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Abstract

Background: Microbial community and its management are crucial to the stabilization of culture environment for
recirculating aquaculture system (RAS). Although several studies have been carried out for the microbial community
of RAS, few studies were on the RAS for shrimp. Water recirculation ratio is an important factor for the microbial
community and the management of RAS. Therefore, low (LC), medium (MC) and high (HC) recirculation ratio
systems were set to explore the microbial community constitution of RAS for Litopenaeus vannamei and study the
effect of water recirculation rate on it.

Results: The bacterial community of bioreactor was mainly dominated by Proteobacteria (41.6–70.7%), followed
with Planctomycetes (12.5–31.0%), Bacteroidetes (10.5–26.0%), Actinobacteria (1.1–4.8%) and Verrucomicrobia (1.4–
6.8%) phylum. The most dominant family of bioreactor was Rhodobacteraceae or Planctomycetaceae. The bacterial
community of culture water was simpler than bioreactor and dominated by Proteobacteria (61.8–96.4%). The
dominant bacterial groups of bioreactor and culture water are also different among the three water recirculation
rates, and the proportions of dominant groups showed a trend with the variety of water recirculation rate. Water
quality indexes including ammonia and nitrite decreased with the increasing of water recirculation rate. According
to the growth performance of L. vannamei, shrimp had better performance of growth rate and final weight in MC
and HC, however, shrimp had higher survival and yield in LC. Shrimp survival and yield had an inverse correlation
with water recirculation rate.

Conclusions: The results demonstrate the microbial community of RAS for shrimp, highlight the importance of
further studies on the function of bacterial taxa, and promote the understanding of the effects of water
recirculation rate on the microbiota. The findings suggest that water recirculation rate has important impacts on
the microbial community, water quality and shrimp growth. Increasing the water recirculation rate could improve
the water quality and promote the growth of shrimp. However, the survival rate and yield of L. vannamei are higher
under low water recirculation rate. Recirculation rate is an effective method to manage RAS, and its impact on RAS
needs further study, especially in the application of low level of water recirculation.
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Background
In response to increasing demand for aquaculture prod-
ucts and a strict requirement on aquaculture wastewater
discharge, land-based recirculating aquaculture system
(RAS) is being developed as a viable eco-sustainable al-
ternative to traditional aquaculture because of its min-
imal environmental impact and controlled culture
condition [1]. After a long period of development, the
technology of RAS gradually matures in fish culture.
RAS is also feasible and available for shrimp culture [2–
5] whereas its application is relatively scarce in shrimp
culture. The shrimp farming industry is an important
component of world aquaculture [6]. Nevertheless,
shrimp farming also suffered from many problems as
traditional aquaculture, including disease outbreaks, en-
vironmental degradation, and poor management [5, 7–
9]. The Pacific white shrimp (Litopenaeus vanname) is
one of the major shrimp farming species and is adaptive
to intensive farming for its strong adaptability. RAS is a
well alternative mode for L. vanname culture.
The microorganism is crucial to the stability of the

aquaculture environment in RAS. The biofilter is a mi-
crobial purification link of RAS and acts to remove ni-
trogenous waste byproducts generated by fish protein
catabolism and oxidation processes [10]. However, bio-
filter is a complicated black box, and the understanding
of its action mechanism is incomplete. As for the effi-
ciency of the biofilter, the primary determinants are the
communities and abundances of the functional microbial
groups established within the filter, which determine the
final results [11]. Microorganisms in culture water are
also important for the stability of the aquaculture envir-
onment and the health of aquaculture organisms since
they could directly contact with culture organisms.
Therefore, information on the bacterial community and
diversity in biofilters and culture water would be useful
for the design and operation of RAS [12, 13].
The understanding of the internal structure of biofil-

ters is gradually increased with many studies about the
microbial community in biofilters and culture water
have been done [13–20]. Various factors could affect the
microbial community [14, 17], which include culture
species and hydraulic retention time (HRT). HRT dir-
ectly related to water recirculation ratio or flow rate and
is an important factor for microbial community struc-
ture [14, 21–23] and biofilters efficiency [24, 25]. How-
ever, most studies of HRT was merely about reactors
rather than based on aquaculture system, much less
about RAS of shrimp. To maintain the well aquatic en-
vironment RAS adopt high water recirculation ratio
(more than 20 cycles per day) [26–29], since high recir-
culation ratio is in beneficial to remove nitrite, ammonia
and solid particle [24, 25]. However, high water recircu-
lation ratio means high energy consumption. Besides, L.

