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Effects of sea urchin feces on
behaviors, digestion ability,
growth, and resistance of
the sea cucumber
Apostichopus japonicus

Yushi Yu, Yihai Qiao, Peng Ding, Ruihuan Tian, Jiangnan Sun,
Fangyuan Hu, Guo Wu, Yaging Chang and Chong Zhao*

Key Laboratory of Mariculture & Stock Enhancement in North China’s Sea, Ministry of Agriculture
and Rural Affairs, Dalian Ocean University, Dalian, China

Improving the aquaculture production efficiency by appropriate diets is an
essential approach to meeting the increasing market demand for sea
cucumbers. The feces of sea urchins, which contains various enzymes and
microorganisms, is a potentially cost-effective food for sea cucumbers. To
assess the usability of the fecal diet, a five-week laboratory simulation is
conducted to investigate behaviors, digestion ability, growth and resistance
ability of the sea cucumber Apostichopus japonicus fed with fecal diet at water
temperatures of 15°C and 5°C. In the present study, A. japonicus fed with fecal
diet shows an obvious preference to fecal diet rather than prepared feed at
water temperatures of both 15°C and 5°C, which suggests that the feces is an
applicable diet for A. japonicus. Furthermore, small A. japonicus fed with feces
(group F) shows significant advantages in intestinal community richness,
community diversity and intestine protease activity to A. japonicus fed with
prepared feed (group S) at 15°C. These results indicate that the fecal diet
provides benefits to digestion ability of small A. japonicus at 15°C. Weight
gaining rate is significantly higher in the A. japonicus fed with feces than that in
A. japonicus that were fed with feed or not fed with food (group C), which
suggests that the direct improvement of the production efficiency at 15°C. The
advantages in intestinal bacteria, protease activity, and growth are consistently
found in group F compared with group S at 5°C. In addition, the composition of
intestinal bacteria indicates that sea cucumbers may inherit the intestinal
bacteria of sea urchins through fecal consumption. This suggests that the
fecal diet enhances the digestion ability and enzyme activity at low water
temperature and thus improves the growth of sea cucumbers. Furthermore,
sea cucumbers fed with sea urchin feces have the highest survival rate among
the three groups in exposure to an acute salinity decrease at both 5 and 15°C,
indicating a better resistance to low salinity. This provides a new insight into the
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geographical expansion to low-salinity areas in sea cucumber aquaculture. In
conclusion, the present study suggests that sea urchin feces have a great
potential for the application in improving the production efficiency of sea
cucumber aquaculture.

KEYWORDS

Apostichopus japonicus, sea urchin feces, intestinal bacterial community, protease

activity, resistance

Introduction

The sea cucumber Apostichopus japonicus is one of the
primarily commercialized marine species with high output
value and profit in China (Hair et al., 2012; Han et al,, 2016).
However, the production of A. japonicus does not meet the
increasing market demand (Zhang et al., 2015). Therefore, it is
essential to increase the production efficiency of A. japonicus
aquaculture (An et al., 2007; Yuan et al., 2010).

Seed culture is one of the most important stages in
aquaculture of A. japonicus (Chen, 2003; Yang et al, 2004).
Small A. japonicus normally stops feeding when water
temperature drops to ~5°C in winter (Chen, 2004). The fasting
period lasts two months each year, which causes long-term
growth retardation in winters in Northern China (Gao et al,
2009; Liu, 2015). Aqua-farmers thus raise the water temperature
by burning coal. The method, however, is neither economically
nor environmentally friendly. Therefore, it is valuable to develop
a diet for overwintering without the need to raise water
temperature. Furthermore, A. japonicus generally feed and
grow most efficiently at the optimum temperature of 15°C
(Yang et al., 2005). Meanwhile, prepared feeds are very
expensive (Jiang et al., 2017), accounting for 50% of the total
culture cost (Wang, 2015). Therefore, a cost-effective diet is
essential for improving the production efficiency of sea
cucumber aquaculture.

