, Phagosome, and Lysosome.

Down_diff Total_diff(pvalue<0.05&|log2FC|>1)
1596 3407
1685 3422
2669 3929

(1) Case: experimental group name; (2) Control: control group name; (3) Up_diff: the number of up-regulated unigenes with significant difference; (4) Down_diff: the number of down-
regulated unigenes with significant difference; (5) Total_diff: total number of significantly differentially expressed unigenes.
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Volcano plot of DEGs. (A): AF vs CP: Volcano plot of DEGs. (B): CP vs CF: Volcano plot of DEGs. (C): ME vs CP: Volcano plot of DEGs.

4. Discussion

4.1 Effects of different feeds on the
growth of N. cumingii

High quality feed can promote the growth and development
of the digestive organs of aquatic animals, thereby improving
their digestive capacity (Chen et al., 2017). Studies have shown
that the preference of aquatic animals for food is related to the
type of feed, and it also affects their growth rate (Xu, 2006; Zhang

i | |
LT III|||||| I

s, ff*f‘»"f,@"f s «*’)“’

FIGURE 3

et al., 2009; Liao et al., 2018; Zhou et al., 2018). Therefore, the
preference of snails for feed affects their growth performance
and mortality (Zheng et al, 2013). In this study, there were
significant differences in the growth and development of N.
cumingii among different feeds (p < 0.05). We found that N.
cumingii fed with C. plicata meat had the fastest growth in terms
of body weight, shell length, and shell height, and the snail’s
feeding ability was also best with this food type. In contrast, the
growth of snails in the artificial feed group was slowest. It is
generally believed that different growth patterns of shellfish

Top 30 GO enrichment terms. (A): CP vs CF: Top 30 GO Terms (B): AF vs CP: Top 30 GO Terms (C): ME vs CP: Top 30 GO Terms.
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Top 20 KEGG enrichment terms. (A): CP vs CF: KEGG enrichment top 20 (B): AF vs CP: KEGG enrichment top 20. (C): ME vs CP: KEGG

enrichment top 20.

cultured under different feed conditions are related to the main
nutrients, such as protein and fat, in the feed (Zhong et al., 2012).
The nutrients contained in the four kinds of feeds tested in our
study differed. C. plicata had the highest protein and fatty acid
content, making it a high-quality high-protein feed (Li, 1993),
whereas the artificial feed had the lowest levels. Cys was not
detected in Cristaria plicata meat, probably because the amount
of Cys in the body was very low (Ge et al., 2006). Among the four
feeds, the price of C. plicata is relatively low. Moreover, N.
cumingii fed C. plicata meat grew the fastest, which would
translate to a shortened breeding time to market and greater
higher economic benefits. Further research is needed to better
understand the effect of the feed factor and price on the breeding
efficiency of N. cumingii. Among the four kinds of feeds tested in
our study, C. plicata meat was the most suitable feed for
N. cumingii.

Protein is the material basis for the survival of aquatic
animals. Enzymes that play an important role in the body’s
metabolism, hormones that coordinate functions, as well as
immune cytokines and antibodies are mainly composed of
proteins, thus they play an important role in the growth and
metabolism of animals (Xu, 2006). Studies have shown that
different fat and protein sources in the feed had significant effects
on the growth and development of snails (Luo et al., 2014; Du
etal., 2014). For example, Luo et al. studied the effect of different
protein contents in compound feed on the growth of Babylonia
areolata juveniles and found that the suitable protein level was
42.78% (Luo et al., 2014). Xu et al. found that the suitable protein
content in B. areolata feed was 36.47-43.10% (Xu et al., 2006).
However, little is known about the protein requirements of N.
cumingii. In our study, the protein content of the four feed types
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differed, and the protein content of C. plicata meat was much
higher than 43.10%. We found that N. cumingii fed with C.
plicata meat had the highest protease activity in the intestine,
stomach, and liver compared to the other three feed types. The
high protein content of C. plicata meat promoted N. cumingii to
produce more protease, which in turn affected the feeding and
growth of N. cumingii. Our results indicated that the higher
protein content resulted in a faster growth rate.

Fat is a very important energy source for aquatic animals
such as carnivorous marine fish, and the optimal requirement
for fat is 8-16% (Wang et al.,, 2008). Xu et al. found that the fat
content of 7.78-10.74% is the appropriate demand for B. areolate
(Xu et al,, 2006). Wang et al. fed juvenile B. areolata with five
feeds containing different fat contents for 60 days and found that
the optimal fat content was 10.01% (Wang et al., 2008). In our
experiment, the fat content of C. plicata meat was 6.08%, which
was significantly higher than that of the other feeds (p < 0.05),
and the snails in this group grew the fastest. The C. plicata meat
also contained the most types of fatty acids among the four kinds
of feeds, and the snails in this group had the highest lipase
activity in the intestine, stomach, and liver. Fat is an important
nutritional element for carnivorous aquatic animals, and it has
important physiological functions. In addition to being an
energy source for animals, it provides fatty acids, especially
essential fatty acids, needed for growth (Du et al., 2014).
Among the four kinds of feeds tested, C. plicata meat was
richest in fat content. We speculate that the higher fat content
of this feed induced N. cumingii to produce more lipase,
promoted digestion and absorption, and affected growth.

