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Abstract

The Korean rockfish, Sebastes schlegeli, is most commonly farmed in sea cages along the coast of Korea; however, detailed
information on intestinal microbiota regarding this fish is not readily available. In this study, comparison of the seasonal
changes of microbial communities in the intestine between farmed and wild through the amplicon sequencing approach was
conducted. The composition of major species in the intestine of this fish was very simple compared to that of other marine
fish species, with members affiliated with the family Vibrionaceae hyper-dominating and comprising on average 97.6% of
microbiota. However, the composition at the genus or species level and the pattern of seasonal changes of diversity indices
showed significant differences between farmed and wild fish. In the farmed fish, Photobacterium phophoreum was most
dominant throughout the year, accounting for 58.8% of the total. Aliivibrio fisherii and/or Aliivibrio finisterrensis also were
dominant in the fall to winter but substituted by Photobacterium damselae during spring to summer. In the wild fish, on the
other hand, opportunistic pathogens in the genera Aliivibrio or Vibrio were dominant in most of the samples. The analysis
of shared species between gut microbiome, feed microbiota, and seawater microbiota indicated that the intestinal microbial
diversity of farmed fish was affected more by microbiota of seawater than that of feed in spring and winter seasons. Addition-
ally, the proportion of potential pathogenic Vibrio spp. in the gut showed a negative correlation with plasma glucose levels
of the host. This study and following studies will be helpful in understanding the interaction between microbiome hosts and
the development of techniques to enhance production of healthy Korean rockfish.
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1 Introduction

The gut microbiota in vertebrates, including humans, play
an important role in nutritional provisioning, homeostasis,
immune defense, etc. (Gémez and Balcizar 2008; Sul-
lam et al. 2012). In fish, gut microbiota have also a sub-
stantial influence on growth promotion, improvement of
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digestion, improvement of the immune system, resistance
against stressful conditions and disease control (Ntranos and
Casaccia 2018; Sayes et al. 2018; Wang et al. 2018). The
gut microbiota of fish are affected by food, ambient water,
season and life stage, and varies between species as well as
within species (Ramirez and Romero 2017; Egerton et al.
2018).

Korean rockfish (Sebastes schlegelii, family Scorpaeni-
dae) are distributed in the Northwest Pacific Ocean, and are
usually farmed in sea cages in Korea. In nature, the preferred
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temperature for this species is 8-21.3 °C (average 17 °C),
and the suitable temperature for growth is 15-20 °C (Choi
et al. 2009). However, the temperature in the Southern coast
of Korea is about 7-25 °C year round, and the period suit-
able for growth is limited to 8 months (Sonh et al. 2007).
In particular, Korea is one of the ten countries that are
expected to suffer the greatest damage to the marine aqua-
culture industry due to global warming (Soto et al. 2018),
and the period when summer water temperature is main-
tained above 25 °C was 35 days in 2017 and daily water tem-
perature changes shows a maximum of 6.5 °C/day in 2017.
These unfavorable water temperature conditions for the sea
cage farming of Korean rockfish have led to an increase in
mortality as a result of the outbreak of bacterial disease and
have also contributed to retarded growth and poor health
(Kim et al. 2019).

Chemicals such as growth enhancers, metabolic agents,
and antibiotics for disease prevention and treatment in
farmed fish have negative impacts on the environment and
food safety. Therefore, it is necessary to promote healthy
gut microbiota when conducting fish farming (Llewellyn
et al. 2014). Recently, a study has been conducted on the
characteristics of the gut microbiota of farmed Korean rock-
fish in their early life stages (1-95 days after hatching), but
sufficient data have not been provided (Jiang et al. 2020).
They analyzed trends and the source of core microbiota of
rockfish and reported that Proteobacteria and Firmicutes
are the most dominant phyla in rockfish (Jiang et al. 2020).
Investigations of intestinal microbiota of Korean rockfish
have been carried out through culture-dependent methods
under aerobic conditions and some novel species were iso-
lated (Hyun et al. 2015; Kang et al. 2016; Tak et al. 2018).

