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Abalone (Haliotis spp.) are typical nocturnal creatures but Haliotis discus hannai is
bold and active in the nighttime whereas H. gigantea tends to be timid and inactive.
In this study, we quantified and compared differences in movement, feeding, and
digestive physiology between H. discus hannai and H. gigantea as well as the potential
molecular mechanisms on the basis of video observations and expression levels of
genes related to feeding regulation. The feeding behaviors of both species were
characterized by significant circadian rhythms (P < 0.05). However, the distance moved
and the cumulative duration of movement were 2.61 and 1.94 times higher, respectively,
in H. discus hannai than in H. gigantea over the 24-h cycle. The cumulative duration of
feeding by H. discus hannai was only 1.15 times that by H. gigantea, but the feeding
time as a percentage of the cumulative duration of movement (FTP) was up to 94.6%
for H. gigantea and only 56.0% for H. discus hannai. The peaks for a-amylase activity
and NPF expression levels in both species as well as the peak OX>R expression level
in H. gigantea occurred during 20:00-00:00 h. By contrast, the peaks for alginate
lyase activity and NPYR expression levels in H. discus hannai occurred at 16:00 h,
when the FTP was significantly higher for H. discus hannai than for H. gigantea. These
initial findings quantify specific behavior parameters and thus provide a reference for
the selection of appropriate feeding strategies and the proliferation of abalone via
bottom sowing.

Keywords: abalone, digestive enzyme, feeding behavior, neuropeptide F, orexin receptor

INTRODUCTION

Pacific abalone (Haliotis discus hannai) is one of the most economically important marine shellfish
in China and is widely distributed in the Yellow Sea and along the coastline of the Northwest Pacific.
In 2019, aquaculture production of abalone in China increased to 180,300 tons (China Bureau of
Fisheries, 2020), accounting for approximately 90% of the world’s gross production. Owing to global
climate change, summer heat-induced mortality of abalone is frequent in Fujian Province, which is
the primary aquaculture region. To achieve healthy and sustainable development of the aquaculture
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industry, Haliotis gigantea, a species distributed along the
coastline of Japan and South Korea, was introduced into China
in 2003, which reduced the risk level for the national aquaculture
industry (Luo et al., 2006). H. discus hannai is a bold and active
nocturnal creature that rapidly crawls around after leaving the
water before searching for a place to hide (Gao et al., 2020).
By contrast, H. gigantea is a timid and inactive creature that
closely adheres to the substrate instead of crawling around
after leaving the water. The movement behaviors of the two
species cannot be evaluated impartially via experience-based
assessments and subjective descriptions. Thus, quantification of
the behavioral characteristics and circadian feeding rhythms of
nocturnal abalone is considered crucial for the development of a
reasonable feeding strategy.

Determination of feeding rhythms is a critical part of feeding
behavior research. The diel feeding peak of a farmed animal
can be determined on the basis of behavioral observations. For
example, the feeding peak for Dicentrarchus labrax occurs during
16:00-17:00 h (Azzaydi et al., 1998). Sun et al. (2015) observed
the feeding rhythm of Apostichopus japonicus at three body
sizes using an infrared photography system. They found that
all three sizes took food during the night and the feeding peak
occurred at 02:00-04:00 h, but large (length 13.6 £+ 1.5 cm)
and medium (8.4 + 1.3 c¢m) sized individuals had a second
feeding peak during the day. According to field observations,
Trichodactylus borellianus adults have two feeding peaks, at
noon and midnight (de Azevedo Carvalho et al,, 2013). Lopez-
Uriostegui et al. (2017) investigated the stomach repletion
rhythms of caridean shrimp and showed that the feeding intensity
of Macrobrachium americanum was higher during the day
whereas that of Macrobrachium tenellum was higher at night.
The feeding cycle of Anodonta anatina was found to cover 36 h,
during which they keep their shells open for 20 h to filter food in
the presence of algae, before closing the shells and then resting for
16 h (Hartmann et al., 2016). The feeding behaviors of Ruditapes
philippinarum and Mpytilus edulis are also characterized by
circadian rhythms: they both open their shells at night to actively
take in food over a cycle of 24 h (Robson et al.,, 2010; Houki
et al,, 2015). The diel feeding patterns of Laternula marilina and
Meretrix meretrix can be divided into three stages: a high feeding
proportion stage from 00:00 to 08:00, a low feeding proportion
stage from 12:00 to 20:00, and another stage that varies between
low and high feeding proportions (Zhuang, 2005, 2006). H. discus
hannai and H. gigantea have been artificially reared for many
years, but few studies have investigated the feeding and digestion
physiology of the two species, although these basic data are
important for the development of a reasonable feeding strategy.

Digestive enzyme activity can be used as a measure to indicate
the level of digestive activity of an animal. Close relationships
between the intensive period for digestive physiology and the
peak period for feeding activities have been reported in previous
studies. For example, Guerra-Santos et al. (2017) demonstrated
synchronization of the diel feeding time and digestive enzyme
rhythms in Oreochromis niloticus. Several studies of fish and
marine invertebrates have suggested that secretion of digestive
enzymes increased before the anticipated diel feeding peak in
preparation for the upcoming feeding activity (Vera et al., 2007;

Montoya et al., 2010; del Pozo et al., 2012; Sun et al, 2015).
However, it is also possible that food may stimulate the digestive
system to secrete more digestive enzymes after feeding, that is, the
peak period for digestive enzymes may occur later than that for
feeding (Bolasina et al., 2006). At present, it is not known whether
the secretion of digestive enzymes exhibits diel periodicity in
H. discus hannai and H. gigantea, or whether their secretion is
associated with feeding behavior rhythms.

