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  Abstract           Sea cucumber  Apostichopus   japonicus  is an important marine economic species in Asian 
countries due to its profound nutritional and medicinal value. So far, with the rapid development of intensifi ed 
artifi cial aquaculture of sea cucumbers, the use of antibiotics is still an inexpensive and dispensable way to 
treat pathogenic infections, especially during the nursery phase. However, there is little information on the 
eff ects of antibiotics on the intestinal microbiota of sea cucumber. Therefore an Illumina based sequencing 
method was used to examine the intestinal bacterial composition of juvenile  A .  japonicas  following diets 
with three typical antibiotics (tetracycline, erythromycin, and norfl oxacin) under 15, 30, and 45 d. The 
fi ndings reveal that diff erent antibiotics have distinct eff ects on the growth performance of juvenile sea 
cucumbers. However, the richness and diversity of microbiota were barely aff ected by antibiotics but the 
community composition alterations indicated that the three antibiotics exhibited their respective patterns of 
reshaping the intestinal bacteria of juvenile sea cucumbers. In common, the abundance of some sensitive 
genera with helpful functions, such as  Thalassotalea ,  Shewanella ,  Sulfi tobacter , and  Halomonas  decreased 
signifi cantly with exposure to antibiotics and the abundance of multiple potential pathogenic- and suspected 
antibiotic-resistant microorganisms like  Arcobacter ,  Leucothrix , and  Clostridium_sensu_stricto_1  was 
found increased signifi cantly in the antibiotic groups. These results suggest that low doses of antibiotics 
could aff ect the composition of the intestinal microbiota of sea cucumbers and might increase the risk 
of infection of the hosts. This study could help us to explore how antibacterial compounds modify the 
gut microbiota of sea cucumbers and provide theoretical guidance in hatchery management by scientifi c 
antibiotic use in sea cucumber mariculture. 
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 1 INTRODUCTION 

 The intestine is a multifunctional organ system 
inhabited by trillions of bacteria. The gut provides a 
rich environment for supporting microbial survival, 
and the microbiota plays an important role in the 
health and well-being of host organisms. Over the last 
15 years, scientists have demonstrated that gut 
microbiota is involved in a multitude of important 
physiological processes of host organisms, including 
nutrition absorption, energy sources synthesis, 
glucose and fat metabolism, immune defences, and 
even the lifespan regulation (Topping and Clifton, 
2001; Flint et al., 2012; Tremaroli and Bäckhed, 2012; 

Schuijt et al., 2016; Han et al., 2017). Therefore, gut 
microbiota and hosts actually constitute a complex 
and symbiotic “super organism” to orchestrate host 
physiology and pathology. The alterations of the gut 
community could cause the imbalance of the host-
microbial symbiosis and further trigger a horrifying 
list of diseases, including both intestinal and extra-
intestinal disorders such as infl ammatory bowel 
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disease, asthma, metabolic syndrome, diabetes, 
allergies, cardiovascular disease and even obesity 
(DiBaise et al., 2008; Vijay-Kumar et al., 2010; 
Carding et al., 2015; Stiemsma and Turvey, 2017). 

 Alterations of a gut microbiota composition can be 
resulted from various environmental factors, such as 
diets, pathogens, toxins, and drugs. Among them, the 
antimicrobial agents are the most dramatic and 
complex factor and have recently attracted much 
attention. As the most infl uential innovation of the 
20th century, antibiotics are widely and heavily used 
for public health and agriculture all over the world 
(Van Boeckel et al., 2014). Due to the lack of 
reasonable supervision and weak public consciousness, 
antibiotic misuse or abuse is widespread. This 
situation is especially severe in China, for example, a 
survey showed that more than 162 million kg of 
antibiotics were consumed in 2013, and almost half 
were used in agriculture applications (Zhang et al., 
2015). Due to their high water solubility and low 
bioavailability, the multitude of unabsorbed antibiotics 
not only pose a serious ecological threat to the 
environment but also severely disturb the gut 
homeostasis of organisms and lead to the emergence 
of antibiotic-resistant strains (Li et al., 2015). Previous 
studies showed that antibiotic addition was also 
closely linked to the gut microbiota community shift 
of aquatic organisms. Antibiotics addition caused a 
reduction in the gut bacteria number and diversity in 
Atlantic halibut ( Hippoglossus   hippoglossus ) larvae 
and few culturable bacteria were recovered after the 
treatment (Verner-Jeff reys et al., 2004). Navarrete et 
al. (2008) found that the gut microbiota of Atlantic 
salmon in the oxytetracycline-treated group was 
characterized by a lower diversity and consisted only 
of  Aeromonas , which was proven as an antibiotic-
resistant strain. In the study of grass shrimp following 
exposure to low doses of oxytetracycline,  Vibrio  
 alginolyticus  showed signifi cant positive growth, 
whereas other bacterial species abundance declined 
over time (Uyaguari et al., 2009). In zebrafi sh and 
 Gambusia   aff nis  fi sh, studies also showed lasting 
eff ects on mucosal microbiomes following antibiotic 
exposure (Carlson et al., 2017; Zhou et al., 2018).  

 The sea cucumber  Apostichopus   japonicus  is an 
important marine economic species in Asian countries 
due to its profound nutritional and medicinal value 
(Liao, 1997). With the rapid development of 
intensifi ed artifi cial aquaculture of sea cucumbers, 
large amounts of antibiotics were used to treat 
pathogenic diseases and promote growth, especially 

during the nursery phase (Wang et al., 2007). 
However, despite the widespread use of antibiotics in 
sea cucumber industries, the eff ects of antibiotics on 
the bacterial ecology have received little attention. 
The objective of this research was to study the eff ects 
of three typical antibiotic compounds on the gut 
bacteria of juvenile sea cucumbers by high-throughput 
sequencing of 16S rRNA amplicons. The study could 
help us to explore how antibacterial compounds 
modify the gastrointestinal microbiota of sea 
cucumbers and provide theoretical guidance in 
hatchery management by scientifi c antibiotic use in 
sea cucumber mariculture. 