N. cumingii was not good at ingesting artificial feed. Snails
only ingested artificial feed 2 hours after feeding, and snails in
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this group grew slowly. Similar to a study of B. areolata fed with
compound feed (Xian et al., 2016), we found that our artificial
feed had low water content. When the feed was soaked in water
for a long time, it loosened and dissolved, which resulted in
nutrient loss and polluted water. As a result, the utilization of
artificial feed was not ideal. N. cumingii mainly relies on smell
and touch for feeding, and it prefers benthic shellfish (mainly
bivalves) or dead fish in nature (Wang et al., 2007). C. plicata
and M. edulis are natural feeds that are suitable for N. cumingii
in both shape and smell, and N. cumingii fed better on them than
on artificial feed and C. farreri mantle.

Different feeds have different impacts on the growth and
survival of snails (Fan et al, 2020). Xue et al. studied the
morphological parameters of B. areolata under starvation and
found that only one snail died after starvation for 120 days (Xue
et al, 2010), indicating that the biological adaptability of these
snails is very strong. In our experiment, the survival rate of N.
cumingii was > 90% in all four experimental groups. This result
suggests that N. cumingii is also very adaptable to
the environment.

4.2 Effects of different feeds on digestive
enzymes and antioxidant indexes
of N. cumingii

The antioxidant level of the animal body reflects its health
status to a certain extent (Li et al., 2008). Studies have shown that
reactive oxygen species (ROS) may cause oxidative damage to
lipids and proteins in animal cells (Li et al., 2008). SOD and CAT
can catalyze the elimination of excess ROS in organisms (Qiao
et al., 2011). The two are interrelated and work to maintain the
balance of oxidation and anti-oxidation, thereby improving the
body’s immunity and disease resistance (Ko et al., 2004). Their
activities also indicate the strength of the body’s ability to
scavenge reactive oxygen free radicals (Hong et al., 2007), with
higher activities indicating greater scavenging ability (Mufioz
et al, 2000). MDA is the product of the peroxidation reaction
between ROS and lipids, and it has cytotoxicity (Morales et al.,
2004). A higher MDA content indicates greater cytotoxicity (R.,
1990). In this study, the activities of CAT and SOD in the body
of N. cumingii were higher in C. plicata meat group and M. edulis
meat group than in the other two groups, indicating that the
antioxidant capacity of N. cumingii was enhanced after ingesting
these feeds. The antioxidant capacity of the digestive system of
N. cumingii was greater in these two groups, allowing better
decomposition of the peroxides, protection of internal organs,
and promotion of immunity. In contrast, the activities of CAT
and SOD in the artificial feed group were significantly lower than
those in the other three groups, indicating weaker antioxidant
capacity of snails in this group. The results of this experiment
showed that different feeds had different effects on the activities
of SOD and CAT in the body, and the observed changes in these
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two antioxidant enzymes were similar. This result indicated that
ingestion of the different diets unbalanced the metabolism of
ROS in the body, which led to changes in the activities of CAT
and SOD. C. plicata meat and M. edulis meat have high protein
content, and N. cumingii had high CAT and SOD activities after
ingesting these two feeds. This result is consistent with that
reported by Jiang et al. (Jiang et al, 2013), who found that
increasing the protein content in the feed improved the
antioxidant capacity of crustaceans.

Studies have also shown that animals could reduce the
content of MDA in tissues by increasing the enzyme activities
of SOD and CAT (Li et al., 2008). We found that the MDA
content of N. cumingii in the C. plicata meat group was lowest
among the diets tested. This result suggests that snails ingesting
C. plicata meat increased the activities of SOD and CAT in
tissues, thereby inhibiting the peroxidation of lipid components,
which resulted in a decreased MDA concentration in tissues.
However, the artificial feed group showed the opposite trend. In
our experiment, the C. plicata meat and M. edulis meat
contained high amounts of isoleucine, and N. cumingii had
high SOD activity and low MDA content after ingesting these
two feeds. Huang et al. (Huang et al, 2017) reported that
appropriate branched-chain amino acid content effectively
improved the serum SOD activity of Trachinotus ovatus,
thereby removing free radicals in the fish. Thus, free radical-
induced damage to unsaturated fatty acids and lipid
peroxidation were reduced, and the production of MDA, a
lipid peroxidation product, was also reduced.