Appetite is another critical factor that can influence the
feeding behavior of animals. Orexigenic and anorexigenic
appetite-regulating factors can dynamically regulate the nervous
system and digestive system. Neuropeptide F (NPF) is a homolog
of the vertebrate neuropeptide Y (NPY) and has significant
functions in feeding regulation in invertebrates (including
mollusks) including stimulation of appetite and feeding behavior
(de Bono and Bargmann, 1998; Wu et al.,, 2003, 2005; Nassel
and Wegener, 2011). A study by Li et al. (2018) showed
that injection of NPF double-stranded RNA into Acyrthosiphon
pisum significantly suppressed expression levels of the gene
and dramatically reduced the proportion of time spent feeding
(PTSF). Orexin is a neurotransmitter secreted by the nerve
center and it stimulates feeding activity and maintains the
energy balance (Kukkonen, 2013). For example, Shimizu et al.
(2014) showed that intracerebroventricular injection of orexin A
into Rana catesbeiana larvae significantly increased PTSF. Thus,
identification of how NPF and orexin are secreted as orexigenic
factors during the day and night could provide insights into
the mechanism responsible for the periodic feeding rhythm in
abalone. Therefore, the aim of the present study was to quantify
the movement characteristics and feeding rhythms of H. discus
hannai and H. gigantea during the day and night on the basis of
data acquired with a video surveillance system. We also compared
diel variations in intestinal digestive enzyme activities and the
expression levels of genes related to feeding activity in the two
species to determine connections between their feeding behavior
and physiology. The results obtained in this study enhance our
basic biological knowledge regarding abalone, and could facilitate
the development of a reasonable feeding strategy and improve the
proliferation of abalone via bottom sowing.

MATERIALS AND METHODS

Source and Acclimation of Experimental

Abalone

Abalone (Haliotis discus hannai Ino, shell length: 6.92 + 0.37 cm,
body weight: 46.14 £ 6.44 g Haliotis gigantea Gmelin, shell
length: 6.53 £ 0.28 cm, body weight: 31.88 £ 3.13 g) were
purchased from Fuda Abalone Aquafarm (Jinjiang, Fujian,
China). All experimental abalone were sourced from the same
batch after artificial hatching. Before experiments, abalone were
placed in four culture tanks (70 cm x 40 cm x 30 cm) with
a predefined light cycle of 12 h light:12 h dark to acclimate
for 10 days. The seawater was exchanged once a day and
continuous aeration was provided. The tank conditions were as
follows: water temperature = 18.7 £ 0.5°C; salinity = 30 %+ 1;
pH = 8.3; and dissolved oxygen concentration > 6 mg L™ 1.
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The culture water was sourced from a natural sea area and was
used after sedimentation and sand filtration. Fresh Gracilariopsis
lemaneiformis was provided as food every day at 5% of the wet
weight of abalone to ensure that they reached a state of satiation.

Experimental Design and Methods
Monitoring the Movement Behavior of Abalone

Before behavioral experiments, a digital label was fixed to the shell
of each abalone to allow differentiation. Abalone were placed in
a cylindrical experiment tank (polyethylene material: diameter
40 cm, height 30 cm) 2 h before the start of the experiment
to allow them to adapt to the experimental environment. Each
experiment involved 10 abalone and was conducted for a
duration of 24 h, starting at 12:00 h. We recorded the distance
moved, cumulative duration of movement (CDM), mean velocity
of movement (VMean), and maximum velocity of movement
(VMpax) for the abalone every 4 h (in the following, 12:00 is
denoted as ZT0, and 16:00, 20:00, 00:00, and 4:00, 8:00, and 12:00
on the next day are denoted as ZT4, ZT8, ZT12, ZT16, ZT20,
and ZT24, respectively). The experimental unit was covered with
a blackout cloth to provide shade from external lighting. The
light source was a built-in light-emitting diode and the light
cycle was the same as that applied during acclimation. The
rearing unit was equipped with a recirculating water system
and supplied with continuous aeration. The dissolved oxygen
concentration in the water was always maintained above 6 mg
L=, Fresh G. lemaneiformis was substituted at an amount equal
to 3% of the wet weight of abalone at 17:00 pm daily. Ten
abalone were used in each experiment, with each species tested
in three repeated trials, for a total of 30 abalone. After each
trial, the abalone were transferred to another aquarium bank for
acclimation, and thus the experimental abalone were not reused
in the behavioral experiments.

The movement behaviors of abalone were recorded with an
infrared camera (HIKVISION, Hangzhou, China) located above
the center of the experimental tank. The field of vision of the
camera reached the bottom outer edge of the experimental
tank. The light intensity at the bottom of the experimental
tank was approximately 31.04 £ 9.73 Ix. Experimental videos
were collected and stored using a video surveillance unit. The
light period was controlled with a clock controller at 12 h
light:12 h dark. Video recordings of behaviors were analyzed
using EthoVision XT 9.0 behavior analysis software (Noldus
Information Technology, Wageningen, Netherlands). The video
settings were as follows: total recording time = 24 h; time
interval = 5 s; video format = AVI; video resolution = 680 x 480
pixels; and frame speed = 10 fps.

Analysis of Diel Feeding Rhythms

Ten abalone were selected and placed in the experimental tank
described above for each experiment. PTSF and the cumulative
duration of feeding (CDF) by H. discus hannai and H. gigantea
were compared in a continuous 24-h period. These indexes were
used to calculate the feeding rhythm percentage (day vs. dark)
and the percentage CDF relative to the CDM. Each species was
tested in three repeated trials, for a total of 30 abalone, fed in
the same manner described above. We determined whether the

abalone had fed or not according to their positions in the tank
and the reduction in the proportion of food available from video
data. The number of abalone that fed was recorded every 30 min,
and eight consecutive feeding values based on 30-min intervals
were used to generate a single mean value every 4 h. The feeding
rhythm was assessed and analyzed according to the percentage
of fed abalone (the number of abalone fed as a percentage of all
abalone) in each period.

Determination of Digestive Enzyme Activities

After the behavioral experiment, the abalone were fed for an
extra week under the same settings used for acclimation. Next,
from 12:00 onward, four abalone each for H. discus hannai and
H. gigantea were taken every 4 h, transferred to an ice pan, and
dissected to obtain their intestines. Residual food and feces were
removed with tweezers, before separately placing the intestines of
each abalone into a 2-mL freezer tube, which was stored under
liquid nitrogen and transferred to an ultra-low temperature
refrigerator (—80°C) for storage. The stored intestines were
subsequently used to assay pepsase, a-amylase, and alginate lyase
activity and the expression levels of feeding-related genes.