 2 MATERIAL AND METHOD 
 2.1 Animal preparation 

 Two hundred forty healthy juvenile sea cucumbers 
(average weight of 2.57±0.3 g) were collected from 
the coast of Yantai, Shandong Province, China, in 
March 2017. After temporary rearing for 3 d without 
feeding, the juveniles were randomly divided into 
four groups for experimentation. All juveniles were 
fed with a formula feed of 1.5% of their body weight 
every day, and three experimental groups had three 
typical antibiotics (tetracycline, erythromycin, and 
norfl oxacin) added as a 2% weight of formula feed, 
while the control group had nothing but formula feed 
added. Tetracycline (CAS: 60-54-8), erythromycin 
(CAS: 114-07-8) and norfl oxacin (70458-96-7) were 
purchased from MeiLun Biotechnology Co. Ltd., 
Dalian, China. The mortality of sea cucumbers was 
observed, and dead ones were removed every day; the 
weight of all individuals was noted at each time of 
sampling. From these data, the survival rate (SR), 
body weight gain (BWG) and special growth rate 
(SGR) were calculated according to the following 
formulas: 
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 in which  St : survival numbers of sea cucumber at the 
end of the experiment;  S  0 : survival numbers of sea 
cucumber at the beginning of experiment;  W  t : wet 
weight of sea cucumbers at the end of the experiment; 
and  W  0 : wet weight of sea cucumber at the beginning 
of experiments. 
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 2.2 Sample collection and DNA extraction 

 Ten individuals of each group were sacrifi ced at 
15, 30, and 45 d after the experiment started, and the 
intestinal contents of sea cucumbers were aseptically 
dissected and stored in liquid nitrogen. The gut sample 
information of juveniles is given in Table1. Genomic 
DNA was extracted from individual intestinal contents 
using a FastDNA ®  Spin Kit for Soil (MP Biomedicals, 
USA) according to the manufacturer’s protocol. DNA 
concentration and purity were monitored on 1% 
agarose gels. According to the concentration, DNA 
was diluted to 1 ng/μL using sterile water.  

 2.3 PCR amplicon and product quantifi cation 

 The 16S rRNA V4 and V5 regions were amplifi ed 
by specifi c primer combination of 515F-907R (515F: 
5′-GTGCCAGCMGCCGCGGTAA-3′ and 907R: 5′- 
CCGTCAATTCMTTTRAGTTT-3′) with barcode 
(Chen et al., 2016; Zhang et al., 2016b). All PCRs 
were carried out in a total volume of 30 μL (15 μL 
Phusion ®  High-Fidelity PCR Master Mix (New 
England Biolabs, MA, USA), 0.2 μmol/L forward and 
reverse primers and 10 ng template DNA) as follows: 
98°C for 1 min; 30 cycles of 98°C for 10 s, 50°C for 
30 s, 72°C for 60 s; and a fi nal elongation step at 72°C 
for 5 min. Samples with bright bands between 400 bp 
and 450 bp were extracted and mixed in equidensity 
ratios and then purifi ed with a GeneJET™ Gel 
Extraction Kit (Thermo Scientifi c, NY, USA). 

 2.4 High-throughput sequencing 

 Sequencing libraries were generated using a 
TruSeq ®  DNA PCR-Free Sample Preparation Kit 
(Illumina, USA) following the manufacturer’s 
recommendations and index codes were added. The 
library quality was assessed on the Qubit@ 2.0 
Fluorometer (Thermo Scientifi c, NY, USA) and 
Agilent Bioanalyzer 2100 system. At last, the library 
was sequenced on an Illumina HiSeq 2500 platform 
and 250 bp paired-end reads were generated. 

 2.5 Bioinformatics data analysis 

 Raw tags were fi rst merged by paired-end reads 
using the FLASH tool (V1.2.7, http://ccb.jhu.edu/
software/FLASH/) (Magoč and Salzberg, 2011) and 
then fi ltered under specifi c fi ltering conditions to 
obtain high-quality clean tags according to the QIIME 
(V1.7.0, http://qiime.org/index.html) quality 
controlled process (Caporaso et al., 2010). After 
removing the chimaera sequences by using the 

UCHIME algorithm (UCHIME Algorithm, http://
www.drive5.com/usearch/manual/uchime_algo.html), 
the eff ective tags were fi nally generated (Edgar et al., 
2011). 

 Sequence analyses were performed by Uparse 
software to assign OTUs (operational taxonomic 
units) using the average neighbour algorithm at a 97% 
similarity level. Furthermore, each representative 
sequence was annotated using taxonomic information 
based on the RDP3 classifi er algorithm in the Green 
Gene Database. QIIME software was used to calculate 
alpha diversity: Good’s coverage was used to 
characterize the sequencing depth, the observed 
species were used to estimate the number of unique 
OTUs found in each sample, Chao 1 and ACE were 
used to identify community richness, and the Shannon 
index and Simpson index were used to identify 
community diversity. And Beta diversity analysis was 
carried out to compare the microbiota community 
composition in diff erent samples depending on 
QIIME calculates including the unweighted pair-
group method with arithmetic means (UPGMA) 
clustering and principal coordinate analysis (PCoA). 
All sequences in this study were deposited into the 
NCBI database with GenBank accession nos. 
SPR130109. 

 2.6 Statistical analysis 

 Diff erences between SR, BWG and SGR results 
were subjected to one-way analysis of variance 
followed by LSD’s multiple range test by using SPSS 
18.0 software (SPSS Inc, Chicago, USA) and the 
signifi cance in microbial diversity and abundance 
among the diff erent antibiotic sea cucumber was 
tested by Student’s  t -test using R software, and the 
statistical signifi cance was set at  α =0.05.  

 Table 1 Sample information of sea cucumbers in this study 

 Group  Sample name  Sampling time 

 Control (D)  D  In the initial stage of the control group 

 Tetracycline 
Treatment (T) 

 T1  15 d after tetracycline treatment 

 T2  30 d after tetracycline treatment 

 T3  45 d after tetracycline treatment 

 Norfl oxacin 
Treatment (N) 

 N1  15 d after norfl oxacin treatment 

 N2  30 d after norfl oxacin treatment 

 N3  45 d after norfl oxacin treatment 

 Erythromycin 
Treatment (H) 

 H1  15 d after erythromycin treatment 

 H2  30 d after erythromycin treatment 

 H3  45 d after erythromycin treatment 
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 3 RESULT 

 3.1 Dietary antibiotic and growth performance of 
sea cucumber juvenile  

 The SR, BWG, and SGR were measured to assess 
the eff ect of antibiotic treatments on the growth 
performance of juvenile sea cucumbers. The results 
showed that the SR varied from 81.67% to 96.67% in 
the four groups (Fig.1a). The SR of the norfl oxacin 
dietary group was signifi cantly lower than those of 
other groups ( P <0.05), and the SR of the erythromycin 
group was the highest (96.67%), but no signifi cant 
diff erence was observed. The BWG and SGR in the 
four groups (three antibiotic groups and control 
group) varied from 5.09% to 18.95% and 11.03% to 
38.47%, respectively (Fig.1b, c). Similar to SR, the 
BWG and SPG of the norfl oxacin group were 
signifi cantly lower ( P <0.05) and the erythromycin 
group was higher than those of the other groups with 
no signifi cant diff erences. These results indicated that 

diff erent antibiotics had diff erent eff ects on the growth 
performance of juvenile sea cucumbers.  

 3.2 Illumina sequencing 

 A total of 1 844 059 optimized reads were obtained 
from the 30 gut content samples of juvenile sea 
cucumbers (200 412 reads of the control group and 
1 643 647 reads of the other three antibiotic treated 
groups) by Illumina sequencing. The optimized read 
numbers for each sample ranged from 37 704 to 
87 337 with a mean average of 61 469±9 856. The 
average length of the reads was 253 bp. The mean 
sequences of each group are listed in Table 2. In 
addition, these data revealed that the goods’ coverages 
of all samples were ≥99.5% (Table 2), which indicated 
that the sequencing depth was suffi  cient to cover the 
microbial diversity in all samples.  