The ability of aquatic animals to digest food mainly depends
on the presence of appropriate enzymes in the body, and the
activity of digestive enzymes reflects the strength of animal
metabolism and digestion (Cahu et al., 1998). Studies have
shown that amylase, protease, and lipase digest starch, protein,
and fat, respectively, and their activities are related to the
nutrient content of the feed they eat (Yang et al., 2003). In our
experiment, the results show that the amylase activity of
intestine and stomach is higher than that of liver when under
the same feeding condition. The amylase activity in intestinal
and stomach of M. edulis meat group was higher than that in the
other treatment groups. This is consistent with the results
obtained by Fan et al. (2011) in the study of Trachinotus
ovatus, which may be caused by the different functions of
different organs in the digestive system of aquatic animals. The
high amylase activity in the intestine and stomach of N. cumingii
indicates that the intestine and stomach are the main organs for
starch absorption and digestion. Appropriate carbohydrate
levels in the feed can reduce the chance of protein being used
as an energy source (LUO et al., 2005), and they also can
promote the growth of snails to a certain extent (Zheng et al,
2013). Liu et al. (Liu et al., 2018) found that the protease content
of the organism was closely related to the protein content and
type of food, which to a certain extent showed that different
types of food significantly affected the protease activity in the
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organism. In our study, the protease contents in the intestine,
stomach, and liver of N. cumingii were significantly lower in the
artificial feed group than in the other three feed groups, which was
due to the relatively high content of animal protein in the biological
feeds. This indicated that N. cumingii promoted the secretion of
protease after ingesting high amounts of animal protein. Yang et al.
(Yangetal, 2003) found that after Monopterus albus ingested some
trace active substances presentin live food, secretion of protease was
promoted, resulting in higher protease activity in the live food
group. In our study, the C. plicata meat group had the highest lipase
activity in all three tissues tested. The fat content of C. plicata meat
was significantly higher than that of the other three feeds, which
indicated that the lipase activity of N. cumingii was positively
correlated with the fat content of the feed. Similarly, Chen
reported that Babylonia lutosa lipase activity was positively
correlated with the fat content of the food eaten (Chen, 2015).
Although the artificial feed had high fat and protein content, the
activities of the three enzymes in N. cumingii were low. This may be
because N. cumingiiis a carnivorous snail and the intake of artificial
feed is poor (Shen et al., 2009), resulting in relatively weak enzyme
activities in the body. Further in-depth studies are needed to
determine how feed affects the secretion of relevant
digestive enzymes.

4.3 Transcriptome analysis

Transcriptome sequencing can be used to detect gene
expression levels of species under arbitrary conditions, screen
and analyze DEGs, and explore related metabolic pathways to
understand their physiological regulatory mechanisms (Mu
et al, 2020). We used RNA-Seq technology to assess the
transcriptome trends in the liver of N. cumingii fed different
diets. Numerous studies have shown that the liver is involved in
important physiological functions. The liver is the largest
digestive gland in mollusks, and it is generally believed that
their digestion and absorption occurs in the liver (Owen, 1970).
Transcriptomic data provide a resource for further studies of the
molecular mechanisms underlying the metabolism and immune
response of N. cumingii to different types of feed. In this study,
DEGs were mainly identified as genes related to energy
metabolism, immune response, and molecular function, and
the results suggested that significant changes in tissue structure
and function may have occurred in snails after they ingested
different feeds. The KEGG database contains abundant pathway
information, which helps explain the biological function of genes
at the system level (Chen et al, 2011). In our study, KEGG
pathway enrichment analysis showed that DEGs were mostly
concentrated in Metabolism and Organic System processes,
which are very important for normal life activities of the body.

In the KEEG pathway enrichment analysis of the CP vs. CF
groups, the DEGs were mainly enriched in glycolysis and pyruvate
metabolism. Glycolysis is an important glucose metabolism
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pathway, and pyruvate kinase is an important rate-limiting and
regulating enzyme in the process of glycolysis (Dai et al., 2013).
Phosphoenolpyruvate carboxykinase (PEPCK) gene was found in
glycolysis and pyruvate metabolism pathways. In the CP vs. CF
group, PEPCK gene was significantly down-regulated in the
glycolysis and pyruvate metabolism pathways. PEPCK catalyzes
the conversion of oxaloacetate to phosphoenolpyruvate to generate
glucose, which is the first and most important reaction link in the
process of gluconeogenesis (Jiangi et al., 2009). PEPCK plays an
important role in the regulation of energy metabolism in aquatic
animals. For example, a high sugar diet can significantly reduce the
mRNA expression and enzymatic activity of PEPCK in Sparus
aurata and Cyprinus carpio, while a low sugar diet can enhance the
mRNA expression of PEPCK (Panserat et al., 2002). Under adverse
conditions, PEPCK gene expression in Pinctada fucata martensii is
increased to produce more glycogen so that the organism can
survive (Chen et al,, 2022). When glucose content in the body is
insufficient, the PEPCK activity increases, whereas it decreases
when the content is sufficient (Wang et al., 2002). In our study,
the amylase activity in the liver of N. cumingii in the CP group was
lower than that in the CF group. Amylase catalyzes the hydrolysis of
starch and glycogen to generate glucose and maltose. Our result
indicated that the glucose content in the liver of N. cumingii in the
CP group was high, which in turn affected the expression of
glycolysis genes. However, N. cumingii in the CF group increased
gluconeogenesis and the body’s glycogen content to adapt to energy
consumption. Thus, the expression of the PEPCK gene in N.
cumingii was significantly correlated with its feed intake.
However, whether the PEPCK gene in N. cumingii has functions
similar to those of other species requires further study.