For assays, samples of the abalone intestines were weighed,
homogenization buffer was added at nine times the mass of the
sample, the tissue was processed at 4°C in a tissue homogenizer
(DHS Life Science & Technology Co., Ltd., China), and the
sample was then centrifuged (3,000 rpm, 10 min, 4°C). The
supernatant was retained for testing. The total protein content
of each homogenate was determined using a quantitative assay
kit (code A045-2-2, Nanjing Jiancheng Bioengineering Institute,
China) with Coomassie Brilliant Blue. The activities of pepsase,
a-amylase, and alginate lyase were determined using a Micro
Pepsase Assay Kit (code BC2325, Solarbio, China), a-Amylase
Assay Kit (code C016-1-1, Nanjing Jiancheng Bioengineering
Institute, China; based on iodine-starch colorimetry), and the
3,5-dinitrosalicylic acid method (Cao, 2016), respectively. The
absorbance of the samples and standards was measured using
a Tecan Infinite M200 Pro Multiscan Spectrum system. The
activity unit for pepsase was defined as 1 umol tyrosine generated
by hydrolysis of hemoglobin catalyzed per mg of protein in 1 min
at 37°C, which was denoted as 1 U mg prot—!. The activity
unit for a-amylase was defined as 1 pmol starch generated by
hydrolysis of hemoglobin catalyzed by 1 mg of protein in 3 min
at 37°C, denoted as 1 U mg prot~!. The activity unit for alginate
lyase was defined as 1 mg glucose generated by hydrolysis of
sodium alginate catalyzed by 1 mg of protein in 6 min, denoted as
1 U mg prot~!. The enzyme activities and total protein content
of all samples were determined for three technical replicates.

Expression Levels of Feeding-Related Genes

The remaining intestinal tissues stored at —80°C were used to
determine the expression levels of feeding-related genes. First,
0.5-1 g of intestine sample from each abalone was transferred
to 1 mL of TRIzoI™ Reagent (Invitrogen, United States) for
total RNA extraction. A NanoDrop 2000 system (Thermo Fisher
Scientific, United States) was used to determine the RNA
quality and concentration. Total RNA samples were subjected
to gel electrophoresis analysis. The gels were photographed
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using a Bio-Rad Gel Doc XR + system and the quality of
the sample extracts was confirmed according to the position
and brightness of the bands. Any remaining DNA in the
total RNA was removed with RNase-free DNase I (Thermo
Fisher Scientific, United States). The RNA was then reverse
transcribed to ¢cDNA using a RevertAid First Strand ¢cDNA
Synthesis Kit (Thermo Fisher Scientific, United States). Real-time
quantitative PCR was conducted with an ABI QuantStudio 6 Flex
system. The 20-pL reaction system comprised 10 L of Applied
Biosystems™ PowerUp™ SYBR™ Green Master Mix (Thermo
Fisher Scientific, United States), 5 LL of cDNA template (diluted
with double-distilled H,O to an appropriate multiple), 1 pL of
forward primer (10 wM), 1 L of reverse primer (10 wM), and 3
WL of double-distilled HyO. The primers used for fluorescence
quantitative detection (Table 1) of NPF, NPYR, and orexin
receptor type 2 (OX3R) were designed using the Primer3web
website (version 4.1.0)' by referring to relevant sequences, which
we cloned and submitted to GenBank. All of the reaction
components were added to a MicroAmp™ Fast Optical 96-
Well Reaction Plate with Barcode (0.1 mL, Applied Biosystems,
United States) and were evenly mixed and centrifuged. The
fluorescence quantitative reaction process involved activation of
uracil-DNA glycosylase at 50°C for 2 min, initial denaturation at
95°C for 2 min, and cycling conditions at 95°C for 15 s and 60°C
for 1 min for 40 cycles in total. Each target gene in each sample
was analyzed on the basis of three technical replicates. The mRNA
levels of the target genes were calibrated using the real-time PCR
Ct (2~ 2AC relative quantitative method, with the reference gene
18S rRNA as the quantitative standard.

Statistical Analysis

All data were statistically analyzed using SPSS version 22.0.
Before analyzing the data, their conformance to a normal
distribution and homogeneity of variance were validated using
the Kolmogorov-Smirnov test and Levene’s test. Differences in
movement behavior, digestive enzyme activities, and expression
levels of NPF, NPYR, and OX,R between the two species at
different sampling time points were analyzed using two-way
analysis of variance and Tukey’s multiple comparisons test. Data
are expressed as the mean =+ standard error (SE). P < 0.05

1https://primer3.ut.ee/

indicates a significant difference and P < 0.01 a highly significant
difference. Data obtained from the analyses were plotted using
Microsoft Excel.

Cosine fitting was performed using data for digestive enzyme
activities and the expression levels of NPF, NPYR, and OX, R with
the Cosinor program package in Matlab. The model used for
the calculations is Y = M + Acos (ot + @), where M (MESO)
represents the median value of the fitted cosine curve; A, w, and ®
are the amplitude, angular frequency, and peak value of the cosine
fitting, respectively; t denotes the circadian time points around
24 h; and Y represents the digestive enzyme activity or expression
level of the corresponding gene measured at each point every
4 h. The values of M, A, and ® in the cosine fitting curves were
calculated after fitting (Hoogerwerf et al., 2007). The significance
level was set at P < 0.05.

RESULTS

Movement Behavior Parameters

There were significant differences in the distance moved between
the two species (Supplementary Table 1, P < 0.01). The distance
moved by H. gigantea was significantly lower than that moved by
H. discus hannai (P < 0.01) at all-time points except for ZT24.
Over 24 h, the summed distance moved by H. discus hannai
was 2.61 times the distance moved by H. gigantea. For H. discus
hannai, the distance moved at ZT24 was significantly lower than
the distances moved at ZT8, ZT12, and ZT16 (P < 0.05), but
not significantly different from the distances moved at ZTO0,
ZT4, and ZT20 (Figure 1A). At ZT0, ZT4, and ZT24, none of
the H. gigantea individuals moved, and the distance moved at
ZT12 was significantly higher than that at any other time point
(Figure 1A). The cosine analysis results suggest that the distances
moved by H. discus hannai and H. gigantea exhibited significant
circadian rhythms (Table 2, P < 0.05).