 To estimate and compare the bacterial richness and 
diversity diff erence among these groups, the 
proportions of OTUs were calculated by the ACE and 
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 Fig.1 Eff ects of antibiotic dietary treatments on the growth performance of juvenile sea cucumbers 
 a. survival rate; b. body weight gain; c. special growth rate. Comparisons between the four groups were made by one-way ANOVA following the LSD 
multiple-comparison test, and asterisk (*) represents  P <0.05. The capital letter D, T, N, and H represents control group, tetracycline treatment group, 
norfl oxacin treatment group, and erythromycin treatment group, respectively. 

 Table 2 Illumina high-throughput sampling depth, richness and diversity index of juvenile sea cucumbers intestinal bacteria 
in control and antibiotic treatment groups 

 Sample 
 Sampling depth  Richness  Diversity  

 Mean sequences  Goods_coverage  Chao  ACE  Shannon  Simpson 

 D  66 804±8 004  0.997 7±0.000 58  362.5±58.1  370.5±53.2  3.1±0.27  0.8±0.07 

 T1  64 125±1 461  0.997±0.001  423.8±127.77  439.2±120.18  3.7±0.18  0.8±0.04 

 T2  66 020±11 704  0.997±0.001  414.2±126.86  437.9±143.16  3.3±0.33  0.8±0.07 

 T3  63 993±2 926  0.998±0.000 58  256.5±58.19  257.1±50.52  3.0±0.04  0.8±0.01 

 N1  56 364±2 311  0.997±0.000 58  344.0±107.53  369.6±105.38  3.0±0.19  0.7±0.01 

 N2  51 506±3 202  0.996±0.000 58  567.1±125.99  591.2±126.82  3.7±0.33  0.8±0.04 

 N3  55 526±5 294  0.997±0.002 1  430.3±401.39  460.8±410.29  3.2±0.76  0.8±0.04 

 H1  64 479±9 766  0.995±0.000 58  653.3±82.37  688.9±78.96  4.4±0.55 *   0.9±0.06 

 H2  52 869±14 682  0.998±0.001  325.6±110.11  355.2±101.99  3.3±0.43  0.7±0.11 

 H3  73 001±13 473  0.999±0.001  352.5±257.69  355.8±266.00  3.2±0.73  0.8±0.04 

 Abbreviations are the same as in Table 1. Data are expressed in means±SD. Student’s  t -test was used to test the diversity indices. Asterisk (*) represents 
 P <0.05. No signifi cant diff erence was found in Chao, ACE, and Simpson index. 
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Chao1 indices and the Shannon and Simpson diversity 
indices. As shown in Table 2, the ACE and Chao1 
values have no signifi cant diff erences between the 
antibiotic treatment groups and the control group, but 
data shows the richness indices in all three antibiotic 
groups increase fi rst and then decrease with the 
elongated treated time. For diversity, a similar trend 
of Shannon and Simpson diversity indices were also 
observed in antibiotic treatments, and the H1 group 
had signifi cantly higher levels of diversity indices 
( P <0.05) than the other groups (Table 2). 

 Venn diagrams refl ected the distribution of OTUs 
among diff erent treatment groups. As shown in Fig.2a, 
128 OTUs were shared among the control group (D) 
and tetracycline groups (T), and 69, 260, 286 and 115 
uniquely OTUs were observed in the four groups, 
which accounted for 18.80%, 45.45%, 45.91%, and 
35.49% of all sequences in the D, T1, T2 and T3 
groups, respectively. For the control group (D) and 
norfl oxacin groups (N), there were 121 common 
OTUs shared in the four groups, and 42, 107, 393 and 
464 unique OTUs were found with the percentages of 
11.44%, 22.25%, 43.33% and 49.00% of all sequences 
in the D, N1, N2 and N3 groups, respectively (Fig.2b). 
In comparison with the control group (D), 108 OTUs 
were shared in erythromycin groups (H), and the 
unique OTU numbers of the D, H1, H2, and H3 
groups were 79, 535, 84 and 304, which accounted for 
21.53%, 55.85%, 21.43% and 48.25% of all its 
sequences, respectively (Fig.2c). Overall, these 
results suggested that the dietary supplementation of 
diff erent antibiotics in sea cucumbers led to the 
selection of diff erent unique microbial populations. 

 3.3 Eff ects of antibiotic treatment on the intestinal 
bacterial composition 

 Thirty-four diff erent bacteria phyla were identifi ed 
from the gut contents of all juvenile sea cucumber 
samples. From each group of sea cucumbers, the 

phylum  Proteobacteria  made up the dominant 
majority of all sequences (mean relative abundance, 
95.78%±3.57%), and  Firmicutes  (1.43%±0.61%), 
 Bacteroidetes  (1.16%±1.43%),  Fusobacteria  
(0.92%±1.24%), and  Actinobacteria  (0.18%±0.049%) 
were also detected in the gut microbiota of sea 
cucumbers. As shown in Fig.3 and Table S1, the sea 
cucumber gut bacterial assemblages were relatively 
stable at the coarse phylum level in control and 
antibiotic groups. But there were some signifi cant 
diff erences in intestinal microorganisms, like the 
signifi cant decreasing proportions of  Proteobacteria  
was observed in the antibiotic treatment groups (N2, 
H1 and H2 group) compared to the control group 
( P <0.05), and some phyla exhibited more abundant 
within the gut of  A .  japonicus  diet with antibiotics, 
including signifi cant increasing percentages of 
 Firmicutes  (N3 and H3) ( P <0.05), and some phyla 
emerging only in antibiotic diet sea cucumbers, such 
as  Acidobacteria  (N2) and  WD272  (H1) ( P <0.05). 

 At the species level, a total of 509 genera were 
identifi ed in the microbiota of sea cucumber gut 
contents. Three antibiotic dietary treatments induced 
an obvious alteration of species composition in sea 
cucumber gut microbiota. Compared to the control 
group, the relative abundance of some genera began 
to decline but others began to increase, even with 
some new species emerging in the antibiotic treatment 
groups. As Table 3 shows, a decreased ratio of  Vibrio , 
 Thalassotalea ,  Tropicibacter ,  Polaribacter , 
 Shewanella ,  Sulfi tobacter ,  Halomonas , 
 Dinoroseobacter ,  Lewinella ,  Ruminiclostridium_9 , 
 Neiella ,  Blautia ,  unidentifi ed_Rhodobacteraceae , 
and  Pseudopelagicola  were seen in diff erent 
antibiotic treatment groups, especially in the middle 
and late treatment stage. Conversely, the relative 
abundance of diff erent genera in antibiotic treatments 
has risen by varying degrees at diff erent treatment 
times, for example, some genera increased at the 
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 Table 3 The top 25 discriminative taxa between control and antibiotic diet sea cucumbers at the genus level 

 Genus 
 Treat group of antibiotics (relative abundance %) 