vanname has a stronger tolerance to nitrite and ammo-
nia [30, 31] than fish and could be cultured in turbid
water with the mass of suspended particles. Therefore,
RAS of shrimp could adopt low water recirculation ratio
for energy conservation. It’s necessary to carry out stud-
ies on the effects of water recirculation ratio on the mi-
crobial community for improving the management of
microorganism in the recirculating shrimp culture
system.
The objective of the present study was to characterize

the bacterial community in the water and on the filters
of biofilters, and explore the effects of water recircula-
tion rate on the microbial community, water quality and
shrimp, and determine the relationship of microbial
community, water quality with shrimp growth and sur-
vival. And thus, improving the management of RAS for
L. vannamei.

Results
Microbial community composition of the bioreactor
The bacterial community in the bioreactor was mainly
composed of Proteobacteria (41.6–70.7%), Planctomy-
cetes (12.5–31.0%), Bacteroidetes (10.5–26.0%), Actino-
bacteria (1.1–4.8%) and Verrucomicrobia (1.4–6.8%)
phylum (Fig. 1), which account for probably 98% of the
total bacteria in frequency. Proteobacteria dominated all
bioreactor communities in the experiment.
Microbial community composition changed with time.

At the phylum level, the percentage of Proteobacteria re-
duced from 61.9–70.7% to 41.6–53.5% (Fig. 1a, Fig. 1b).
At the family level, the dominant bacteria group turned
from Rhodobacteraceae (30.2–49.6%) to Planctomyceta-
ceae (16.01–30.14%) (Fig. 2a, Fig. 2b). Besides, the fre-
quency of dominant families presented a trend with
water recirculation rate and was significantly affected by
it (P < 0.05).
At the genus level, 30–50% of the bacteria belong to

unclassified or other bacteria whose abundance was very
low. In the midterm (Fig. 3a), the most dominant genus
was Ruegeria, accounting for 18.2–34.6% of total bac-
teria. Nitrosomonas was the only nitrobacteria detected
in all bioreactors with the frequency of 0.2–1.0%. At the
end of culture (Fig. 3b), the Ruegeria was not the domin-
ant genus anymore. And the dominant genus was differ-
ent in LC, MC and HC. In LC, the most dominant
genus was Gimesia (13.5%), while in MC, the dominant
genus including Spongiibacterium (7.0%), Blastopirellula
(7.0%) and Gimesia (6.5%), and in HC, the dominant
genus including Blastopirellula (5.4%), Planctomicro-
bium (4.6%) and Gimesia (4.2%). The proportion of
dominant genus was declined with the rise of water re-
circulation. Three kinds of nitrobacteria were detected
in the end including Nitrococcus (0.0–0.6%), Nitrosomo-
nas (0.2–0.8%) and Nitrospira (0.0–0.3%). The
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proportion of nitrobacteria, in the end, was more than
that in the midterm. Vibrio as potential pathogeny
whose percentage was increased from 0.1–1.1% in the
midterm to 0.5–3.6% in the end. And the proportions of
Vibrio in bioreactors were declined with the rise of water
recirculation (P < 0.05) in the end.

Microbial community composition of culture water
As shown in Fig. 4, the bacteria composition of culture
water was simpler than that of the bioreactor. At the
phylum level, the bacteria community was mainly

composed of Proteobacteria and Bacteroidetes, which
roughly accounted for 98% of the total bacteria. Mean-
while, both the proportion of Proteobacteria and Bacteroi-
detes was affected by water recirculation (P < 0.05).
Furthermore, at family and genus level, all proportions of
dominant groups presented a trend with water recircula-
tion rate.
At the family level, the bacteria community was mainly

dominated by Rhodobacteraceae (15.6–48.0%), Colwellia-
ceae (0.4–26.2%), Alteromonadaceae (5.2–25.0%), Pseu-
doalteromonadaceae (2.6–32.6%) and Flavobacteriaceae

Fig. 1 Taxonomic assignment of bacteria in the bioreactor at phylum level shown as a percentage of the total microbiota. a and b are the
microbial community structure in midterm (July) and terminal (September) of the experiment respectively