There were significant differences in CDM between the
two species (Supplementary Table 1, P < 0.01). CDM was
significantly lower for H. gigantea than for H. discus hannai at
all-time points (P < 0.01). There were also significant differences
in the cumulative duration of movement at all-time points
(Supplementary Table 1, P < 0.01). For H. discus hannai, the
CDM at ZT24 was significantly lower than at ZT8, ZT12, ZT16,

TABLE 1 | Real-time quantitative PCR primers used for feeding-related genes in Haliotis discus hannai and Haliotis gigantea.

Gene Species Sequence (5'-3') Efficiency Size (bp) GenBank accession
NPF H. discus hannai F: CTGGACGGCATTGTTTTGGTT 1.07 (H. discus hannai) 126 DQ845483.1

and H. gigantean R: GGTCTCCTGGCTGTGTGTATC 1.00 (H. gigantea) MZ389085
NPYR H. discus hannai F: CCCGAGGACAATCAGCAGGTAA 0.98 (H. discus hannai) 211 MW386999

and H. gigantean R: TGAACGGTACAGCTAGAAGGGC 1.02 (H. gigantea) Mz389087
OXoR H. discus hannai F: CGGAGATGGGGCAGTACTCAAA 0.95 (H. discus hannai) 111 MZ363638

and H. gigantean R: TTGTGATTAGCATCTTGGCCGC 1.06 (H. gigantea) MZ389086
18S H. discus hannai F: TTCCCAGTAAGCGTCAGTCATC 1.06 102 AY319437.1

R: CGAGGGTCTCACTAAACCATTC

188 H. gigantean F: TCCCAGTAAGCGTCAGTCATCAG 1.02 102 D88574.1

R: CCGAGGGTCTCACTAAACCATTC

NPF, neuropeptide F; NPYR, NPY receptor; OXoR, orexin receptor type 2; 18S, 18S ribosomal RNA; F, forward primer; R, reverse primer.

Frontiers in Marine Science | www.frontiersin.org

October 2021 | Volume 8 | Article 751401


https://primer3.ut.ee/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lyu et al.

Digestive Physiology of Abalones

A 7000 —e— H. discus hannai

d**

6000 - --A-- H. gigantea

5000

w S
(=1 (=1
(=3 (=3
o o
T

22000 t

Distance moved {(mm)

1000

a** Lo “dr - *

0 =2 ! S - e

ZT0 ZT4 ZT8 ZT12 ZT16 ZT20
Zeitgeber time

a
7724

O

12 —e— H. discus hannai

--A-- H. gigantea

08

06

02 r

Mean velocity of movernent (mms-1)

ZT8  ZT12 ZT16
Zeitgeber time

ZT20

FIGURE 1 | Distance moved (A), cumulative duration of movement (B), mean velocity of movement (C), and maximum velocity of movement (D) by Haliotis discus
hannai and Haliotis gigantea. Values are expressed as mean + SE, sample size = 30. Treatments with different letters are significantly different at different sampling
times in the same species (P < 0.05). “*” and “**” indicate significant differences (P < 0.05 and P < 0.01, respectively) in movement parameters at the same
sampling time in different species. No label indicates no significant difference (P < 0.05) in movement parameters at the same sampling time in the same species.

B 7000 —e— H. discus hannai

e**

g 6000 | --a-- H. gigantea

me

© 5000

4000 r

[ w
(=3 (=3
o o
o o
T

1000 |

Cumulative duration of mov:

Y
€ b~
713 718

ZT12

ZT16  ZT20 ZT7%4

Zeitgeber time

b 14 ¢ —e— H. discus hannai
o --A-- H. gigantea
€12
£
g 1t
£
g
08
g
k)
> 06
i)
o
L 04 -
g
EO02 ¢
= L2 a7y | : : i Y il
ZT0 T4 ZT8  ZT12 ZT16 ZT20 ZT24

Zeitgeber time

TABLE 2 | Cosinor analysis results obtained based on the behavioral parameters.

Behavioral parameters Species Mesor Amplitude Acrophase P-value
Distance moved (mm) H. discus hannai 1681.160 2327.740 ZT11:46 0.046
H. gigantea 628.599 862.353 ZT11:48 0.034
Cumulative duration of movement (s) H. discus hannai 2114.610 2487.060 Z712:54 0.008
H. gigantea 1086.650 1379.740 ZT13:53 0.003
Mean velocity of movement (mm s~ ') H. discus hannai 0.768 0.153 ZT11:31 0.048
H. gigantea 0.548 0.557 ZT14:01 0.001
Maximum velocity of movement (mm s~ ") H. discus hannai 0.866 0.167 ZT12:42 0.027
H. gigantea 0.521 0.559 ZT13:29 0.000
Cumulative duration of feeding (s) H. discus hannai 1221.380 1656.730 ZT12:50 0.011
H. gigantea 1065.880 1488.930 ZT13:11 0.012

and ZT20 (P < 0.05). The CDM at ZT12 was significantly higher
than at any other time point (Figure 1B). For H. gigantea, no
individual moved at ZT0, ZT4, and ZT24 (Figure 1B). The
cosine analysis results suggest that the cumulative duration
of movement by H. discus hannai and H. gigantea exhibited
significant circadian rhythms (Table 2, P < 0.05).

At ZT0, ZT4, ZT8, ZT16, and ZT24, VMpean Was
significantly lower for H. gigantea than for H. discus hannai
(Supplementary Table 1, P < 0.01). At ZT12 and ZT20, VMean
was significantly higher for H. gigantea than for H. discus
hannai (P < 0.05). At ZT20, VM pean for H. discus hannai was
significantly lower than at any other time point (Figure 1C,
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P < 0.05). For H. gigantea, VMpean at ZT0, ZT4, and ZT24 was
significantly lower than at any other time point (P < 0.05). The
maximum VMean occurred at ZT12 (Figure 1C).

There were significant differences in VMy,,x between the
two species (Supplementary Table 1, P < 0.01). At ZT0, ZT4,
7718, ZT12, ZT20, and ZT24, VMmax was significantly lower for
H. gigantea than for H. discus hannai (P < 0.01). For H. discus
hannai, VMpax Was at a minimum at ZT24 and at a maximum
at ZT12 (Figure 1D). For H. gigantea, VMmax at ZTO0, ZT4,
and ZT24 was significantly lower than at any other time points
(P < 0.05), and was at a maximum at ZT12 (Figure 1D). The
cosine analysis results suggest that VM, for H. discus hannai
and H. gigantea exhibited significant circadian rhythms (Table 2,
P < 0.05).