 D  T1  T2  T3  N1  N2  N3  H1  H2  H3 

  Vibrio   70.11  47.67  58.96  55.53  59.60  47.86↓*  61.13  37.29↓*  55.06  45.58↓* 

  Thalassotalea   3.48  1.29↓*  2.89  2.43  2.63  16.27↑**  11.16  1.53↓*  2.06  1.56↓* 

  Arcobacter   4.25  4.65  6.00↑*  4.55↑*  20.63↑*  15.43  7.62  3.60  3.46  7.47↑* 

  Litoribacillus   0.083  0.40↑**  0.24  0.0082  0.30↑**  0.10  0.0036  2.48  0.14  0.012 

  Tropicibacter   0.088  0.047  0.088  0↓**  0.0027↓**  0.12  0↓**  0.023↓*  1.86  0↓** 

  Alteromonas   0.027  0.96  0.0091  0.0082  0.026  0.0091  0.0046  0.077↑*  0.013  0.0055 

  Pseudomaricurvus   0.028  0.15↑**  0.018  0.0046↓*  0.11  0.034  0.014  1.87  0.29  0.077 

  Polaribacter   0.12  0.068  0.14  0.0064↓**  0.015↓**  1.39  0.012↓**  0.051↓*  0.55  0.0046↓** 

  Leucothrix   0.15  0.82  0.18  0.028↓*  0.090  1.21↑*  0.088  0.21  0.22  0.019↓* 

  Shewanella    0.66  0.75  0.27  0.018↓*  0.10  0.14  0.02↓*  0.41  0.15  0.11 

  Sulfi tobacter    0.10  0.18  0.094  0.0036↓**  0.24  0.17  0.0036↓**  0.20  0.75  0.0073↓** 

  Clostridium_sensu_stricto_1   0.0018  0.50  0.0055  0.02↑*  0.22  0.0027  0.027  0.22  0  0.014↑** 

  Maricurvus   0  0.059  0  0  0.044↑*  0  0  0.40  0.0018  0 

  Halomonas    0.070  0.067  0.067  0.051  0.093  0.22  0.064  0.067  0.091  0.026↓* 

  Dinoroseobacter   0.041  0.14  0.070  0.0046↓*  0.035  0.13  0  0.18  0.077  0.0091↓* 

  Owenweeksia   0.0064  0.014  0.042↑**  0.0027  0.014  0.030  0.0091  0.16  0.026↑*  0.0018 

  Lewinella   0.023  0.036  0.015  0↓**  0.0082  0.069  0.0036  0.047  0.16  0.0036↓** 

  Ruminiclostridium_9   0.0091  0.00091↓**  0.033  0.0073  0↓**  0.12  0↓**  0.029  0.0091  0.0046 

  Aquibacter   0  0.020  0  0  0.029↑*  0  0  0.15  0  0 

  Neiella   0.056  0.0091  0.13  0.0073  0↓*  0.026  0↓*  0.0027↓*  0.028  0 

  Alistipes   0.0064  0.0018  0.013  0.042  0↓*  0.11  0↓*  0.096↑*  0.016  0↓* 

  Blautia   0.014  0  0.0073  0.0091↓**  0  0.074  0.0055  0.0064  0.0036↓**  0.0064 

  Unidentifi ed_
Rhodobacteraceae   0.0073  0.091  0.014  0.00091↓**  0.048  0.016  0.0027  0.021↑*  0.012  0.0036↓** 

  Parabacteroides   0.0036  0  0.0073  0.039  0  0.02  0.0091  0.11↑*  0.0064  0.0018 

  Pseudopelagicola   0.013  0.021  0.016  0.00091↓**  0.046  0.095  0.00091↓**  0.0082  0.015  0.00091↓** 

 Abbreviations are as in Table 1. Student’s  t -test was used to detect the signifi cant diff erences between the control and antibiotic exposed groups, * represents 
 P <0.05, ** represents  P <0.01. ↑represents relative abundance up-regulated, ↓represents relative abundance down-regulated. 
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early treatment stage, like  Litoribacillus  (T1 and 
N1),  Alteromonas  (H1),  Aquibacter  (N1) and 
 Parabacteroides  (H1); and some genera tended to 
increase at the middle and late treatment stage, like 
 Arcobacter  (T2, T3, N1, and H3),  Leucothrix  (T3, N2 
and H3),  Clostridium_sensu_stricto_1  (T3 and H3), 
and  Owenweeksia  (T2 and H2). There are some 
genera only been seen in the antibiotic groups, like 
 Maricurvus  and  Aquibacter . 

 3.4 Relationships among microbiota of control and 
antibiotic treatment groups 

 A UPGMA clustering tree was constructed to 
analyse the similarities and diff erences in gut 
microbiota taxonomic composition among the 
diff erent treatment groups (Fig.4). The results showed 
that the taxonomic composition of the control group 
(D) was closest to that under 30 d of antibiotic 
treatment (H2 T2 and N2), indicating that these four 
groups resulted in more similar community structures. 
Similarly, the taxonomic compositions of the groups 
under antibiotic treatments by 15 d (H1, N1, and T1) 
and 45 d (H3 and N3) were clustered into two separate 
groups according to antibiotic treatment time, but T3 
seems to be an exception in the clustering tree. The 
principal coordinate analysis (PCoA) was also 
performed to identify relationships among samples, 
as shown in Fig.5. The analysis results confi rmed that 
the D group was clustered closest to the T2 and H2 
groups. However, the clustering tendency of other 
groups was ambiguous, probably due to large 
individual diff erences among the samples within a 
group. 

 4 DISCUSSION 
 Antibiotics exposure has been closely linked with 

the weight changes of animals. To date, low doses of 
antibiotics are fed to large numbers of animals as 
growth promoters and prophylactics all around the 
world (Carvalho and Santos, 2016). However, the 
eff ects of diff erent antibiotics on weight gain of 
aquatic animals remain inconsistent. In our study, 
diff erent kinds of antibiotics seem to have completely 
diff erent eff ects on the growth conditions of juvenile 
sea cucumbers. It was observed that dietary 
norfl oxacin induced lower weight gains of juveniles; 
dietary tetracycline had little eff ect on growth 
acceleration, while dietary erythromycin seemed to 
promote growth. Similarly, diff erent antibiotics also 
have varying eff ects on the growth of other aquatic 
animals. For example, feeds supplemented with 
oxytetracycline and sulfamethoxazole could 
accelerate the weight gain of channel catfi sh ( Ictalurus  
 punctatus ) and zebrafi sh respectively, while the 
dietary sulphonamides did not show any growth-
promoting infl uence on rainbow trout ( Salmo  
 gairdneri ), and the dietary sulfamerazine even 
inhibited growth of brook trout ( Salvelinus   fontinalis ) 
(Snieszko and Wood, 1955; Sanchez-Martínez et al., 
2008; Zhou et al., 2018). Actually, each class of 
antibiotics has diff erent properties, the voluntary or 
involuntary weight changes of animals might be due 
to gut microbiota shift and functional modifi cations 
depending on the antibiotic class, dose, and period of 
exposure (Angelakis et al., 2013). 