For eco-friendly farming of marine fish with the reduced
use of chemicals, it is important to obtain baseline data of
the gut microbiota of healthy wild populations and compare

them with the farmed population (Egerton et al. 2018). Thus,
in this study, we analyzed the changes of gut microbial com-
munities in the grow-out stages of farmed and wild popula-
tions of Korean rockfish and the differences between the two
populations were compared.

2 Materials and Methods
2.1 Sample Collection and Processing

The farmed Korean rockfish used in the experiment were
artificially produced in land-based tanks, and stocked at
sea cages installed on the coast of Tongyeong City in June
2018. During the breeding period in sea cages, commercial
dry pellets were supplied for the first 3 months, and moist
pellets (a mixture of frozen fish and powdered feed contain-
ing fishmeal at a weight ratio of 95:5, moisture 75%, crude
protein 69%, crude lipid 16%, and ash 15%) were supplied
thereafter. The wild fish were collected by fishing boats
in the vicinity of Maemuldo Island in Tongyeong City to
exclude the effects of artificial feed supplied to sea cages.
The intestinal contents were sampled at four water tempera-
tures (14.4 °C, 12.1 °C, 16.8 °C, and 22.1 °C) for the farmed
population and three water temperatures, excluding 22.1 °C
for the wild population (Table 1). The intestinal microbiome
composition of fish may vary depending on the growth stage
(Aquilera et al. 2013). Therefore, individuals of the same
growth stage (i.e., pre-adult stage) and of the same period
after feeding were used in experiments.

The individual fish sample was designated with four
letter and first letter means its origin, second and third for
season, and the fourth designated individual number (FWil
designated farmed fish collected in winter). The hind gut of
the intestine (from anus up to 5 cm of digestive tract) was

Table 1 Sample conditions and

Season Date Water Group Samples Body length (cm) Body weight (g)
profiles of Korean rockfishes, temperature No
seawaters, and feed (°C)
Total Seq
Fish samples
Fall (Fa) Dec. 2019 144 Farmed (F) 9 5 32.52+1.34 492.00+19.39
Wwild (W) 10 3 33.63+0.81 524.00+43.86
Winter (Wi)  Jan. 2020 12.6 Farmed (F) 10 9 31.66+2.94 470.22+92.14
Wwild (W) 10 6 30.47+3.74 481.00+188.84
Spring (Sp)  May 2020 16.8 Farmed (F) 10 2 31.75+0.64 470.00+2.83
wild (W) 10 5 33.98+6.33 635.60+371.23
Summer (Su) Jul. 2020 22.3 Farmed (F) 10 4 28.27+2.04 42471 +38.79
Seawater and feed samples
Winter (Wi)  Jan. 2020 12.6 Seater - - - -
Spring (Sp)  May 2020 16.8 Seater - - - -
Summer (Su) Jul. 2020 22.3 Feed - - - -
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removed from anesthetized fish by Tricaine-S (Syndel USA,
Ferndale, Washington, USA), slit open with scissors, and the
faecal-like contents were washed off with phosphate buffered
saline (PBS). Then the intestinal mucus was scrapped off
with a spatula or was squeezed out by a pincette. The intes-
tinal mucus was transferred to a 15 ml conical tube filled
with PBS and stored at 2—4 °C until analysis. Contents of
intestines were suspended in 5 ml of PBS and stored at 4 °C
until the DNA extraction process was carried out. To exam-
ine the impact of environmental factors on the fish intesti-
nal microbiota, feed and seawater samples were collected.
Moist pellets as feed stored at — 20 °C were transported to
the laboratory in a frozen state. Surface seawater inside the
sea cage was collected in spring and winter and was stored
at 4 °C before filtration (Table 1). All the experimental pro-
cedures involving fish were performed in accordance with
national guidelines for the care and use of animals.