Feeding Rhythms

There were significant differences in PTSF between the two
species (Supplementary Table 1, P < 0.01). At ZT4, ZT8, ZT12,
ZT16, and ZT20, PTSF was significantly lower for H. gigantea
than for H. discus hannai (Figure 2A, P < 0.01). At ZT0 and
77124, no H. discus hannai individuals exhibited feeding behavior,
but PTSF at ZT12 was significantly higher than at any other time
(Figure 2A). For H. gigantea, PTSF at ZT12 was significantly
higher than at any other time (Figure 2A). In general, PTSF for
H. discus hannai and H. gigantea tended to increase during ZT0-
ZT12, but decreased continuously during ZT12-ZT24. PTSF
during the day and PTSF at night were significantly higher for
H. discus hannai than for H. gigantea (P < 0.01), and PTSF
was significantly higher at night than during the day for the two
species (P < 0.01; Figure 2B).

Duration of Feeding

There were significant differences in CDF between the two
species (Supplementary Table 1, P < 0.01). At ZT8 and ZT12,
CDF was significantly lower for H. gigantea than for H. discus
hannai (Figure 2C, P < 0.01). Over 24 h, the summed CDF for
H. discus hannai was 1.15 times the value for H. gigantea.

There were significant differences in CDF at different
sampling times (Supplementary Table 1, P < 0.01). For H. discus
hannai, CDF was significantly shorter at ZT0, ZT4, and ZT24
than at any of the other time points (P < 0.05); the maximum
value occurred at ZT12 (Figure 2C). For H. gigantea, CDF
was significantly longer at ZT12 than at any other time point
(Figure 2C). The cosine analysis results suggest that CDF for
H. discus hannai and H. gigantea exhibited significant circadian
rhythms (Table 2, P < 0.05). The percentage CDF relative to
CDM was significantly higher for H. gigantea (94.6%) than for
H. discus hannai (P < 0.01; Figure 2D).

Analysis of Digestive Enzyme Activities

There were significant differences in pepsase activity at different
sampling times between the two species (Supplementary Table 2,
P <0.01). At ZT4, ZT8, and ZT24, pepsase activity in H. gigantea
was significantly higher than in H. discus hannai (P < 0.05).
However, there were no significant differences in pepsase activity
between the species at ZT0, ZT12, or ZT20 (Figure 3A). The
pepsase activity in H. discus hannai at ZT4 was significantly lower

than at ZT0, ZT12, ZT16, and ZT20 (P < 0.05), but the activity
at each of these time points did not differ significantly from the
activity at ZT8 and ZT24 (Figure 3A). In H. gigantea, the pepsase
activity at ZT12 was significantly lower than at ZT20, but was not
different from the activity at any other time. The cosine analysis
results suggest that pepsase activities in H. discus hannai and
H. gigantea did not exhibit a circadian rhythm during the day or
at night (Table 3, P > 0.05).

The a-amylase activity in H. gigantea was significantly lower
than in H. discus hannai at ZT12 and ZT16 (P < 0.05), but was
significantly higher than in H. discus hannai at ZT24 (Figure 3B,
P < 0.01). There were significant differences in a-amylase activity
at different time points (Supplementary Table 2, P < 0.01).
In H. discus hannai, o-amylase activity at ZT0 and ZT24 was
significantly lower than at ZT8, ZT12, and ZT16 (Figure 3B,
P < 0.05). The cosine analysis results suggest that the a-amylase
activity in H. discus hannai exhibited a circadian rhythm (Table 3,
P < 0.05). In H. gigantea, the a-amylase activity at ZT0 was
significantly lower than that at any other time point (Figure 3B).

There were significant differences in alginate lyase activity
between the two species (Supplementary Table 2, P < 0.01).
At ZT8, ZT12, ZT16, and ZT20, the alginate lyase activity in
H. gigantea was significantly higher than in H. discus hannai
(Figure 3C, P < 0.01). The lowest alginate lyase activity in
H. discus hannai occurred at ZT16, but it was not significantly
different from the activity at ZT0, ZT12, or ZT20. In H. gigantea,
the alginate lyase activity at ZT0 was significantly lower than at
Z718,ZT12,7ZT16, and ZT20, but it was not significantly different
from the activity at ZT4 or ZT24 (Figure 3C). The cosine analysis
results suggest that the alginate lyase activity in H. gigantea
exhibited a circadian rhythm (Table 3, P < 0.05).

Expression of Feeding-Related Genes

There were significant differences in NPF expression
levels between the two species at different sampling times
(Supplementary Table 3, P < 0.01). At ZT0, ZT8, and ZT12,
NPF expression in H. gigantea was significantly lower than
in H. discus hannai (P < 0.01). At ZT4, NPF expression in
H. gigantea was significantly higher than in H. discus hannai
(Figure 4A, P < 0.01). In H. discus hannai, the NPF expression
level was lowest at ZT16, and the level at ZT8 was significantly
higher than that at any other time point (Figure 4A), but NPF
expression did not exhibit a significant circadian rhythm. NPF
expression in H. gigantea was lowest at ZT12 but it was not
significantly different from the level at ZT0, ZT16, or ZT20, and
NPF expression did not exhibit a circadian rhythm (Table 4,
P > 0.05).

There were significant differences in NPYR expression levels
between the two species (Supplementary Table 3, P < 0.01).
At ZT12 and ZT16, NPYR expression levels were significantly
lower in H. gigantea than in H. discus hannai (P < 0.01). At
ZT8, NPYR expression was significantly higher in H. gigantea
than in H. discus hannai (P < 0.01), but there were no significant
differences in expression at ZT0, ZT20, or ZT24 (Figure 4B).
NPYR expression in H. discus hannai was significantly lower at
ZT8 than that at any other time point (P < 0.05) except for
ZT24, but the expression level at ZT4 was significantly higher
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Species

than at any other time point except for ZT16 (Figure 4B). In
H. gigantea, NPYR expression was lowest at ZT'12, but the level at
ZT4 was significantly higher than at ZT8, ZT12, ZT16, or ZT20
(Figure 4B), and the expression levels exhibited a significant
circadian rhythm (Table 4, P < 0.05).