 Alpha diversity evaluates the diversity of a 
community by calculating OTUs and their relative 
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abundances. In our study, the Chao 1, ACE, Shannon, 
and Simpson indices and Venn diagrams were used to 
comparing the alpha diversity diff erences between the 
control and antibiotic treatment groups. The results 
showed that the three antibiotics did not change the 
microbiota species richness signifi cantly. For gut 
microbiota diversity, antibiotic treatment also had 
little infl uence on the Shannon and Simpson indices, 
but an increase in the Simpson index was observed in 
the H1 group. Our results seem not to be consistent 
with some previous studies regarding the signifi cant 
decrease in intestinal fl ora richness and diversity 
under antibiotic exposure in higher vertebrates, such 
as piglet and human (Panda et al., 2014; Zhang et al., 
2016a). Since most of these studies have employed 
relatively high concentrations of antibiotics in the 
short term, the discrepancy between our results and 
the above research might be due to the diff erence in 
the antibiotic dosages administered, the treatment 
time and method of administration, as relatively low 
doses of antibiotics in the long term by diet treatment 
were designed in our experiments to simulate the real 
nursing environments of sea cucumber juveniles in 
the actual production condition.  

 As for the composition of gut microbiota in sea 

cucumbers, the phyla of  Proteobacteria , 
 Actinobacteria ,  Bacteroidetes ,  Firmicutes , and 
 Acidobacteria  were detected in our study, the data 
suggested that the predominant phylum was 
 Proteobacteria , and our results were similar to the 
previous report that the composition of gut microbiota 
from  A .  japonicas  (Gao et al., 2014; Sha et al., 2016; 
Wang et al., 2018; Zhang et al., 2018). Actually, the 
phylum  Proteobacteria  was reported as the dominant 
phylum in many marine invertebrates, such as marine 
sponges, Chinese shrimp ( Fenneropenaeus   chinensis ) 
and grass shrimp ( Palaemonetes   pugio ) (Uyaguari et 
al., 2009; Liu et al., 2011; Schmitt et al., 2012). In this 
study, the gut microbiota composition under diff erent 
antibiotic treatments remained relatively stable at the 
phylum level, but antibiotics caused a signifi cant 
decrease of  Proteobacteria  and signifi cant increase of 
 Fusobacteria  of sea cucumber intestinal 
microorganisms. Similarly, the relative abundances of 
 Fusobacteria  dramatically increased in white spot 
syndrome virus challenged shrimp intestines and sick 
bald sea urchin in relation to those in healthy ones 
(Becker et al., 2008; Wang et al., 2019, which suggests 
 Fusobacteria  might be in relation to disease in these 
organisms, but the function of  Fusobacteria  in sea 
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cucumber requires a further investigation..  
 In the meanwhile, a complex alternation of bacteria 

composition was observed at the genus level. On the 
one hand, the antibiotic treatments induced the lower 
frequencies of  Vibrio . Previous studies showed that 
some genera of  Vibrio  were the principle pathogens in 
sea cucumbers, such as  V .  cyclitrophicus  and 
 V .  splendidus , which were closely associated with 
skin ulcer syndrome and viscera rejection syndrome 
(Deng et al., 2009). Antibiotic treatment can eliminate 
susceptible pathogen microorganisms such as  Vibrio , 
which could help prevent the infection of diseases 
(Uyaguari et al., 2009). Nonetheless, innocent 
sensitive bacteria with host-helpful functions were 
also killed during this process, such as  Shewanella , 
 Sulfi tobacter ,  unidentifi ed_Rhodobacteraceae , and 
 Halomonas . Previous research reported that 
 Halomonas  was part of the autochthonous microbiota 
of sea cucumber and showed polysaccharide 
degrading abilities (starch and carboxymethyl 
cellulose), which has played an important role in the 
digestion of ingested detritus and fermentation 
products supply for the host (Zhang et al., 2013). 
Existing studies have shown that  Rhodobacterales  
could protect animals from pathogenic bacteria and 
serve as an energy source to encourage the growth of 
host by secreting polyhydroxybutyrate (PHB) 
(Yamazaki et al., 2016).  Shewanella  and  Sulfi tobacter  
have been practically applied in aquaculture with a 
high probiotics effi  ciency, which could produce 
antibiotics and improve innate immunity and disease 
resistance (Sharifah and Eguchi, 2012; Jiang et al., 
2013). The reducing numbers of benefi cial bacteria 
induced by antibiotic treatment undoubtedly aff ected 
the community structure stability and normal function 
of sea cucumbers. 

 On the other hand, as antibiotics can eradicate 
susceptible microorganisms, this gave space for the 
opportunists to overgrow and dominate the niche, 
especially for the antibiotic resistant strains and 
opportunistic pathogens. In our study, we observed 
the appearance of several suspected pathogenic or 
suspected antibiotic resistant bacteria in the antibiotic 
groups, especially at the middle and late treatment 
stage. For instance, a signifi cant sharp increase of 
 Arcobacter  was detected in all three antibiotic groups 
( P <0.05). Indeed, members of  Arcobacter  are 
considered to be zoonotic and enteropathogenic in 
both animals and humans (Collado and Figueras, 
2011). Similarly, the relative abundance of  Leucothrix  
was observed to increase signifi cantly in antibiotic 

groups ( P <0.05), which are typical saprophytic and 
pathogenic species (Loo et al., 2011). Coincidentally, 
Navarrete et al. (2008) and Austin and Al-Zahrani 
(1988) found that oxytetracycline treatment induced 
the appearance of  Aeromonas  populations as common 
pathogens of fi sh in the intestinal microbiota of 
Atlantic salmon and rainbow trout. It is worth noting 
that  Clostridium_sensu_stricto_1  also increased 
signifi cantly in T3 and H3, and many  Clostridium  
members were reported as antibiotic resistant bacteria 
(Gutiérrez-Salazar et al., 2011). Research has 
confi rmed that the antibiotics exposure of bacteria 
populations in the laboratory could eff ectively select 
and enrich resistant strains and species, even at 
subtherapeutic doses (Jakobsson et al., 2010; Toprak 
et al., 2012; Carlson et al., 2017). However, the 
suspected pathogenic or antibiotic resistant bacteria 
in our study need to be validated in the follow-up 
experiments. 

 In our study, distinct emerging bacteria were 
observed in each antibiotic group, probably due to the 
results of gut microbiota reshaping and selecting 
under respective antibiotic stress. In fact, mammalian 
experiments showed that perturbations of microbiota 
induced by antibiotic treatment can lead to long-term 
change, including impairing colonization resistance 
and weaker immuno-functions, which in turn increase 
the risk of host infection (Becattini et al., 2016). Our 
latest research also shows that the mortality was 
higher in antibiotically treated sea cucumbers after 
challenge with  Vibrio   splendidus  than the control 
ones and lower immune-related parameters were 
found in antibiotic feeding juveniles (Zhao et al., 
2019). However, since we got the bacterial 
composition information based on sequencing, the 
exact pathogenic information of these bacteria still 
needs further investigation. In addition, the multiple 
samples similarity tree showed that H1, T1, and N1 
were aggregated, and H2, T2, N2, and D formed 
relatively tight clusters. These data indicated that the 
microbiota shift induced by antibiotics was also 
infl uenced by medicine exposure time; in other words, 
individuals under three diff erent antibiotics treatments 
tended to have similar taxonomic compositions at the 
same treatment time.  