2.2 Total DNA Extraction and DNA Library
Construction

The stored intestinal contents were homogenized with a
vortex mixer and were precipitated for 3 min using ice to
remove impurities (suspended solids). Then, the superna-
tants were collected and centrifuged for 20 min at 4000xg.
Seawater was filtered through a PCTE membrane filter
(d=47 mm, ¢=0.2 pm, GVS, USA) and cells collected on
membrane were separated by rinsing with PBS bufferand
concentrated by centrifugation. The DNA from moist pel-
lets was extracted using QIAamp® Fast DNA Stool Mini Kit
(QIAGEN, Germany) following the manufacturer’s instruc-
tions. DNA from moist pellets was extracted manually using
PCI solution (phenol:chloroform:isoamyl alcohol 25:24:1,
Saturated with 10 mM Tris, pH 8.0, 1 mM EDTA, Sigma-
Aldrich, USA) from a 100 mg sample.

The extracted DNAs were used as templates for amplifi-
cation of the16S rRNA gene sequence through polymerase
chain reaction (PCR). Universal primer set 341F (5’-CCT
ACGGGNBGCASCAG-3') and 805R (5'-GACTACNVGGG
TATCTAAT-3') targeting the V3 and V4 regions of the 16S
rRNA gene were used for amplification (Takahashi et al.
2014). PCR products were purified using QIAquick® PCR
Purification Kit (QIAGEN, Germany) and confirmed with
1% agarose gel electrophoresis and spectrophotometer (Nan-
0oDrop2000, Thermo-Scientific, Korea).

2.3 Sequencing and Data Analysis

The high throughput sequencing was performed through
Illumina Miseq platform commercially at ChunLab Co.
Ltd. (Seoul, Korea). After the sequencing was completed,
the short or low-quality reads were removed by Trimmo-
matic software, sorted out by tags, and primer sequences

were removed. Finally, all reads were identified via BLAST
analysis against the EzBioCloud database (Yoon et al. 2017)
and visualized using CLCommunity™ (Ver3.46) browser.
Operational taxonomic units (OTUs) by CD-HIT algorithm
were extracted with a cut-off value of 97% similarity and
various alpha diversity indices were calculated such as Shan-
non, Chaol, etc. through the Mothur package of CLCom-
munity™. Hierarchical cluster analysis (HCA) and princi-
pal coordinate analysis (PcoA) were conducted on farmed
and wild catch rockfish during four seasons using the Fast
UniFrac distance metrics (Lozupone et al. 2011). For HCA,
the unweighted pair group method with arithmetic mean
(UPMGA) was adopted.

2.4 Plasma Glucose and Statistical Analysis

The level of plasma glucose (mg/dl) of the fish was deter-
mined in duplicate using an automatic analyzer (FUJI DRI-
CHEM 4000i, Fujifilm Co., Tokyo, Japan). Operation of the
automatic analyzer was conducted according to the manu-
facturer’s protocol using multi-layered slides (GLU-PIII;
Fujifilm Co., Tokyo, Japan).

2.5 Statistical Analysis

Results were expressed as mean + standard error (SE). Sig-
nificant differences in the diversity index and glucose levels
between wild and farmed fish of each season were deter-
mined by the one-way analysis of variance (ANOVA) fol-
lowed by the Tukey—Kramer tests. Statistical significance
was defined as P <0.05. Statistical analysis was conducted
using SPSS Statistics 21 (IBM SPSS Statistics Version 21
program, SPSS Inc., Chicago, IL, USA).