Fig. 2 Taxonomic assignment of bacteria in the bioreactor at the family level shown as a percentage of the total microbiota. a and b are the
microbial community structure in the midterm (July) and terminal (September) of experiment respectively
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(1.6–32.1%). The five families roughly accounted for 90%
of the total bacteria. The frequencies of Rhodobacteraceae
and Flavobacteriaceae were declined with the rise of water
recirculation. However, the frequencies of Colwelliaceae
and Pseudoalteromonadaceae were increased with the rise
of water recirculation. And Alteromonadaceae had the
highest frequency in MC. Besides, the proportion of Fla-
vobacteriaceae was significantly affected by water recircu-
lation (P < 0.05).
At the genus level, the dominant bacterial community

was composed of Nautella (12.2–44.6%), Thalassotalea
(0.3–26.2%), Pseudoalteromonas (2.5–31.4%), Aestuarii-
bacter (2.2–22.2%) and Tenacibaculum (0.5–14.0%). The
sum proportion of the five genera accounted for 62.5–
82.8%. And the frequency of other portion which had
very low abundance was less than 2.5%. All the frequen-
cies of five dominant genera showed a trend impacted
by water recirculation. The dominant genus was differ-
ent in LC, MC and HC. In LC, the dominant genera
were Nautella (44.6%) and Tenacibaculum (14.0%),
while in MC, the dominant genera including Aestuarii-
bacter (22.2%), Thalassotalea (21.1%) and Nautella
(21.2%), and in HC, the dominant genera including Pseu-
doalteromonas (31.4%), Thalassotalea (26.2%), Aestuarii-
bacter (12.4%) and Nautella (12.2%). Nitrosomonas and
Nitrospira were detected in culture water. But the pro-
portion was less than 0.1%. The frequency of potential
pathogen Vibrio was about 1.5%.

The diversity of the microbial community
43,805–71,225 sequences with an average of 55,410 were
detected in one bioreactor sample or culture water sam-
ple (Table 1). 744–1272 OTUs with an average of 1026

could be obtained from one sample. There was no sig-
nificant difference (P > 0.05) between bioreactor samples
and culture water samples in sequence and OTU
number.
According to the Chao1 index, the abundance of bac-

teria in bioreactors had no significant difference (P > 0.05)
among LC, MC and HC or between midterm and terminal
of the experiment. But the bacterial diversity in the ter-
minal was higher than that in the midterm according to
Simpson index. In addition, the diversity of the bacterial
community in bioreactors was all higher than that in cul-
ture water. There was a significant difference of bacterial
community among bioreactor samples in the midterm
and end, and culture water samples in the end (Fig. 5). Be-
sides, the difference between bioreactor samples and cul-
ture water samples was more. The water recirculation rate
had a significant effect on bacterial diversity. In the mid-
term, bacterial diversity in HC was the lowest, however, in
the end, HC had the highest bacterial diversity. According
to Fig. 6, the water recirculation rate had different effects
on the microbial community diversity of bioreactor and
culture water. In bioreactors, LC and MC had more simi-
lar β-diversity. However, in culture water, MC and HC
had more similar β-diversity.

Water quality
As to the temperature, salinity, DO and pH during the
whole experimental period, there were no significant dif-
ferences (P > 0.05) among the three groups at different
recirculation rate. However, the turbidity, vibrio count,
and the concentration of ammonia and nitrite in the LC
group were significantly higher (P < 0.05) than those
groups with higher water recirculation rate (Tables 2

Fig. 3 Taxonomic assignment of bacteria in the bioreactor at genus level shown as a percentage of the total microbiota. a and b are the
microbial community structure in the midterm (July) and terminal (September) of experiment respectively
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and 3). The peak concentration of TAN and nitrite were
1.69 and 7.32 mg L− 1 in LC, 0.72 and 3.87 mg L− 1 in
MC, 0.81 and 2.81 mg L− 1 in HC, respectively.
The Pearson correlation analysis showed there was a

significant correlation between water quality indexes of
ammonia (r = −0.913, P < 0.05), nitrite (r = − 0.988, P <
0.01) and turbidity (r = − 0.928, P < 0.01) and water recir-
culation rate. Increased flow rate showed a decreasing
trend in ammonia, nitrite and turbidity as shown in the re-
gression analysis in Fig. 7. The Vibrio number also showed
a decreasing trend with the increasing of water recircula-
tion rate, but there was no significant correlation (P >
0.05) between them due to the great variation of Vibrio.