 5 CONCLUSION 
 By studying the gut microbiota shifts in juvenile 

sea cucumbers under three typical antibiotic 
medicines treatments using high-throughput 
sequencing of 16S rRNA amplicons, we found that 
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the three antibiotics have distinct eff ects on the 
growth performance of juvenile sea cucumbers: 
norfl oxacin treatment inhibited the growth, 
erythromycin treatment promoted the growth, and 
tetracycline treatment had no obvious eff ects on the 
growth. However, the richness and diversity of 
microbiota were barely aff ected by the antibiotics 
but changes of the community composition indicated 
that the three antibiotics had their own patterns of 
the intestinal bacteria in juvenile sea cucumbers. 
The disappearance of some sensitive microorganisms 
with helpful functions and the appearance of multiple 
potential pathogenic and antibiotic resistance 
microorganisms after antibiotic treatment suggested 
that the shifted gut microbiota of sea cucumbers 
might increase the infection risk in the hosts. These 
results provide a basis to identify the relationship 
between the antibiotic treatments and the intestinal 
microbiota taxonomic composition of marine 
benthic invertebrates. Future research will focus on 
the consequences of the complex taxonomic, 
metabolic, and immune-modulating eff ects of 
antibiotic treatments. 

 6 DATA AVAILABILITY STATEMENT 

 The datasets during and/or analyzed during the 
current study available from the corresponding author 
on reasonable request. 

 7 ACKNOWLEDGEMENT 

 The authors thank TAO Tengzhou and WANG 
Xinyu (Yantai University) for sample collection. 

 References  

 Angelakis E, Merhej V, Raoult D. 2013. Related actions of 
probiotics and antibiotics on gut microbiota and weight 
modifi cation.  The   Lancet   Infectious   Diseases ,  13 (10): 889-
899, https://doi.org/10.1016/S1473-3099(13)70179-8.  

 Austin B, Al-Zahrani A J. 1988. The eff ect of antimicrobial 
compounds on the gastrointestinal microfl ora of rainbow 
trout,  Salmo   gairdneri  Richardson.  Journal   of   Fish  
 Biology ,  33 (1): 1-14, https://doi.org/10.1111/j.1095- 
8649.1988.tb05444.x.  

 Becattini S, Taur Y, Pamer E G. 2016. Antibiotic-induced 
changes in the intestinal microbiota and disease.  Trends   in  
 Molecular   Medicine ,  22 (6): 458-478, https://doi.org/10. 
1016/j.molmed.2016.04.003.  

 Becker P T, Egea E, Eeckhaut I. 2008. Characterization of the 
bacterial communities associated with the bald sea urchin 
disease of the echinoid  Paracentrotus   lividus .  Journal   of  
 Invertebrate   Pathology ,  98 (2): 136-147, https://doi.org/ 
10.1016/j.jip.2007.12.002.  

 Caporaso J G, Kuczynski J, Stombaugh J, Bittinger K, Bushman 
F D, Costello E K, Fierer N, Peña A G, Goodrich J K, 
Gordon J I, Huttley G A, Kelley S T, Knights D, Koenig J 
E, Ley R E, Lozupone C A, McDonald D, Muegge B D, 
Pirrung M, Reeder J, Sevinsky J R, Turnbaugh P J, Walters 
W A, Widmann J, Yatsunenko T, Zaneveld J, Knight R. 
2010. QIIME allows analysis of high-throughput 
community sequencing data.  Nature   Methods ,  7 (5): 335-
336, https://doi.org/10.1038/nmeth.f.303.  

 Carding S, Verbeke K, Vipond D T, Corfe B M, Owen L J. 
2015. Dysbiosis of the gut microbiota in disease. 
 Microbial   Ecology   in   Health   and   Disease ,  26 : 26 191.  

 Carlson J M, Leonard, A B, Hyde E R, Petrosino J F, Primm T 
P. 2017. Microbiome disruption and recovery in the fi sh 
 Gambusia   affi  nis  following exposure to broad-spectrum 
antibiotic.  Infection   &   Drug   Resistance ,  10 : 143-154, 
https://doi.org/10.2147/IDR.S129055. 

 Carvalho I T, Santos L. 2016. Antibiotics in the aquatic 
environments: a review of the European scenario. 
 Environment   International ,  94 : 736-757, https://doi.
org/10.1016/j.envint.2016.06.025.  

 Chen Q L, An X L, Li H, Su J Q, Ma Y B, Zhu Y G. 2016. 
Long-term fi eld application of sewage sludge increases 
the abundance of antibiotic resistance genes in soil. 
 Environment   International ,  92 - 93 : 1-10, https://doi.org/ 
10.1016/j.envint.2016.03.026.  

 Collado L, Figueras M J. 2011. Taxonomy, epidemiology, and 
clinical relevance of the genus  Arcobacter .  Clinical  
 Microbiology   Reviews ,  24 (1): 174-192, https://doi.org/10. 
1128/CMR.00034-10.  

 Deng H, He C B, Zhou Z C, Liu C, Tan K F, Wang N B, Jiang 
B, Gao X G, Liu W D. 2009. Isolation and pathogenicity 
of pathogens from skin ulceration disease and viscera 
ejection syndrome of the sea cucumber  Apostichopus  
 japonicus .  Aquaculture ,  287 (1-2): 18-27, https://doi.
org/10.1016/j.aquaculture.2008.10.015.  

 DiBaise J K, Zhang H S, Crowell M D, Krajmalnik-Brown R, 
Decker G A, Rittmann B E. 2008. Gut microbiota and its 
possible relationship with obesity.  Mayo   Clinic   Proceedings , 
 83 (4): 460-469, https://doi.org/10.4065/83.4.460.  

 Edgar R C, Haas B J, Clemente J C, Quince C, Knight R. 2011. 
UCHIME improves sensitivity and speed of chimera 
detection.  Bioinformatics ,  27 (16): 2 194-2 200, https://
doi.org/10.1093/bioinformatics/btr381.  

 Flint H J, Scott K P, Louis P, Duncan S H. 2012. The role of the 
gut microbiota in nutrition and health.  Nature   Reviews  
 Gastroenterology   &   Hepatology ,  9 (10): 577-589, https://
doi.org/10.1038/nrgastro.2012.156.  

 Gao F, Li F H, Tan J, Yan J P, Sun H L. 2014. Bacterial 
community composition in the gut content and ambient 
sediment of sea cucumber  Apostichopus   japonicus  revealed 
by 16S rRNA gene pyrosequencing.  PLoS   One ,  9 (6): 
e100092, https://doi.org/10.1371/journal.pone.0100092.  