3 Results and Discussion

3.1 Taxonomic Composition of Microflora
in the Wild and Farmed Rockfish Intestines

Clean reads were obtained from 39 samples including 36 gut
contents, 2 seawaters, and 1 feed by Illumina Miseq system.
The sequencing yielded a total of 10,702,066 reads from
the 37 intestinal contents, 529,633 reads from two seasons
of seawater samples and 431,549 reads for the feed sample.
After trimming of the low-quality sequences and adaptor
sequence, OTUs were extracted. We obtained 446 OTUs
from the entire intestinal content samples, 1147 OTUs
from the seawater samples, and 1127 OTUs from the feed
sample. Detailed information on the sequencing results is
presented in Table S1 of the supplementary material. The
microbial composition at the genus level in the intestine
of sampled fish was determined based on OTUs analysis,
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which revealed a taxonomic composition distinguished
by each seasonal samples of farmed and wild fish. At the
phylum level, the majority of all the intestine of sampled
fish were dominated by Proteobacteria with the relative
abundance about 75.7-99.9% (mean=99.0%). Most of the
Proteobacteria reads were designated as y-Proteobacteria
(mean=99.0%), of which Vibrionaceae was the most domi-
nant family accounting for 97.6% of the whole fish gut sam-
ple. At the genus level, Photobacterium (mean=60.9%),
Aliivibrio (mean=23.4%), and Vibrio (mean=12.3%) were
the dominant genera. Few samples contained more than 1%
of other phylum other than Proteobacteria, and those were
FSul (farmed fish sample in the summer), WSp4, WSp3,
and WSp5 with Firmicutes (Clostridiaceae) accounting for
23.6%, Tenericutes (Mycoplasmataceae) accounting for
4.5%, and Fusobacteria (Fusobacteriaceae) accounting for
2.4% and 1.9%, respectively (Fig. 1).

The composition of the intestinal microbiota showed
significant differences at the species level with seasonal
changes between wild and farmed fish. Photobacterium
phosphoreum was the most abundant species included
in the intestine of both farmed (mean=58.8%) and wild
(mean =44.0%) fish. P. phosphoreum is known for symbi-
ont of various kinds of marine organismsand widespread in
marine environments including the intestine of fish (Hay-
good 1993). In the farmed fish samples in the summer, the
Photobacterium phophoreum group (mean =64.49%) was
still the most dominant, but the Photobacterium damselae
group (mean=27.89%) arose as a new major species. The
P. damselae group comprises two subspecies, P. damselae
subsp. damselae (Pdd) and P. damselae subsp. piscicida
(Pdp) (Gauthier et al. 1995). Pdd and Pdp were reported
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to cause disease in many kinds of aquatic animals includ-
ing economically important maricultural fish species (Rivas
et al. 2013; Romalde 2002). Typical symptoms of Pdd infec-
tion are hemorrhages and ulcers overall the body surface
and Pdp causes bacterial septicaemia named pasteurellosis
or pseudotuberculosis (Rivas et al. 2013; Romalde 2002).
According to the taxonomic composition, the P. damse-
lae group appeared only in spring (16.8 °C) and summer
(22.3 °C) seasons when the seawater temperature matched
their required growth temperature. Previous reported cases
indicate that the outbreak of disease by the P. damselae
group in sea cage farms is associated with rising seawater
temperatures in the summer season (Matanza and Osorio
2018); fortunately in the study area, no outbreaks occurred.
Members affiliated with the genus Aliivibrio were the domi-
nant genus in fall (mean=33.0%) and winter (39.6%), and
most of the reads were assigned as non-phathogenic Ali-
ivibrio fischeri and Aliivibrio finisterrensis. Appearance of
these species at low water temperature levels is in accord-
ance with previous reports (Beaz-Hidalgo et al. 2010; Ruby
et al. 2005).