There were significant differences in OX, R expression between
the two species (Supplementary Table 3, P < 0.01). At ZTO,
ZT4, ZT8, ZT20, and ZT24, relative expression levels of OX3R
were significantly higher in H. gigantea than in H. discus hannai
(P < 0.05). At ZT16, OX,R expression in H. gigantea was
significantly lower than in H. discus hannai (Figure 4C, P < 0.01).
In H. discus hannai, the relative expression level of OX,R at ZT4
was significantly lower than at ZT16, ZT20, or ZT24 (P < 0.05),
but was not significantly different from the level at ZT0, ZT8,
or ZT12 (Figure 4C). The relative expression level of OX3R in
H. gigantea was lowest at ZT12 but did not significantly differ
from the level at ZTO or ZT4. The cosine analysis results suggest
that the relative expression levels of OX, R in H. discus hannai and
H. gigantea did not exhibit circadian cosine rhythms (Table 4,
P> 0.05).

DISCUSSION

In this study, we found that the feeding behaviors of H. discus
hannai and H. gigantea exhibited significant circadian rhythms
according to video analysis. The feeding peaks for H. discus
hannai and H. gigantea were concentrated at ZT12 (00:00 h),
whereas there was barely any feeding at ZT0 (12:00 h) and
ZT24 (12:00 h), suggesting that the two species are typical
nocturnal animals. We demonstrated the inactivity of H. gigantea
from visual observations of the distance moved (the cumulative
distance moved by H. discus hannai within 24 h was 2.61 times
that moved by H. gigantea) and CDM (CDM by H. discus hannai
within 24 h was 1.94 times the CDM by H. gigantea). The crawling
distance and duration of movement for H. gigantea were also less
than those for H. discus hannai. However, the CDF by H. discus
hannai was only 1.15 times the CDF by H. gigantea, confirming
that H. discus hannai tended to be more active than H. gigantea.
The feeding rhythms of H. discus hannai and H. gigantea
were determined according to the PTSF at each time point via
video analysis. Bansemer et al. (2015) investigated the diel feeding
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rhythms of Haliotis laevigata and H. laevigata x Haliotis rubra
by determining their food intake. In particular, under a 12 h
light:12 h dark photoperiod, excess food was provided at 16:00 h
every day and the abalone food intake was then determined at
19:00, 22:00, 01:00, 04:00, and 08:00 h. After an excess amount
of Ulva sp. was added to the tank at 16:00 h, H. laevigata and
H. laevigata x H. rubra immediately responded by feeding. From
16:00 to 08:00 h, the two species consumed Ulva sp. at a linear
rate. Tahil and Juinio-Menez (1999) used a similar method based
on food intake measurement and found that Haliotis asinina also
exhibited a significant nocturnal feeding habit: feeding activity
appeared to be intense during 18:00-02:00 h, when food (mixed
fragments of fresh red algae) was consumed at a relatively
stable rate. We found that the nocturnal feeding activities of
H. discus hannai and H. gigantea had an obvious peak instead
of being evenly distributed across the dark period, and thus
their activities appear to be slightly different from those of
H. laevigata, H. laevigata x H. rubra, and H. asinina. Other field
and laboratory studies of abalone behavior observed every few
hours also suggest that the peak feeding periods for Haliotis roei
and Haliotis tuberculata occur at night (Wells and Keesing, 1989;
Roussel et al., 2020).

The feeding rhythms of H. discus hannai and H. gigantea
are similar to those of Archachatina marginata and Achatina
achatina, which are herbivorous terrestrial gastropods. In a
previous study, Ademolu et al. (2011) investigated A. marginata
and A. achatina in an artificial ecosystem and found that their
feeding activities mostly occurred during 21:00-02:00 h at night
and reached a peak at 00:00 h, whereas both species barely
fed during 04:00-20:00 h, and thus both are typical nocturnal
animals. Similarly, other herbivorous gastropods (e.g., Turbo
chrysostomus and Cerithium tenellum) feed actively at night
(Klumpp and Pulfrich, 1989; Klumpp et al., 1992), possibly
because of evolution under predation stress (Hahn, 1989) and
to avoid competition with herbivores that feed during the day.
In comparison to the swimming ability of herbivorous fish,
gastropods move at a lower velocity during food competition, so
foraging at night would save energy, which could be distributed
throughout the day to evade predators as well, and allow
accumulation of more food at night (Carefoot and Taylor, 1989).
The feeding behavior of abalone may involve a trade-off involving
the best foraging time, attempting to avoid competition, and
reducing the risk of predation (de Azevedo Carvalho et al.,
2013). Paramisgurnus dabryanus is a typical nocturnal feeding
species and has two clear feeding peaks during the day at 04:00-
05:00 h and 20:00-21:00 h. This fish has underdeveloped vision
but has five pairs of barbels that facilitate highly developed
olfaction, which might explain its adaptation to feeding at
night (Yuan et al., 2018). Similar to P. dabryanus, abalone also
has underdeveloped vision, but little is known about any
olfaction-mediated feeding mechanism in abalone.

The behaviors and physiological activities of organisms are
closely associated with periodic variations in the surrounding
environment. Most organisms exhibit endogenous rhythms
in order to cope with future cycle events (Tran et al., 2011)
and they can adapt their behavior and physiological cycles to
the environmental cycle, so their feeding behaviors will occur
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TABLE 3 | Cosinor analysis results obtained based on the digestive enzyme activity levels.