The feces of sea urchins is an inexpensive natural food
source for deposit-feeders (e.g., A. japonicus) (Newell, 1965)
Frankenberg & Smith, 1967; Sauchyn & Scheibling, 2009). It is
mainly the aggregation of relatively unprocessed vegetative
material (e.g., algae) coated in mucus (Peduzzi & Hernd],
1986; Yoon et al.,, 1996; Povero et al., 2003). The key
nutritional values are even higher than the original algal
tissues (Dethier et al., 2019). Thus, the feces of sea urchins
probably meets the nutritive needs of small A. japonicus (Sui,
1988; Yang et al., 2004). Furthermore, the digestion ability of A.
japonicus greatly depends on intestinal microorganisms and
digestive enzymes (Jiang et al., 2007; Liu et al, 2013; Wang,
2015; Wang et al., 2016) because of the simple intestinal
structure (Yang et al, 2004). The feces is rich in bacteria,
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protozoa, and enzymes (Robertson, 1982; Gonzalez &
Biddanda, 1990; Thor et al., 2003). Therefore, it probably has
the advantage in improving the digestion ability of A. japonicus.
Since digestion greatly affects growth (Yang et al., 2004), fecal
diet has the great potential to be an alternative food for A.
japonicus aquaculture at a water temperature of 15°C.
Furthermore, sea cucumbers probably ingest live
microorganisms, which enhances enzymatic activity and
provides extra benefits (e.g., digestive and resistance benefits)
during the feeding process (Moss et al., 2001; Liu et al., 2009;
Dethier et al., 2019). The enzyme-rich and microbial-rich feces is
even more crucial for improving the digestion ability of sea
cucumbers in winter when A. japonicus have poor enzyme
activity (Fu, 2004; Gao et al., 2009; Liu et al., 2013).

The present study aims to assess the usability of the fecal diet
at water temperatures of 15°C and 5°C in order to improve the
production efficiency of A. japonicus aquaculture. We ask: 1)
whether the feces of sea urchins is an appreciated diet for A.
japonicus, 2) whether the fecal diet improves the growth
efficiency of A. japonicus, 3) whether the fecal diet enriches the
intestine microbiota and enhances the intestine protease activity
of A. japonicus, 4) whether the fecal diet provides resistance
benefits to A. japonicus in low salinity at water temperatures of
15°C and 5°C.

Materials and methods
Animals

Small A. japonicus of two sizes (~0.15 g and ~0.5 g) were
transported from Dalian Zhuang Yuanhai Ecological Seedling
Industry Co., Ltd to the Key Laboratory of Mariculture & Stock
Enhancement in the North China’ s Sea, Ministry of Agriculture
and Rural Affairs, Dalian Ocean University (121°37" E, 38°87" N)
and separately cultured at 10°C in two circulating water
temperature-control tanks, respectively (length x width x
height: 75 x 45 x 40 cm; HXSWT-101, Huixin Co., Dalian,
China). Water temperature was increased by 1°C every two days
from 10°C to 15°C for the A. japonicus (body weight = 0.16 +
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0.03 g), while water temperature was decreased by 1°C every two
days from 10°C to 5°C for A. japonicus (body weight = 0.53 +
0.12 g). Sea cucumbers were fed with the commercial feed
(Anyuan Industrial Co., Ltd) with sea mud (1: 6) for two
weeks prior to the feeding trial to make the animals acclimate
to the experimental diet and environment.

The sea urchin Strongylocentrotus intermedius were
transported from a local aqua-farm to the laboratory (test
diameter = 1.38 + 0.47 cm). To provide fresh feces for sea
cucumbers at 15°C and 5°C, sea urchins were randomly collected
and cultured in six cylindrical plastic cages (20 cm of diameter,
0.5 cm of mesh size) in two circulating water temperature-
control tanks of 15°C and 5°C, respectively (length x width x
height: 75 x 45 x 40 cm; HXSWT-101, Huixin Co., Dalian,
China). Sea urchins were fed with prepared feed ad libitum . The
mesh size of 0.5 cm allowed the feces, while not sea urchins and
un-ingested food, to fall to the bottom of the tanks for collection.

There was no major variation in water temperature (5.0 +
0.5°C, 15.0 + 0.5°C), salinity (32.5 + 0.41%o) and pH (8.10 + 0.11,
mean + SD) during the acclimation period, according to the daily
measurement with a YSI probe (YSI Incorporated, OH, USA).
The photoperiod was 12D: 12L. The seawater was renewed daily.