In the wild fish samples, however, the P. phophoreum
group as well as the potential pathogenic Aliivibrio or Vibrio
groups dominated overall in most of the samples (Fig. 1). A.
salmonicida dominated in winter samples (mean=32.7%)
and appeared in the fall samples at relatively lower levels
(mean=4.9%). A. salmonicida is known as a causative
bacterium of cold-water vibriosis (CWV) in various aqua-
culture species (Egidius et al. 1981, 1986) and this CWV
mainly occurs at low water temperatures and is character-
ized by anemia and extended hemorrhages at the epidermis
of intestinal organs of fish (Egidius et al. 1981, 1986). This

Photobacterium phosphoreum group
B rhotobacterium damselae group
[ Photobacterium sanguinicancri
[ Photobacterium leiognathi
1 Photobacterium angustum
W iivibrio  fischeri
B2 Aliivibrio salmonicida group
1 Aliivibrio finisterrensis
B vivrio scophthalmi
BN Vibrio splendidus group
Vibrio lentus group
[ Vibrio atypicus
Vibrio parahaemolyticus group
[ Vibrio renipiscarius
(— Vibrio_uc
[ Catenococcus thiocycli
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B Enierovibrio nigricans
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Fig.1 Taxonomic composition of the intestinal microflora of Korean rockfish samples from four seasons at species level. The hatched lines

within the box indicate the potential pathogenic groups
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is attributed to the fact that the growth of A. salmonicida
occurs in the temperature range of 1-22 °C with the opti-
mum growth temperature being 15 °C (Egidius et al. 1981).
In the spring and fall samples, microbial composition reveals
a more diverse group of the genus Vibrio such as V. scoph-
thalmi (11.4%), V. splendidus (5.5%), V. lentus (4.5%), V.
atypicus (1.4%), V. parahaemolyticus (1.0%) and uncul-
tured Vibrio spp. (2.0%). Among them, V. scophthalmi, V.
splendidus, V. lentus, and V. parahaemolyticus are known
as potential pathogenic bacteria for marine life (Baross and
Liston 1970; Baticados et al. 1990; Farto et al. 2003, 2006;
Qiao et al. 2012).

Some studies have concluded that shared bacteria com-
munities are specific for their host taxa and might play some
type of important symbiotic role because of metabolic ben-
efits derived from the relationship between the bacteria and
its host (Lee et al. 2018; Tinta et al. 2019). Therefore, shared
bacterial species from the intestine of fish based on species
pool at each season were determined (Fig. 2). Out of the
283 OTUs identified in the wild fish through spring, fall,
and winter, 42 OTUs (14.8%) affiliated with the genera Pho-
tobacterium, Aliivibrio, Vibrio, Catenococcus, Shewanella,
and Moritella were shared (Fig. 2a). In the farmed fish sam-
ples, 22 OTUs (9.3%) affiliated with the genera Photobacte-
rium, Aliivibrio, Vibrio, Enterovibrio, and Shewanella were
shared out of the 236 OTUs identified throughout all the
seasons (Fig. 2b). However, any shared species was found
on the individual level; although, it did appear that P. phos-
phoreum and Aliivibrio fisherii compensated each other. The
exceptions were fish dominated by potential pathogens such
as P. damselae and V. scolphthalmi (Fig. 1). The result was
markedly different from a previous report that found that
14 genera were shared in the healthy larval guts of Korean
rockfish (Jiang et al. 2020), and only the genus Vibrio was
found to be shared with this study. The difference of gut
microbiome profiles between two studies seems to stem from
variations in environmental conditions, provided food, and
the growth stages.

Fig.2 Number of the shared (A)
OTUs between seasons in the
intestine of wild (a) and farmed
(b) fish. The number of OTUs
in each group (season) is the
sum of the OTUs that appeared
in all individuals within the