 Gutiérrez-Salazar G J, Molina-Garza Z J, Hernández-Acosta 
M, García-Salas J A, Mercado-Hernández R, Galaviz-
Silva L. 2011. Pathogens in pacifi c white shrimp 
( Litopenaeus   vannamei  Boone, 1931) and their 



Vol. 371724 J. OCEANOL. LIMNOL., 37(5), 2019

relationship with physicochemical parameters in three 
diff erent culture systems in Tamaulipas, Mexico. 
 Aquaculture ,  321 (1-2): 34-40, https://doi.org/10.1016/j.
aquaculture.2011.08.032.  

 Han B, Sivaramakrishnan P, Lin C C J, Neve I A A, He J Q, Tay 
L W R, Sowa J N, Sizovs A, Du G W, Wang J, Herman C, 
Wang M C. 2017. Microbial genetic composition tunes 
host longevity.  Cell ,  169 (7): 1 249-1 262.e13, https://doi.
org/10.1016/j.cell.2017.05.036.  

 Jakobsson H E, Jernberg C, Andersson A F, Sjölund-Karlsson 
M, Jansson J K, Engstrand L. 2010. Short-term antibiotic 
treatment has diff ering long-term impacts on the human 
throat and gut microbiome.  PLoS   One ,  5 (3): e9836, 
https://doi.org/10.1371/journal.pone.0009836.  

 Jiang H F, Liu X L, Chang Y Q, Liu M T, Wang G X. 2013. 
Eff ects of dietary supplementation of probiotic  Shewanella  
 colwelliana  WA64,  Shewanella   olleyana  WA65 on the 
innate immunity and disease resistance of abalone, 
 Haliotis   discus   hannai   Ino .  Fish   &   Shellfi sh   Immunology , 
 35 (1): 86-91, https://doi.org/10.1016/j.fsi.2013.04.009.  

 Li W H, Gao L H, Shi Y L, Liu J M, Cai Y Q. 2015. Occurrence, 
distribution and risks of antibiotics in urban surface water 
in Beijing, China.  Environmental   Science :  Processes   &  
 Impacts ,  17 (9): 1 611-1 619, https://doi.org/10.1039/
C5EM00216H.  

 Liao Y L. 1997. Fauna Sinica: Phylum Enchinodermata Class 
Holothuroidea. Science Press, Beijing. p.148-150. (in 
Chinese) 

 Liu H D, Wang L, Liu M, Wang B J, Jiang K Y, Ma S S, Li Q F. 
2011. The intestinal microbial diversity in Chinese shrimp 
( Fenneropenaeus   chinensis ) as determined by PCR-DGGE 
and clone library analyses.  Aquaculture ,  317 (1-4): 32-36, 
https://doi.org/10.1016/j.aquaculture.2011.04.008.  

 Loo V G, Bourgault A M, Poirier L, Lamothe F, Michaud S, 
Turgeon N, Toye B, Beaudoin A, Frost E H, Gilca R, 
Brassard P, Dendukuri N, Béliveau C, Oughton M, 
Brukner I, Dascal A. 2011. Host and pathogen factors for 
 Clostridium   diffi  cile  infection and colonization.  The   New  
 England   Journal   of   Medicine ,  365 (18): 1 693-1 703, 
https://doi.org/10.1056/NEJMoa1012413.  

 Magoč T, Salzberg S L. 2011. FLASH: fast length adjustment 
of short reads to improve genome assemblies. 
 Bioinformatics ,  27 (21): 2 957-2 963, https://doi.org/10. 
1093/bioinformatics/btr507.  

 Navarrete P, Mardones P, Opazo R, Espejo R, Romero J. 2008. 
Oxytetracycline treatment reduces bacterial diversity of 
intestinal microbiota of Atlantic salmon.  Journal   of  
 Aquatic   Animal   Health ,  20 (3): 177-183, https://doi.
org/10.1577/H07-043.1.  

 Panda S, El Khader I, Casellas F, López Vivancos J, García 
Cors M, Santiago A, Cuenca S, Guarner F, Manichanh C. 
2014. Short-term eff ect of antibiotics on human gut 
microbiota.  PLoS   One ,  9 (4): e95476, https://doi.org/10. 
1371/journal.pone.0095476.  

 Sanchez-Martínez J G, Pérez‐Castañeda R, Rábago-Castro J 
L, Aguirre-Guzmán G, Vázquez-Sauceda M L. 2008. A 
preliminary study on the eff ects on growth, condition, 

and feeding indexes in channel catfi sh,  Ictalurus  
 punctatus , after the prophylactic use of potassium 
permanganate and oxytetracycline.  Journal   of   the   World  
 Aquaculture   Society ,  39 (5): 664-670, https://doi.org/10. 
1111/j.1749-7345.2008.00195.x.  

 Schmitt S, Tsai P, Bell J, Fromont J, Ilan M, Lindquist N, Perez 
T, Rodrigo A, Schupp P J, Vacelet J, Webster N, Hentschel 
U, Taylor M W. 2012. Assessing the complex sponge 
microbiota: core, variable and species-specifi c bacterial 
communities in marine sponges.  ISME   Journal ,  6 (3): 
564-576, https://doi.org/10.1038/ismej.2011.116.  

 Schuijt T J, Lankelma J M, Scicluna B P, Melo F D S E, Roelofs 
J J T H, de Boer J D, Hoogendijk A J, de Beer R, de Vos A, 
Belzer C, de Vos W M, van de Poll T, Wiersinga W J. 2016. 
The gut microbiota plays a protective role in the host 
defence against  Pneumococcal   pneumonia .  Gut ,  65 (4): 
575-583, https://doi.org/10.1136/gutjnl-2015-309728.  

 Sha Y J, Liu M, Wang B J, Jiang K Y, Sun G Q, Wang L. 2016. 
Gut bacterial diversity of farmed sea cucumbers 
 Apostichopus   japonicus  with diff erent growth rates. 
 Microbiology ,  85 (1): 109-115, https://doi.org/10.1134/
S0026261716010112.  

 Sharifah E N, Eguchi M. 2012. Benefi ts of live phytoplankton, 
 Chlorella   vulgaris , as a biocontrol agent against fi sh 
pathogen  Vibrio   anguillarum .  Fisheries   Science ,  78 (2): 
367-373, https://doi.org/10.1007/s12562-011-0465-1.  

 Snieszko S F, Wood E M. 1955. The eff ect of some sulfonamides 
on the growth of brook trout, brown trout, and rainbow 
trout.  Transactions   of   the   American   Fisheries   Society , 
 84 (1): 86-92, https://doi.org/10.1577/1548-8659(1954)84 
[86:TEOSSO]2.0.CO;2.  

 Stiemsma L T, Turvey S E. 2017. Asthma and the microbiome: 
 defi ning   the   critical   window   in   early   life .  Allergy ,  Asthma  
 &   Clinical   Immunology ,  13 : 3, https://doi.org/10.1186/
s13223-016-0173-6.  