Experimental design

Diet was the experimental factor in the following groups: A.
japonicus that were not fed (group C), A. japonicus that were fed
with the feces of sea urchins (group F), and A. japonicus that
were fed with the artificial feed (Anyuan Industrial Co., Ltd, the
common food in A. japonicus aquaculture) (group S). Sea
cucumbers (body weight = 0.56 + 0.04 g) were randomly
distributed into 18 plastic boxes (length x width x height: 20
x 20 x 15 cm, with fixed shelters on the bottom, Figure 1A). Each
box (6 L/tank) was stocked with 20 sea cucumbers. Each diet had
six boxes as replicates (N = 6). The water temperature was set at
5 £ 0.5°C using the method of water bath in temperature-
controlled tanks (length x width x height: 75 x 45 x 35 cm,
HXSWT-101, Huixin Co., Dalian, China). In the seawater at 5°C,
the salinity was 32.2-32.5%o, the pH was 8.03-8.26, and
dissolved oxygen was 6.2-7.0 mg L.
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Similarly, 20 sea cucumbers (body weight = 0.16 + 0.01 g)
were put into each experimental plastic box as one replicate, and
cultured for five weeks at a water temperature of 15°C. Each
group had six boxes as replicates fed with the three different diets
(N = 6). The experiment lasted for 5 weeks from December 8,
2020 to January 12, 2021. The seawater in the boxes was aerated
and changed every three days. In the seawater at 15°C, the
salinity was 31.9-32.2%o, the pH was 7.98-8.42, and dissolved
oxygen was 7.0-7.4 mg L', The light intensity was 0-5 Ix for
seawater at both temperatures.

Survival rate

The number of survived sea cucumbers was recorded for all
the three groups during the five weeks. Survival rate was
calculated as the number of survived individuals divided by
the number of all involved sea cucumbers.

Food preference

Food preference was a behavioral experiment to determine
which food the sea cucumber prefers after the five-week culture
with different diet in seawater at both 15°C and 5°C. Individual
sea cucumber was placed in a plastic box with feed at the right
side and feces at left side (length x width x height: 17 x 14 x
10 cm, Figure 1B). Each group had six replicates using different
sea cucumbers for both 15°C and 5°C (N = 6). We recorded the
experiment for an hour using a digital camera (Legria HF20;
Canon, Tokyo, Japan). We subsequently calculated the number
of grasping times and the staying time in both the feces side and
the feed side to determine the food preference of sea cucumbers
according to our previous method (Yu et al., 2022).

Growth performance

Sea cucumbers were all weighted after one-minute drying
time in net using an electric balance (G & G Co., USA) for all the
groups at the end of the experiment (N = 6). Weight gain rate

I
|

1
————200 mm——

The conceptual diagrams show the devices for culture (A), for food preference experiment (B), and for the acute salinity decrease treatments (C).
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was calculated according to the following formula (Wang et al.,
2016) WGR (%)=(W ,—W)/Wx100.

W, is terminal wet weight of sea cucumbers (g); W, is initial
wet weight of sea cucumbers (g).

Acute salinity decrease treatments

Thirty-two sea cucumbers were randomly selected from each
group in seawater at both 15°C and 5°C. The 32 sea cucumbers
were equally put into four plastic boxes (length x width X height:
20 x 20 x 15 cm, Figure 1C) for each group at both temperatures
(N = 4). Generally, the lethal salinity for A. japonicus is ~15%o
(Sui, 1988; Zhang et al., 2004). Thus, the salinity of acute salinity
decrease treatments was decreased from 32.77 + 0.16%o to 15.19
+ 0.37%o within 18 hours at a rate of 1%o h™' at 15°C and
decreased from 32.53 + 0.16%o to 15.05 + 0.43%o within 18 hours
at 5°C. The number of dead A. japonicus was recorded within 24
hours. Evisceration and autolysis were considered as death.
Survival rate was calculated as the number of survived
individuals divided by the number of all involved sea cucumbers.

Protease activity

To evaluate the usability of fecal diet in the aquaculture of A.
japonicus and understand the effects of fecal diet on digestion
ability, we tested the protease activity between sea cucumbers fed
with fecal diet and fed with common food in aquaculture.
Aseptic instruments were used to dissect the intestines of sea
cucumbers. Intestines of two sea cucumbers were pooled for
each replicate at 5°C (N = 3), while intestines of three sea
cucumbers were pooled for each replicate at 15°C because of the
weight requirement of the samples (N = 3) (Wang et al., 2018).
The protease activity was determined by using the Protease
ELISA Kit (Mlbio, ml560431) (Giinay et al., 2020; Zeng et al.,
2021). The specific determination method was used according to
the instructions of the reagent provided by Bioengineering
(Shanghai) Co., LTD.