group

Spring

Winter

3.2 Diversity of Microflora in the Wild and Farmed
Rockfish Intestines

Alpha diversity for each species in the intestine of wild and
farmed fish was analyzed with various diversity indices
(Table S1). Both Shannon and Chao 1 indexes were higher
in the wild than in farmed fish (Fig. 3a, b). Interestingly,
there were significant differences in the seasonal intestinal
microbial diversity between wild and farmed fish. In the wild
fish samples, the Shannon value was highest in spring and
lowest in fall. Although summer samples were lacking, bio-
diversity showed an inverted U-shaped pattern that increased
from winter to spring and then decreased again in fall
(Fig. 3c). The reason for this is that the suitable temperature
for growth of rockfish is 15-20 °C, and the spring tempera-
ture (16.8 °C) falls within this range (Table 1). In addition,
the cause of the low diversity regarding the winter and fall
samples is believed to have been influenced by feed sources
along with seawater temperature. Unlike farmed rockfish,
wild rockfish are known to eat primarily fish (Acanthopagrus
schlegeli, Sebastes inermis, Engrau japonicas, Sillago spp.
etc.) and additionally shrimps, crabs, amphipods and poly-
chaetes (Park et al. 2007), however, in winter and fall, wild
rockfish can experience starvation or food source limitations.
On the other hand, the Shannon value of farmed fish samples
was lowest in winter and increased with spring, summer, and
fall (Fig. 3d). These results suggest that the biodiversity of
farmed fish samples is more affected by seawater conditions
than the feed source. Details will be provided in the next
section which is concerned with the relationship between
intestinal microbiomes and environmental factors.
Clustering and outliers between individual samples were
analyzed by hierarchical cluster analysis (HCA) (Fig. 4a)
and principal coordinate analysis (PcoA) (Fig. 4b) using
the Fast UniFrac distances. The HCA showed that spring
(WSpl, 2, 3, and 5) and winter (WWi3, 5, and 6; WWi 2 and
4) samples of wild fish were clustered, and summer (FSu2,
5, and 7; FSu 3 and 6), fall (FFal-5), and winter (FWil,

Winter
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Fig.3 Comparison of intestinal ( A) (B)
microbial diversity showed P<0.05 P<0.05
the difference between wild mmm  Wild e Wild

and farmed rockfish. Shannon
(a) and Chao 1 (b) indices for
overall samples and seasonal
changes of Shannon index

of wild (c¢) and farmed (d)
rockfish. There is significant dif-
ference between groups marked
in different lowercase alphabets
(P<0.05)
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Fig.4 Structural characteristics of intestinal microflora in wild and farmed rockfish samples rockfish based on the operational taxonomic unit
(OTU), clustering (a) and principal components analysis (PCA) (b)
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2,6 and 7; FWi3, 4, 5 and 9) samples of farmed fish were
clustered (Fig. 4a). Unusually, winter samples of farmed/
wild fish and the summer samples of farmed fish formed two
distinct clusters (Fig. 4a). The PcoA results exhibited that
samples of wild fish showed more diverse distributions than
that of farmed fish (Fig. 4b). In addition, winter samples of
farmed and wild fish formed two distinct clusters, and these
patterns were consistent with the HCA results (Fig. 4a).
There was no significant variation among individuals within
each sample groups, and they were well clustered into wild
or farm seasonal samples, respectively.

3.3 The Relationship Between Intestinal Microbiota
and Environmental Microbiota

We conducted microbial composition analysis on environ-
mental factors including feed and seawater. In the microbial
composition of feed, Proteobacteria were the most dominant
phylum accounting for 75.7% of the total reads and most of
them were assigned to y-Proteobacteria. At the genus level,
Psychrobacter and Photobacterium accounted for a major-
ity of microbiota—46.5% and 14.6%, respectively (Fig. 5).
Feed samples were collected in the summer season but were
stored in the freezer of fish farm. The storage environment of
the feed may have resulted in the proliferation of the genus
Psychrobacter, which can be reproduced at low temperatures
(Bowman 2006). At the species level, 12.9% of the total
reads were allocated to Photobacterium phosphoreum which