Enzyme activity (U mg prot~1) Species Mesor Amplitude Acrophase P-value
Pepsase H. discus hannai 0.172 0.053 ZT716:56 ns

H. gigantea 0.192 0.011 Z723:47 ns
a-Amylase H. discus hannai 2.896 1.112 ZT12:34 0.000

H. gigantea 2.782 0.481 Z19:24 ns
Alginate lyase H. discus hannai 0.223 0.086 ZT4:03 ns

H. gigantea 0.495 0.124 ZT12:29 0.021

ns, not significant.

when they are likely to succeed (Connorand Gracey, 2011;
Lépez-Olmeda and Sanchez-Vazquez, 2011; Houki and
Kawamura, 2020). Feeding duration as a percentage of CDM
was up to 94.6% in H. gigantea but only 56.0% in H. discus
hannai. In addition, CDM was much shorter for H. gigantea
than for H. discus hannai, indicating that H. gigantea made full
use of its limited movement time when actively feeding. Under
the experimental rearing conditions, H. gigantea did not have
to spend time finding food because an adequate food supply
was provided, which was supported by the experimental results
(feeding duration as a percentage of CDM was up to 94.6%). In
addition to its feeding activities, H. discus hannai made other
intense movements, and crawling would have consumed energy.
There is no definitive explanation for this movement behavior
apart from feeding, and it is probably due to interspecific
differences in “character” or the need to consume additional
food by discontinuous movement during the feeding process. In
their natural environment, abalone prefer to hide underneath
rocks and other shelters. The foot muscle of H. gigantea can be
completely covered by the shell, but that of H. discus hannai
is excessively thick and the external part of the food muscles
cannot be completely covered, resulting in a higher predation
risk. Therefore, we consider that H. discus hannai has a greater
need to find shelter in comparison to H. gigantea, which may
explain why the former moved frequently in the experimental
tank without any shelter in order to search for somewhere to
hide. H. gigantea has a smaller and thinner foot muscle area, and
its physiology involves a smaller condition factor than that of
H. discus hannai at the same size, while its ability to store energy
is relatively poor. Therefore, its behavior can be characterized
as “remain still unless it is necessary to move, and eat food once
movement commences, which may help to reduce its energy
consumption to the greatest extent possible.

The activity levels of digestive enzymes can reflect the digestive
ability of an animal (Bansemer et al., 2016; Ma et al., 2020).
Among the three digestive enzymes tested in the two species
in this study, only a-amylase activity in H. discus hannai
and alginate lyase activity in H. gigantea exhibited significant
circadian rhythms. The activity peaks for pepsase and a-amylase
in H. discus hannai coincided with its feeding peak at ZT12
(00:00 h), while the activity of alginate lyase had two peaks at
ZT4 (16:00 h) and ZT24 (12:00 h). The highest pepsase activity
in H. gigantea occurred at ZT20 (08:00 h), but the activities
of both a-amylase and alginate lyase were maximum at ZT8
(20:00 h), that is, 4 h earlier than the feeding peak. Apostichopus

japonicus (Sun et al., 2015), Eriocheir sinensis (Jia et al., 2018),
and Colossoma macropomum (Reis et al., 2019) also have peak
periods for digestive enzyme activity that coincide with the peak
period for feeding. The secretion of digestive enzymes is generally
rhythmic in animals with a daily feeding rhythm. However,
food intake may be an even more important stimulus than the
effects of changes in the light cycle (Rodriguez et al.,, 2021).
The feeding rhythm of Dicentrarchus labrax exhibited seasonal
changes whereby feeding activities occurred during the day in
spring, summer, and autumn, but at night in winter (Sanchez-
Vazquez et al., 1998). Irrespective of whether D. labrax consumed
food at night or during the day, maximum a-amylase activity
occurred during the feeding period. For individuals that exhibited
feeding behavior at night, maximum a-amylase activity occurred
at 18:00 h, whereas the peak enzyme activity in individuals with
feeding behavior during the day occurred at 03:39 h, indicating
that feeding time could regulate a-amylase secretion rhythm.
Therefore, we consider that the secretion of digestive enzymes
in abalone is consistent with the feeding period and follows an
endogenous rhythm on the whole, but it is also closely associated
with the specific feeding behavior of an individual animal. Thus,
intake of food will increase the secretion of digestive enzymes
in abalone (Britz et al., 1996), so the statistical results might not
exhibit a cosine rhythm.

In a previous study, Montoya et al. (2010) allowed Sparus
aurata access to periodic feeding at a fixed time each day, and
found that a-amylase and alkaline protease activities increased a
few hours before feeding. By contrast, the subjects in a random
feeding group did not exhibit this pattern and their a-amylase
activity did not increase until 1 h after feeding. These findings
suggest that S. aurata can prepare for upcoming food activities.
In another study, Vera et al. (2007) fed Carassius auratus fed
at regular intervals and found that movements and a-amylase
activity increased a few hours before feeding to coincide with the
expected feeding time. In contrast to these experimental animals
subjected to regular feeding, food was readily available for the
abalone in our experiments, which may explain the non-rhythmic
secretion of digestive enzymes, although the enzyme activity was
still generally greater at night than during the day. Some of the
digestive enzymes produced by animals may actually be secreted
by bacteria in the intestines. The bacterium Enterobacter ludwigii,
which can produce alginate lyase, was isolated from the intestines
of H. rubra x H. laevigata (Amin et al., 2017). Thus, the digestive
enzymes might not have been secreted just by the abalone in our
experiments; further research is required to determine whether
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FIGURE 4 | Expression levels of NPF (A), NPYR (B), and OXoR (C) in Haliotis
discus hannai and Haliotis gigantea. Values are expressed as mean + SE

(n = 4). Treatments with different letters are significantly different at different
sampling times in the same species (P < 0.05). “*” and “**” indicate significant
differences at P < 0.05 and P < 0.01, respectively, in the relative expression
levels of feeding-related genes at the same sampling time in different species.
No label indicates no significant difference at P < 0.05 in the relative
expression levels of feeding-related genes at the same sampling time in the
same species.

TABLE 4 | Cosinor analysis results obtained based on the relative expression
levels of feeding-related genes.

Target  Species Mesor Amplitude Acrophase P-value

Z18:05 ns
Z75:15 ns
ZT120:30 ns
772:42 0.005
Z716:45 ns
Z16:12 ns

0.368
0.530
0.062
0.400
0.917
0.076

NPF H. discus hannai
H. gigantea

1.397
0.937
1.312
0.884
1.130
1.480

NPYR H. discus hannai
H. gigantea
OXoR H. discus hannai

H. gigantea

NPF, Neuropeptide F; NPYR, NPY receptor; OX2R, orexin receptor type 2; ns, not
significant.

the enzymes secreted by intestinal flora exhibit rhythms, which
may also be associated with the rhythmic secretion of digestive
enzymes in the intestines of abalone.