Intestinal microbiological 16S rRNA
gene sequencing

MiSeq high-throughput sequencing technology was used to
investigate the intestinal bacterial community structure of A.
japonicus fed with prepared feed (group S) and with sea urchin
feces (group F) in seawater at both 5°C and 15°C. Sea cucumbers
were starved for 24 hours before sampling. Aseptic instruments
were used to dissect the intestines of sea cucumbers. For the
preparation of 1 mL of intestine samples, the intestines of two sea
cucumbers were pooled and mixed as a sample for each of the
three replicates for groups F and S at 5°C (N = 3). The intestines
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of three sea cucumbers were pooled as a mixed sample for each of
the three replicates for the two groups at 15°C (N = 3). Then,
these pooling samples were thoroughly grounded in a sterile
mortar. Genomic DNA was extracted using bacterial DNA
extraction kit (Bioengineering (Shanghai) Co., LTD.). High-
throughput sequencing was performed using the Illumina
MiSeq platform to determine the composition of species of
each sample (Yang et al, 2015). The random forest analysis
was used to find out which bacteria were responsible for the
differences between groups. The post hoc analysis was preformed
to compare the abundances in different groups within a species
classification. Principal component analysis (PCA) was
performed to reveal the relationships among the
different samples.

Statistical analysis

Normal distribution and homogeneity of variance were
assessed using the Kolmogorov-Smirnov test and Levene test
for the WGR, survival rate, the number of grasping times, the
staying time in the feces side and the feed side, and the protease
activity, respectively.

The number of grasping times of both sides, the staying time
in both sides at both 15°C and 5°C were tested by the
independent-sample t-test for the three groups, except the
grasping times of group C at 5°C. Kruskal-Wallis U test was
carried out to compare the survival rate during the whole
culturing period among the three groups at both 15°C and 5°C.
Mann-Whitney U test was carried out to compare the grasping
times of A. japonicus in the two sides of the group C at 5°C and
the differences of the WGR between every two groups at both 15°
C and 5°C, because the data was non-normal and/or lacked
homogeneity in the variance. The protease activity, the OTUs,
Chao, ACE, Shannon index, Simpson index, and Coverage for all
the groups at both 15°C and 5°C were tested by the independent-
sample t-test. Welsh’s t-test corrected with Benjamini-Hochberg
FDR for post-hoc multiple comparisons was used to compare the
proportion (a possible abundance) of Bacteroidetes among
different groups. All data analyses were performed using SPSS
22.0 statistical software. A probability level of P< 0.05 was
considered significant.

Results
Food preference

At the water temperature of 5°C, no significant difference
between the grasping times of A. japonicus in the two sides was
found in sea cucumbers fed with prepared feed (F = 0.040, t = -1.174,

P =0.268). However, sea cucumbers fed with feces had significantly
more grasping times when they were in the feces side than the times
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when they were in the feed side (F = 12.985, t = 2.936, P = 0.022). Sea
cucumbers that were not fed had significantly more grasping times
when they were in the feed side than the times when they were in the
feces side (Mann-Whitney U = 5.000, Z = 2.089, P = 0.037). The sea
cucumbers of group F stayed significantly longer in the feces side than
the time they stayed in the feed side (F = 0.000, ¢ = 3.234, P = 0.009).
The sea cucumbers of groups S and C stayed significantly shorter
in the feces side than the time they stayed in the feed side (F = 0.000,
t = 3.746, P = 0.004 for group S; F = 0.000, ¢ = 6.543, P < 0.001 for
group C).

At the water temperature of 15°C, no significant difference
between the grasping times of the two sides was found in group
C(F=0.262,t=0.525, P =0.611). Sea cucumbers of group F had
significantly more grasping times when they were in the feces
side than the times when they were the feed side (F = 0.493, t =
3.673, P = 0.004). Sea cucumbers of group S had significantly
more grasping times when they were in the feed side than the
times when they were in the feces side (F = 0.800, t = 3.094, P =
0.011). The sea cucumbers of group F stayed significantly longer
in the feces side than the time they stayed in the feed side (F =
0.000, t = 3.692, P = 0.004). Sea cucumbers of groups S and C
stayed significantly shorter in the feces side than the time they
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stayed in the feed side (F = 0.000, ¢ = 5.560, P< 0.001 for group S;
F =0.000, t = 5.089, P< 0.001 for group C; Figure 2).

Survival rate

The sea cucumbers of group C (92.50 + 6.89%) had
significantly lower survival rate than that of sea cucumbers in
both group S (100 + 0.00%, P = 0.007) and group F at the water
temperature of 5°C (100 £ 0.00%, P = 0.007). The sea cucumbers
of group C (79.17 £ 6.65%) had significantly lower survival rate
than that of sea cucumbers in both group S (93.33 + 5.16%, P =
0.027) and group F at the water temperature of 15°C (98.33 +
2.58%, P< 0.000; Figure 3).