is commonly found to be dominant in both wild and farmed
fish microbiota. The existence of Photobacterium damselae
and Aliivrio salmonisida was also confirmed to be 1.2% and
1.2% of total reads, respectively (Fig. 5). They were rep-
resentative pathogens found in the intestinal microbiota in
summer and winter seasons. The microbial composition of
seawater samples collected in winter and spring was ana-
lyzed. The most dominant phyla in the majority of seawater
samples were Proteobacteria and Bacteroidetes. In winter
seawater, the most dominant phylum was Proteobacteria
which accounted for 75.7% (46.6% of y-Proteobacteria and
29.8% of a-Proteobacteria) of the total reads followed by
Bacteroidetes (14.4%) and Verrucomicrobia (1.2%) (Fig. 5).
In spring seawater, Alpaproteobacteria increased compared
to the winter season, accounting for 55.0% of the total reads,
with y-Proteobacteria (19.2%), Bacteroidetes (13.6%), Act-
inobacteria (3.4%), and Verrucomicrobia (2.2%) also found
to be present (Fig. 5).

To analyze the relationship between environmental micro-
biota and intestinal microbiome of farmed fish, the shared
OTUs of intestinal microbiome, feed microbiota, and sea-
water microbiota were analyzed. Many types of factors,
such as nutritional condition, feeding habits of the host, and
environmental factors, are known to affect microbial com-
munities in the fish (Banerjee and Ray 2017 and references
therein). Analysis of the shared species among the intestine
of farmed fish, feed, and seawater samples is shown in Fig. 6.
In spring, 15 shared OTUs appeared between fish gut and
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Fig.5 Taxonomic composition of seawater samples collected in spring and winter, and feed sample at species level. ETC group represented in
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feed, and 39 shared OTUs appeared between fish gut and
seawater, accounting for 24.2% and 62.9% of total species
of fish intestine, respectively (Fig. 6a). Similar to the spring
sample, 13 shared OTUs appeared between fish intestine and
feed in winter, and 29 shared OTUs appeared between fish
intestine and seawater, accounting for 13.4% and 29.9% of
total species of fish gut, respectively (Fig. 6b). These results
indicate that the intestinal microbial diversity of farmed fish
is more affected by seawater than by feed in spring and winter
seasons, and this is consistent with the results of the diverse
index analysis of previous seasonal samples of farmed fish.
This is probably because the feed source was always pro-
vided in a consistent and constant manner, but microbiota of
seawater changes by season. In general, it has been reported
that feed microbiota has a more significant impact on the
microbial structure of fish intestines than that in seawater
(Jiang et al. 2020; Walburn et al. 2018). Most of the reported
studies have been performed in closed aquaculture systems
(Jiang et al. 2020; Walburn et al. 2018). However, this study
was not conducted in a closed system, but was conducted in
a cage farm, where seawater can reciprocate. Common in
spring and winter samples, shared species of seawater, feed,
and fish gut included P. phosphoreum, A. salmonicida, V.
lentus, and V. splendidus. P. phosphoreum was a dominant
group accounting for more than 90% of farmed spring and
winter samples, except for a few individuals. On the other
hand, A. salmonicida, V. lentus, and V. splendidus were a
minority group with less than 3% (Fig. 1). Interestingly, A.
salmonicida dominated in winter samples of wild fish, and V.
lentus and V. splendidus dominated in several spring samples
of wild fish (Fig. 1). These groups were known as pathogenic
microorganisms (Baticados et al. 1990; Egidius et al. 1986;
Farto et al. 2003, 2006).