NPF plays a crucial role in the regulation of invertebrate
feeding (Nassel and Wegener, 2011). NPF directly regulates filter
feeding by Ruditapes philippinarum and a study showed that
injection of 5 jLg g~ ! rp-NPF into its hemocoel significantly
increased the filtration rate by 23% within 2 h and by 65%
after 8 h. Furthermore, rp-NPF mRNA expression in the ganglia
splanchnicum of R. philippinarum increased after a short fasting
period, with the highest level reached after 72 h of starvation
before dropping immediately after 2 h of feeding (Wang et al.,
2017). Similarly, after fasting for 24 h, LmiNPFI expression in
the brain of Locusta migratoria increased significantly before it
was significantly downregulated after refeeding, which directly
demonstrated that NPF can regulate feeding behavior (Tan et al.,
2019). We found that the peak expression levels of NPF in
H. discus hannai and H. gigantea occurred at ZT8 (20:00 h),
which was 4 h earlier than the feeding behavior peak, possibly
because of the role of NPF in facilitating the feeding behavior
of abalone. The amino acid sequence of the neuropeptide group
of NPF in H. discus hannai has been determined (Kim et al.,
2019). Thus, in future studies, the role of NPF in facilitating
the feeding behavior of H. discus hannai could be validated by
directly injecting Hdh-NPF. The expression level of LmiNPFI
in the brain of L. migratoria was higher during the day than at
night: it increased continuously during 07:00-17:00 h and the
highest expression occurred at 17:00 before a continuous decrease
to the lowest level during 17:00-07:00 on the following day, and
the rate of the decrease was faster at night than during the day
(08:30-00:30 h). Thus, it is considered that NPF-NPFR signaling
may be crucial in ensuring lower activity of L. migratoria at
night (Tan et al.,, 2019). In H. discus hannai and H. gigantea,
the highest NPYR expression levels occurred at ZT4 (16:00 h)
and in each species was earlier than the peak NPF expression
level. Therefore, we suggest that the earlier occurrence of the peak
NPYR expression level may help to prepare for an increase in
NPF expression, thereby playing a role in regulating the periodic
feeding behavior of abalone.

Several studies have shown that orexin can enhance
the feeding and movement behaviors of fish (Rennestad
et al., 2017). For example, the feeding behaviors of Astyanax
mexicanus (Penney and Volkoft, 2014) and Carassius auratus
(Mandic and Volkoff, 2018) were stimulated after injection with
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orexin. In vertebrates, activation of OXR stimulates feeding and
gastrointestinal movements, and OXR expression levels are also
closely associated with feeding behavior (Wong, 2011; Volkoff,
2016; Baldascino et al., 2017). After 24 h of fasting, OX;R and
OX;R mRNA levels increased in the hypothalamus of male
Wistar rats (Rattus norvegicus) 2.5- and 2-fold, respectively
(Karteris et al., 2005). After overnight fasting, OX;R and OX,R
expression levels decreased in the duodenum of R. norvegicus
(Flemstrom et al., 2010). It has been shown that the expression
levels of orexin in other animals exhibit circadian rhythms.
Analysis of prepro-orexin expression in the hypothalamus of
Epinephelus coioides showed that it was higher in the light
phase than the dark phase that and it increased significantly
during feeding activity (Yan et al., 2011). Prepro-orexin mRNA
expression increased significantly at 10:00 h, which corresponded
to the daily feeding time of 10:00 h, before subsequently dropping
rapidly to the pre-feeding level by 10:30 h. The expression level
remained at a low level for the rest of the light phase, with
the lowest level occurring during 23:00-05:00 h. At feeding
time, prepro-orexin expression increased, but then dropped after
feeding, suggesting that orexin might activate feeding behavior
as a signal of starvation. In another study involving night
feeding, the relative expression of orexin in the hypothalamus
of Mus musculus exhibited an obvious diurnal distribution,
with the lowest point in the mid-phase of the light period,
before increasing in the dark period and peaking in the mid-
phase of the dark period. Orexin expression decreased again
in the later phase of the dark period (Fenzl et al., 2009). In
the present study, OX;R expression in H. gigantea increased
significantly before the feeding peak (ZT8, 20:00 h), which
may be an indicator of orexin-mediated feeding behavior. The
peak for OX,R expression levels in H. discus hannai occurred
following the feeding peak (ZT16, 04:00 h). Thus, feeding
behavior might be controlled by the interaction of a variety of
neuropeptides, and orexin may not be the dominant factor in
feeding regulation.

In this study, we compared the movements, feeding behaviors,
and digestive physiology of H. discus hannai and H. gigantea, and
showed that both species exhibit significant circadian rhythms,
with a feeding peak at ZT12 (00:00 h). H. discus hannai tended
to be bolder than H. gigantea, but H. gigantea spent 94.6%
of the duration of its movement in feeding activities, whereas
the duration of feeding by H. discus hannai only accounted
for 56.0% of its CDM. The maximum o-amylase activity and
NPF expression in both species and maximum OX,R expression
in H. gigantea occurred between ZT8 (20:00 h) and ZT12
(00:00 h), and PTSF in this period also reached the maximum
value. Feeding rhythms provide a biological basis for developing
scientific feeding practices. Thus, an understanding of the
characteristic feeding behaviors of abalone species may help to
maximize economic benefits according to the feeding duration
and frequency as well as other rearing strategies. The peak
alginate lyase activity and peak NPYR expression level in H. discus
hannai occurred at ZT4 (16:00 h), and PTSF for H. discus hannai
was significantly higher than for H. gigantea, so we recommend
feeding of H. discus hannai at 16:00 h, but H. gigantea should
not be fed until 20:00 h. Staggered peak feeding can avoid food

competition between species and may match the outcomes of
adaptive selection during long-term evolution for the two species.
An understanding of the physiological characteristics in terms
of feeding and digestion in these species may contribute to the
development of reasonable feeding strategies to improve the
proliferation of abalone via bottom sowing, with further potential
benefits from aiding in harvesting and protecting biodiversity.
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