Growth

The WGR of group F (111.15 + 9.14%) was significantly
higher than that in group S (50.62 + 3.92%, P = 0.002) and that
in group C at 5°C (6.23 £ 1.72%, P = 0.002; Figure 4). The sea
cucumbers of group S had significantly higher WGR than that of

50 i - I Feed side
1 1 Il Feces side
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Control Feed Feces
15°C
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40
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The grasping times of sea cucumbers in the feed side and the feces side at 5°C and at 15°C (mean + SD, N = 6). The staying time of sea
cucumbers in the feces side and the feed side at 5°C and at 15°C (mean + SD, N = 6). Control, feed, and feces refer to groups C, S, and F,
respectively. The asterisks *, ** and ***mean P< 0.05 and P< 0.01 and P< 0.001, respectively.
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The survival rate of Apostichopus japonicus in the three groups at 5°C (A) and at 15°C (B) (mean + SD, N = 6). Control, feed, and feces refer to
groups C, S, and F, respectively. The asterisks *, ** and *** mean P< 0.05, P< 0.01 and P< 0.001, respectively.

sea cucumbers in group C at 5°C (P = 0.002). The WGR of group
F (204.10 * 33.99%) was significantly higher than that of group S
(89.13 + 15.50%, P = 0.002) and group C at 15°C (-15.28 +
9.92%, P = 0.002; Figure 4). The WGR of group S was
significantly higher than that of group C at 15°C (P = 0.002).

Microbial composition

At the water temperature of 15°C, small A. japonicus fed with
feces had significantly higher OTUs (P = 0.0495) ACE estimator
than those fed with feed (P = 0.003, P = 0.024). The sea cucumbers
of group F had significantly lower Simpson index and significantly
higher Shannon index (P = 0.019, P = 0.025) than those of sea
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cucumbers in group S. No significant difference of the Simpson
index was found between groups S at 5°C and group F at 15°C
(P = 0.154; Table. 1). No significant difference of the Good’ s
coverage was found between the two groups at 15°C (P = 1.000).
At the water temperature of 5°C, the sea cucumbers fed with
feces had significantly higher OTUs (P = 0.003), and ACE
estimator than those fed with feed (P = 0.003, P = 0.002). A
significantly lower Shannon index and a significantly higher
Simpson index were found in group S at 5°C (P = 0.009, P =
0.012) compared with group F at the same temperature (Table. 1).
No significant difference of the Good’ s coverage was found
between the two groups at 5°C (P = 1.000; Table. 1).
Proteobacteria, Firmicutes, and Actinobacteria predominated
in bacterial communities in the groups (Figure 5). Bacteroidetes,
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(WGR) of Apostichopus japonicus in the three groups at 5°C (A) and at 15°C (B) (mean + SD, N = 6). Control, feed, and
S, and F, respectively. The asterisk ** means P< 0.01.
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TABLE 1 Alpha diversity analysis based on operational taxonomic units (OTU) index for groups F and S at 15 and 5°C.

Sample Operational Taxonomic Units Community richness Community diversi Coverage

p g
Chao Ace Simpson Shannon

Group F at 15°C 774 + 76.83" 792.64 + 77.74° 784.43 + 76.23" 0.05 + 0.02° 449 +0.27° 0.99

Group § at 15°C 609 + 15.72° 608.83 + 22.54" 611.14 + 18.22° 0.14 + 0.00" 3.12 + 0.02 0.99

Group F at 5°C 504 + 28.62° 506.16 + 32.01° 503.35 + 29.83° 0.09 + 0.03> 3.72 £ 0.52%° 0.99

Group $ at 5°C 346 + 30.37° 357.71 + 34.39° 348.82 + 30.72° 0.21 + 0.02° 2.63 + 0.12° 0.99

Different letters indicates significant differences among the four groups (P< 0.05).

Planctomycetes, Gemmatimonadetes, Parcubacteria, and
Latescibacteria were the main phylum causing significant
differences in between-group variance (Figure 6). Group F at 15°
C had significantly higher Bacteroidetes count than group S at both
15°C and 5°C (P = 0.028, P = 0.026), and had no significant
difference in Bacteroidetes count from group F at 5°C (P =
0.114; Figure 7).