3.4 Interaction of Host and Intestinal Microbiota

To understand the interaction between the intestinal
microbiome and the host, components of blood samples

@ Springer

Fig.7 The plasma glucose levels of wild and farmed rockfish in
winter and spring. Vertical bars represent mean+SE for duplicate
samples. Unlike letter above bars indicates significant differences
(Tukey—Kramer test, P <0.05) among the wild and farmed rockfish in
the two seasons

of farmed or wild fish in spring and winter, respectively,
and the correlation with intestinal microbiota were ana-
lyzed. The level of plasma glucose is used as an indicator
to evaluate the stress of fish caused by physiological fac-
tors such as changes in food and water temperature (Islam
et al. 2020). Bacterial disease in fish commonly results
in major alterations in blood biochemical composition
(Iwama and Ashida 1986; Mgyner et al. 1993). Patho-
genic Vibrio groups have been reported to have a posi-
tive or negative correlation with plasma glucose levels (Li
and Woo 2003; Pan et al. 2019). In sea bream infected by
pathogenic Vibrio species, a significantly lower level of
plasma glucose was demonstrated, regardless of whether
the infection was induced naturally or experimentally (Li
and Woo 2003). On the other hand, in intestine of grass
carp, the potential pathogenic Vibrio was reported to be
positively correlated to plasma glucose levels (Pan et al.
2019). Interestingly, potential pathogenic species in the
genus Vibrio were significantly correlated with plasma
glucose level. Pathogenic Vibrio groups such as Vibrio
scophthalmi, Vibrio splendidus, and Vibrio lentus domi-
nated at an average level of 10.2%, 13.0%, 6.7%, respec-
tively, in spring samples of wild fish (Fig. 1), and plasma
glucose levels in these individuals were remarkably low
and averaged 35.10 + 1.55 mg/dl (Figs. 1, 7). On the other
hand, in the spring samples of farmed fish, these patho-
genic Vibrio groups accounted for less than 3%, and the
plasma glucose level of these individuals were the high-
est at an average of 283.75+37.75 mg/dl (Figs. 1, 7).
These results indicate that the potential pathogenic Vibrio
group in rockfish gut negatively correlated with plasma
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glucose levels. Pathogen-induced fish infection changes
the biochemical composition of blood, which can affect
the health of the host. This study will help to understand
the interaction between microbiome hosts, and further-
more, develop the techniques for the production of healthy
Korean rockfish.

4 Conclusion

In the present study, seasonal changes of intestinal micro-
biota of wild and farmed Korean rockfish and compari-
son between the diversity of wild and farmed fish sam-
ples were investigated through the amplicon sequencing
method. The microbial diversity of both samples (wild
and farmed) showed a relative simplicity and almost all
reads were affiliated with the family Vibrionaceae in the
class y-Proteobacteria. However, composition of species
and patterns of seasonal changes were clearly different
between wild and farmed fish and the diversity was higher
among the wild fish compared with the farmed fish. In
the intestine of farmed fish, the P. phophoreum group, A.
fisherii, and A. finisterrensis were hyper-dominant and the
P. damselae group, one of the opportunistic pathogens,
dominated in some samples from the summer season. On
the other hand, in the wild fish samples, opportunistic
pathogens such as A. salmonicida, V. parahaemolyticus, V.
scophthalmi, Vibrio splendidus, and V. lentus were wide-
spread not only in spring but also in fall and winter. In the
spring samples the proportion of pathogenic Vibrio spp.
showed a negative relationship with the plasma glucose
levels of the host. In addition, the results of the shared
species analysis of intestinal microbiome, feed microbi-
ota, and seawater microbiota indicate that the intestinal
microbial diversity of farmed fish was affected more by
seawater than by feed. From these results, we can tenta-
tively conclude that (1) the plasma glucose level of the
host reflects the gut microbial community composition and
(2) the composition of gut microbiota in Korean rockfish
was very simple and affected more by seawater than feed
for farmed fish in spring and winter seasons. From these
results, the management process of the fish farm could
benefit from the following suggestions: possible infection
by pathogenic bacteria could be monitored via plasma glu-
cose level analysis and the intestinal microbiota could be
manipulated with the introduction of helpful microorgan-
isms into seawater. These suggestions will be tested in the
near future and it is hoped that they will contribute to the
improvement of Korean rockfish aquaculture management
techniques.
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