 Topping D L, Clifton P M. 2001. Short-chain fatty acids and 
human colonic function: roles of resistant starch and 
nonstarch polysaccharides.  Physiological   Reviews ,  81 (3): 
1 031-1 064, https://doi.org/10.1152/physrev.2001.81.3.1031.  

 Toprak E, Veres A, Michel J B, Chait R, Hartl D L, Kishony R. 
2012. Evolutionary paths to antibiotic resistance under 
dynamically sustained drug selection.  Nature   Genetics , 
 44 (1): 101-105, https://doi.org/10.1038/ng.1034.  

 Tremaroli V, Bäckhed F. 2012. Functional interactions between 
the gut microbiota and host metabolism.  Nature , 
 489 (7415): 242-249, https://doi.org/10.1038/nature11552.  

 Uyaguari M, Key P, Moore J, Jackson K, Scott G. 2009. Acute 
eff ects of the antibiotic oxytetracycline on the bacterial 
community of the grass shrimp,  Palaemonetes   pugio . 
 Environmental   Toxicology   &   Chemistry ,  28 (12): 2 715-
2 724, https://doi.org/10.1897/08-514.1.  

 Van Boeckel T P, Gandra S, Ashok A, Caudron Q, Grenfell B 
T, Levin S A, Laxminarayan R. 2014. Global antibiotic 
consumption 2000 to 2010: an analysis of national 
pharmaceutical sales data.  The   Lancet   Infectious  
 Diseases ,  14 (8): 742-750, https://doi.org/10.1016/
S1473-3099(14)70780-7.  



1725No.5 ZHAO et al.: Gut fl ora shift of  A .  japonicas  under antibiotics

 Verner-Jeff reys D W, Shields R J, Bricknell I R, Birkbeck T H. 
2004. Eff ects of diff erent water treatment methods and 
antibiotic addition on larval survival and gut microfl ora 
development in Atlantic halibut ( Hippoglossus   hippoglossus  
L.) yolk-sac larvae.  Aquaculture ,  232 (1-4): 129-143, 
https://doi.org/10.1016/S0044-8486(03)00525-8.  

 Vijay-Kumar M, Aitken J D, Carvalho F A, Cullender T C, 
Mwangi S, Srinivasan S, Sitaraman S V, Knight R, Ley 
R E, Gewirtz A T. 2010. Metabolic syndrome and altered 
gut microbiota in mice lacking toll-like receptor 5. 
 Science ,  328 (5975): 228-231, https://doi.org/10.1126/
science.1179721.  

 Wang J, Huang Y J, Xu K H, Zhang X Y, Sun H Y, Fan L F, Yan 
M T. 2019. White spot syndrome virus (WSSV) infection 
impacts intestinal microbiota composition and function in 
 Litopenaeus   vannamei .  Fish   &   Shellfi sh   Immunology ,  84 : 
130-137, https://doi.org/10.1016/j.fsi.2018.09.076.  

 Wang L, Zhao X W, Xu H C, Bao X Y, Liu X J, Chang Y Q, 
Ding J. 2018. Characterization of the bacterial community 
in diff erent parts of the gut of sea cucumber ( Apostichopus  
 japonicus ) and its variation during gut regeneration. 
 Aquaculture   Research ,  49 (5): 1 987-1 996, https://doi.org/ 
10.1111/are.13654.  

 Wang P H, Chang Y Q, Yu J H, Li C Y, Xu G R. 2007. Acute 
peristome edema disease in juvenile and adult sea 
cucumbers  Apostichopus   japonicus  (Selenka) reared in 
North China.  Journal   of   Invertebrate   Pathology ,  96 (1): 
11-17, https://doi.org/10.1016/j.jip.2007.03.001.  

 Yamazaki Y, Meirelles P M, Mino S, Suda W, Oshima K, 
Hattori M, Thompson F L, Sakai Y, Sawabe T, Sawabe T. 
2016. Individual  Apostichopus   japonicus  fecal 
microbiome reveals a link with polyhydroxybutyrate 
producers in host growth gaps.  Scientifi c   Reports ,  6 : 
21 631, https://doi.org/10.1038/srep21631.  

 Zhang D Y, Ji H F, Liu H, Wang S X, Wang J, Wang Y M. 
2016a. Changes in the diversity and composition of gut 
microbiota of weaned piglets after oral administration of 

 Lactobacillus  or an antibiotic.  Applied   Microbiology   and  
 Biotechnology ,  100 (23): 10 081-10 093, https://doi.
org/10.1007/s00253-016-7845-5.  

 Zhang M L, Sun Y H, Liu Y K, Qiao F, Chen L Q, Liu W T, Du 
Z Y, Li E C. 2016b. Response of gut microbiota to salinity 
change in two euryhaline aquatic animals with reverse 
salinity preference.  Aquaculture ,  454 : 72-80, https://doi.
org/10.1016/j.aquaculture.2015.12.014.  

 Zhang Q Q, Ying G G, Pan C G, Liu Y S, Zhao J L. 2015. 
Comprehensive evaluation of antibiotics emission and 
fate in the river basins of China: source analysis, 
multimedia modeling, and linkage to bacterial resistance. 
 Environmental   Science   &   Technology ,  49 (11): 6 772-
6 782, https://doi.org/10.1021/acs.est.5b00729.  

 Zhang X C, Nakahara T, Murase S, Nakata H, Inoue T, Kudo 
T. 2013. Physiological characterization of aerobic 
culturable bacteria in the intestine of the sea cucumber 
 Apostichopus   japonicus .  Journal   of   General   and   Applied  
 Microbiology ,  59 (1): 1-10, https://doi.org/10.2323/jgam. 
59.1.  

 Zhang Z, Xing R, Lv Z, Shao Y, Zhang W, Zhao X, Li C. 2018. 
Analysis of gut microbiota revealed Lactococcus 
garviaeae could be an indicative of skin ulceration 
syndrome in farmed sea cucumber  Apostichopus  
 japonicas .  Fish   &   Shellfi sh   Immunology ,  80 : 148-154, 
https://doi.org/10.1016/j.fsi.2018.06.001. 

 Zhao Y, Liu H, Wang Q, Li B J. 2019. The infl uence of three 
antibiotics on the growth, intestinal enzyme activities, and 
immune response of the juvenile sea cucumber 
 Apostichopus   japonicus  Selenka.  Fish   &   Shellfi sh  
 Immunology ,  84 : 434-440, https://doi.org/10.1016/j.fsi. 
2018.10.022.  

 Zhou L, Limbu S M, Shen M L, Zhai W Y, Qiao F, He A Y, Du 
Z Y, Zhang M L. 2018. Environmental concentrations of 
antibiotics impair zebrafi sh gut health.  Environmental  
 Pollution ,  235 : 245-254, https://doi.org/10.1016/j.envpol. 
2017.12.073.  

Electronic supplementary material 

Supplementary material (Supplementary Table S1) is available in the online version of this article at  https://
doi.org/10.1007/s00343-019-8308-5 .