PCA was performed to reveal the relationships among the
different samples. Four groups were distinguished as follows: all
the samples of group F and group S at 5°C, all the samples of
group F and group S at 15°C (Figure 8). Group F and group S at
the water temperature of 5°C were separated distinctly by the
first principal component axis (PC1) (P = 0.015), which
accounted for 12.24% of the total variations. Consistently,
samples of group F and group S at 15°C were also separated
distinctly by PC1 (P = 0.002). Furthermore, the second principal

(PC2) were accounted for 13.50% of the
variance in the bacterial communities. Both the group F
samples at 5°C and 15°C (P = 0.049) and both the group S
samples at 5°C and 15°C were separated distinctly by PC2 (P =
0.006). Overall, the PC1 and PC2 axes explained 25.74% of the
variations between the different bacterial communities.

component axis

Protease activity

Water temperature and diet significantly affected the
protease activity (F = 6.105, P< 0.001; F = 4.159, P< 0.001).
Sea cucumbers of group S had significantly lower intestine
protease activity (511.53 + 98.03 U mL protein) than those of
group F (902.25 + 36.70 U mL protein) at the water temperature
of 5°C (F=9.232, t = 10.558, P< 0.001; Figure 9A). The protease
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FIGURE 5

Relative abundance of phylum level bacterial communities in different samples.
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Welsh's t-test and corrected with Benjamini-Hochberg FDR (Phylum).

activity of sea cucumbers of group F (1199.82 + 101.97 U mL
protein) was significantly higher than that of sea cucumbers in
group S (997.92 + 64.76 U mL protein) at the water temperature
of 15°C (F = 1.900, t = 4.728, P< 0.001; Figure 9B).

Acute salinity treatments

At the water temperature of 5°C, the survival rate of group F
(84.38 + 11.98%) was significantly higher than that of group C

Frontiers in Marine Science

(34.38 + 25.77%, P = 0.001) and that of group S (40.63 + 6.25%,
P =0.001). No significant difference in survival rate was found

between group S and group C (P = 0.742).

At the water temperature of 15°C, the survival rate of
group F (87.50 + 17.68%) was significantly higher than that of
group S (43.75 + 12.50%, P = 0.002) and that of group C
(40.63 + 6.25%, P = 0.005). No significant difference in
survival rate was found between group S and group F (P =

0.611; Figure 10).
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Discussion

Sea urchin feces is more attractive

Food preference experiment is a useful tool for assessing
food usability (Roa, 1992). In the present study, sea cucumbers
of group F significantly preferred the feces to the prepared feed
at both 5°C and 15°C. However, the sea cucumbers not exposed
to feces showed the preference to prepared feed than feces or had
no significant preference to feed and feces. Food preference is
affected by the nutritional and physiological requirements
(Lyons & Scheibling, 2007) and digestive capabilities (Lowe &
Lawrence, 1976) of echinoderms. With regular ingestion of
natural fresh sea urchin feces that contains readily available
live microorganisms, the sea cucumbers intestines possibly
became colonized with customized microbial communities to
further utilize the remaining nutrients in sea urchin feces (Jensen
et al., 2018). Therefore, the feces probably better meets the
requirements of digestion and thus is more attractive to small
A. japonicus after a short period of aquaculture.

Sea urchin feces improves the survival
and growth of A. japonicus

As an ectotherm, A. japonicus have low feeding efficiency,
growth rate, and metabolism in winter (Chen, 2004). Sea
cucumbers that were not fed had significant lower survival rate
than those in groups F and S at 5°C. The present study suggests
that failure to feed in winter is associated with the decreased
survival rate. Sea cucumbers fed with food (feces or feed) had
higher survival rate than that of sea cucumbers in group C at
15°C, which further proves that the potential relationship
between death and long-term starvation of small sea cucumbers.

The sea cucumbers fed with the fecal diet had better growth
performance than those fed with commercial feed at 15°C. A
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substantial portion of sea urchin feces is relatively unprocessed
vegetative materials colonized by the microbial community
(Peduzzi and Herndl, 1986; Yoon et al., 1996; Povero et al.,
2003). The nutritional value of these highly digestible feces is
probably higher than that of the original diets (Sauchyn and
Scheibling, 2009). Consistently, more rapid growth was found in
an epibenthic copepod Tigriopus californicus population fed
with fecal diet (feces of sea urchins Mesocentrotus franciscanus
and Strongylocentrotus droebachiensis who fed with bull kelp)
than those fed with bull kelp (Nereocystis luetkeana) (Dethier
et al., 2019).

Low water temperature greatly limits the physiological
activities of A. japonicus (Yang et al., 2005; Yang et al., 2006;
Liu et al., 2013). Hence, the aquaculture of small sea cucumbers
suffers a great challenge in winter. Apostichopus japonicus
generally starts dormancy at 5°C (Chen, 2004), resulting in
feeding cessation, intestine atrophy, decrease of enzyme
activity (Tanaka, 1958; Guinay et al., 2020) and consequent
poor growth (Sui, 1988). The present study found that fecal
diet provided ~110% of weight gaining rate for A. japonicus (as
twice as the feed diet). Therefore, as an environmentally friendly
and cost-effective alternative food, the fecal diet is an efficient
approach to improving the production efficiency of sea
cucumbers at both the optimal growth temperature and
low temperature.