In the KEEG pathway enrichment analysis of the AF vs. CP and
ME vs. CP comparisons, the DEGs were mainly enriched in
lysosomes. Lysosomes play an important role in digestion and are
an important common intersection of signal transduction
pathways, including cell autolysis, defense, and utilization of
certain substances (Lamming and Bar-Peled, 2019). Cathepsin L
(CTSL) gene was found in lysosomal pathway. It was significantly
down-regulated in lysosomal pathways in AF vs. CP and ME vs. CP
comparisons. Cathepsins are a class of proteolytic enzymes that
mainly exist in lysosomes and participate in lysosome-mediated
protein digestion and transformation together with other proteases
(Mellman, 1996). CTSL is widely distributed in the lysosome or
cytoplasm of various organisms and plays an important role in the
process of proteolysis (Turk et al., 2000). In Argopecten irradians,
CTSL is likely to be functionally similar to its homologous protein
and has the ability to hydrolyze a variety of muscle-related proteins
(Lietal, 2011). In a metabolic study of the growth efficiency of M.
edulis, researchers found that CTSL has higher activity in the tissues
that store nutrients, indicating that it functions to degrade proteins
to provide energy (Hawkins and Day, 1996). In our study, CTSL
genein the AF vs. CP and ME vs. CP groups was significantly down-
regulated, while the protease activity of the N. cumingii liver in the
CP group was significantly higher than that in the AF and CF
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groups. The protein content of C. plicata meat was significantly
higher than that of C. farreri mantle and artificial feed, thus CTSL
may be involved in protein degradation as in the liver of N. cumingii
to provide energy for growth and development.

Venier et al. studied Mytilus galloprovincalis in a stress
breeding environment containing heavy metals and found that
the mRNA expression of CTSL was significantly higher than that of
the control group, suggesting that it may be involved in the immune
stress response (Venier et al., 2006). After P. fucata was infected by
Vibrio alginolyticus, the expression of the CTSL gene in
hemolymph was significantly up-regulated, indicating that it is
involved in the body’s immune defense against the invasion of
external pathogens (Wang et al., 2013). When P. fucata was
stimulated by V. alginolyticus or lipopolysaccharide, the
expression of CTSL1 and CTSL2 gene mRNAs in digestive glands
was significantly up-regulated, indicating that these genes are
involved in the innate immune response of P. fucata (Ma et al,
2010). Thus, CTSL may play an important role in the defense
response of invertebrates to clear pathogens. The liver of shellfish
secretes a variety of different enzymes to hydrolyze pathogenic
microorganisms and participate in digestive and defense functions
(Peng et al,, 2016). We found that the activities of liver immune
enzymes SOD and CAT in the CP group were significantly higher
than those in the ME and AF groups. The changes in liver
physicochemical factors caused by different diets likely altered the
activities of enzymes related to disease resistance. CTSL gene in the
AF vs. CP and ME vs. CP groups was significantly down-regulated.
It may indicate that when N. cumingii ingests C. plicata meat, it
activates the lysosomal pathway, and CTSL participates in immune
regulation and plays a role in eliminating bacteria. However, the
specific roles and related mechanisms of the CTSL gene in N.
cumingii require further study.

5. Conclusions

In summary, we found that different feeds had different effects
on the growth performance and activities of digestive and immune
enzymes of N. cumingii. C. plicata meat had a better effect on growth
than the other feeds, and the effect of artificial feed was slightly
worse. We successfully constructed and sequenced the liver
transcriptome of N. cumingii, which provided transcriptomic
data for further study of the related signaling pathways at work
after N. cumingii ingested the different feeds. Our results provided a
basis for elucidating the gene expression levels of N. cumingii
cultured using different feeds, and they could be applied to
artificial breeding studies and to formulating an effective
compound feed for use when culturing this species.
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