Sea urchin feces enhances the intestinal
microbial composition of A. japonicus
(o-diversity and B-diversity)

Sea cucumbers do not have specialized physical grinding and
chemical digestive organs (Massin, 1982), resulting in poor
digestion ability (Yuan et al., 2006). Hence, their digestion and
absorption ability highly depend on the intestinal microbiota
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Survival rate of Apostichopus japonicus in three groups exposed to the acute salinity decrease treatments at 5°C (A) and at 15°C (B) (mean + SD,
N = 4). Control, feed, and feces refer to groups C, S, and F, respectively. The asterisk **means P< 0.01
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(Changetal., 2004; Yang et al., 2004). Whether the diet enhances
the intestinal microbial composition is thus important for
consideration. In the present study, small A. japonicus fed
with feces had significantly higher intestinal bacterial count
than those in group S at 15°C, suggesting the fecal diet
provides extra microbiota for small sea cucumbers. Since
microbiota provides over 70% of energy requirement for A.
japonicus (Yang et al., 2004), fecal diet probably provides a high
energy supply for small sea cucumbers. Moreover, the intestinal
samples of sea cucumbers fed with sea urchin feces showed
significantly better community richness (Chao, ACE) and more
community diversity (Shannon, Simpson) in intestinal bacteria
than that of those that were fed with feed at the optimum
temperature. This signifies that fecal diet enhances the intestinal
microbial composition of A. japonicus, and thus has the
potential to allow small sea cucumbers to achieve the optimal
digestibility of nutrients (Wang et al., 2016) and enhance the
resilience ability of small sea cucumbers (Li et al., 2009;
Thompson et al., 2010).

Since probiotics in food would alter or enhance the digestive
ability (Liu et al., 2009; Thompson et al., 2010; Jensen et al.,
2018), probiotics is commonly used in aquaculture (Wang et al.,
2016). Nevertheless, probiotics serving as allochthonous species
showed no significant impact on the composition of fecal
microbial community in humans (Bjerg et al, 2014; Hanifi
et al,, 2014; Laursen et al., 2017). In present study, however, o-
diversity analysis of group F showed more OTUs, better
community richness (Chao, ACE), and more community
diversity (Shannon, Simpson) than that of group S at 5°C. A
reasonable explanation is that fecal diet provides a complex
microbial ecosystem rather than one or few probiotics. Our
results indicate that the fecal diet significantly affects the
function composition of the entire microbial community at
both 15°C and 5°C. This is a promising method for
colonization and regulation of intestinal bacteria. Therefore,
the feces of sea urchins is a promising food to provide higher
intestinal bacterial count for small A. japonicus and thus
enhance the digestion ability of small A. japonicus at both the
optimum and low water temperatures. In this way, the
aquaculture efficiency is consequently improved.

The two groups fed with different diets at 5°C and two
groups fed with different diets at 15°C were both separated by
PCI1. This suggests that the diet is the main factor leading to the
separation of PCl, further proving the ability of transforming
microbiome in the fecal diet. Moreover, the sea cucumbers fed
with the same diet at different water temperatures were both
separated by PC2, suggesting that water temperature is the main
factor causing the separation of PC2 due to the reason that
different temperatures create different bacterial predominance
(Fengetal., 2021). The results of the PCA are consistent with the
results of the community richness and community diversity

Frontiers in Marine Science

11

10.3389/fmars.2022.967452

analyses. These analyses indicate that the samples of different
diets and water temperatures have different characteristic
bacterial communities. The present study clearly indicates that
fecal diet significantly influences the intestinal bacteria of sea
cucumbers. Similar phenomenon has been documented in a
variety of species, indicating that intestinal bacteria shaping
mechanisms are evolutionarily conserved (Wilson et al., 2020;
Haditomo et al., 2021).

The majority of isolates were affiliated to the phyla
Proteobacteria and Firmicutes, according to the molecular
identification using 16S rRNA gene sequences. Proteobacteria
is the keystone microbe phylum and the main metabolically
active microbial populations in the intestine of A. japonicus
(Zhang et al., 2012). Allochthonous species could not take
dominance in the microbial community (Bjerg et al., 2014;
Laursen et al., 2017; Toscano et al,, 2017), suggesting that the
fecal diet did not enhance the intestinal microbial composition
by changing the main dominant colonizing bacteria.

Furthermore, random forest predicted that Bacteroidetes,
Planctomycetes, Gemmatimonadetes, Parcubacteria, and
Latescibacteria contribute to the uniquely separated microbial
ecology in the intestine ecosystem of A. japonicus, which were
the main phylum causing significant differences between group
variance. Bacteroidetes was the keystone microbe phylum in the
intestines of sea urchins, while Planctomycetes was identified in
sea urchins fed with macroalgae (Masasa et al., 2021). The
finding that Bacteroidetes has significant higher proportion in
group F at 15°C than group S at both 15°C and 5°C directly
shows that sea cucumbers of group F inherited the intestinal
bacteria of sea urchins. Therefore, the fecal diet enhances the
intestinal microbial composition of A. japonicus through
additional supply of bacteria.

Sea urchin feces improves the protease
activity of A. japonicus

Digestion activity is an important indicator for reflecting the
nutritional requirements, dietary preference (Boetius & Felbeck,
1995), and digestive physiology of A. japonicus (Yang et al,
2004; Wang et al.,, 2016). Digestive enzyme activity is closely
related to the quality and quantity of nutrients in food (Lee et al.,
1984; Wu et al., 2003; Wen et al., 2016). Protease is the most
active digestive enzyme in intestine of A. japonicus (Fu, 2004;
Jiang et al., 2007). The seasonal pattern of protease activity is that
the lowest concentration levels occur in winter, while the highest
concentration levels occur at ~15°C (Fu, 2004; Gunay et al,
2020). The present study surprisingly found a significantly
higher protease activity in sea cucumbers fed with sea urchin
feces than that in sea cucumbers in the group S at 5°C.
Consistently, the feces significantly improved the growth rate
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of sea cucumbers at 5°C. This suggests that the feces is not only a
valuable food for small sea cucumbers at low temperature, but
also an appropriate diet to enhance the enzyme activity and
consequently enhance the digestion ability of sea cucumbers in
winter. We here encourage aqua-farmers to use the feces as the
diet for small A. japonicus without heating the water to achieve
appropriate growth, which can reduce economic and
environmental costs in winter.

Furthermore, the present study found that sea cucumbers
fed with feces had significantly higher intestine protease activity
than those of group S at 15°C. It is probably because of the
presence of intestinal enzymes of sea urchin feces, which
enhances the intestine enzyme activity of sea cucumbers
(Mamelona & E’milien, 2005). It can be further explained by
the entry of viable bacteria from feces to the intestine of small sea
cucumbers, which improves digestive enzyme activities
(Sauchyn and Scheibling; 2009); Wang et al., 2016). The
opinion is well supported by the result that the better protease
activity and the better intestinal microbial composition of A.
japonicus (a-diversity and B-diversity) were found in the
samples of group F. A higher protease activity reflects a better
digestion ability of A. japonicus (Yang et al., 2004; Li, 2013),
further proving the feasibility and high developing value of the
fecal diet in sea cucumber aquaculture. Considering that enzyme
activity is the highest at the optimum temperature for growth
and that fecal diet would further increase the growth advantage
in this period, we recommend feeding small sea cucumbers with
the feces of sea urchins to provide extra digestive benefits at the
optimum temperature. Consistently, sea cucumbers had
significantly higher growth rate in group F than those of group
S at 15°C. This suggests that sea urchin feces probably better
meets the need of A. japonicus and results in direct growth
benefits for sea cucumbers. Therefore, we recommend that aqua-
farmers feed small sea cucumbers with fecal diet to achieve better
digestion and growth at the optimal temperature.

Sea urchin feces is an appropriate diet
for better resistance to low salinity

Intestinal microbiota plays an important role in the host
health because an external organ partakes in nutritional
metabolism and affects immunity development of the host
(O’Hara and Shanahan, 2006; Wang et al., 2019). Bacterial
composition can be affected by environmental and dietary
factors (Marques et al., 2010; Zhang et al., 2019). Accordingly,
regulating intestinal microbiota is an effective method to
improve the health of farmed animals (Chauhan and Singh,
2018). Fecal diet has the potential in aquaculture due to its
benefit on homeostasis of intestinal microbiota. Sea cucumber
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aquaculture continuously expands with the increase of market
demands and the decrease of natural resources (Jiang et al., 2017;
Li & Hu, 2017; Ciji & Akhtar, 2021). However, the expansion is
greatly limited because of the salinity requirements for the
survival of A. japonicus (Zhang et al., 2004; Su et al., 2014). In
the present study, we found that sea cucumbers fed with sea
urchin feces had the highest survival rate among the three
groups in exposure to acute salinity decrease at both 15°C and
5°C, indicating a better resistance to low salinity. This novel
finding provides a new perspective for the geographical
expansion of A. japonicus aquaculture to low salinity areas.
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