Growth performance of shrimp
At harvest, significant differences were observed in final
average weight, SGR, survival, and harvest yield among

the three treatments (Table 4). FCR also showed some
differences among the treatments, but there was no sig-
nificant difference among the treatments due to the vari-
ance within the treatments.
The growth performance of shrimp was affected by

water quality. The Pearson correlation analysis showed
that there was a correlation between shrimp weight and
ammonia concentration (r = − 0.676, P < 0.05), and be-
tween shrimp weight and Vibrio number (r = − 0.869,
P < 0.01). There was no significant correlation between
shrimp weight and nitrite concentration. Increasing
water recirculation rate was helpful to improve water
quality and promote shrimp growth. However, there was
a significant inverse linear relationship (R2 = 0.77, P <
0.05) between survival and water recirculation rate
(Fig. 8). The survival rate of shrimp decreased with the
increase of water recirculation rate. The harvest yield

Fig. 4 Taxonomic assignment of bacteria in culture water at phylum (a), family (b) and genus (c) level shown as a percentage of the total
microbiota in the terminal (September) of experiment respectively
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and FCR also showed the inverse trend with water recir-
culation ratio in spite of no significant linear relationship
was observed (P > 0.05).

Discussion
Microbial community structure of biofilter
The communities and abundances of the functional micro-
bial groups are the primary determinants for aquaculture
condition [11]. Previously, low-coverage characterization
methods (e.g., DGGE, clone libraries) was adopted to de-
scribe the taxa present in the microbial community, but the
extent of this diversity and similarity among systems was
relatively unknown. Massively parallel sequencing technol-
ogy is an emerging and reliable method to study the

microbial community [32]. Figure 1 showed that the most
dominant phylum was Proteobacteria, which was domi-
nated by α-Proteobacteria (27.0–56.9%). Schreier [12]
summarize the composition of the microbial community in
recirculating aquaculture systems including Actinobacteria,
Bacterioidetes/Chlorobi, Firmicutes, Nitrospirae, Planctomy-
cetales, and Proteobacteria. At the phylum level, the micro-
bial community composition has high similarity to the
report of Schreier [12], as well as the research of Weitz [33]
and Huang [16] in the biofilter. Proteobacteria is the most
dominant phylum in RAS.
The taxonomic assignment of bacteria in bioreactors

had many similarities to the previous reports at the
phylum level. But with the decrease of classification
level, the differences in the bacterial community in-
creased gradually. Due to the limited understanding of
the entire bacteria, there were 10–20% of the bacteria in
bioreactors which were unclassified in the genus. And
there were 20–30% of the bacteria whose proportion in
the genus was lower than 1%. The most dominant genus
was Ruegeria (19.1–34.6%) in the midterm, while in the
end, the dominant genera included Gimesia (4.2–13.5%),
Blastopirellula (5.4–9.4%) and Spongiibacterium (2.2–
7.0%). The dominant genera were different from the re-
ports of Schneider [14] and Ruan [13]. Rud fund that
culture systems were dominated by Proteobacteria with
Rhodobacteraceae as the dominating taxa, followed by
Bacteroidetes that was dominated by Polaribacter among
others [34]. Huang also reported that the microbial com-
munity composition was different among biofilters [16].
The dominant genera of this study were different from
the reports above, much less the bacteria composition. A
lot of factors could impact the bacterial community

Fig. 5 UPGMA tree of Bray-Curtis distances in the genus

Fig. 6 PCoA basing on the UniFrac distance of
bacterial communities
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structure including DO [17], salinity [17], temperature
[35], C/N ratio [36], cultured species [37], HRT [14], dis-
infection [33], etc. The microbial community in bioreac-
tors is difficult to control [12, 38–40] and many of the
inefficiencies of the system originate from this [41]. But
the information on bacterial composition structure in
biofilter is necessary, and the management of auto-
trophic and heterotrophic bacteria is the key factor to
maintain good water quality and health of farmed organ-
isms [42].
The reason why bioreactor could remove ammonia

and nitrite is that of the bacteria community of biofilm.
There are three validly described genera of the
ammonia-oxidizing bacterium (AOB), Nitrosomonas,
Nitrosospira and Nitrosococcus, and four genera of the
nitrite-oxidizing bacterium (NOB), Nitrobacter, Nitros-
pina, Nitrococcus and Nitrospira, which contribute to
the process of nitration. In this study, three genera of
nitrobacteria were detected including Nitrococcus, Nitro-
somonas and Nitrospira. But none of the proportion of
nitrifier exceeded 1%. It was different from previous re-
ports [13, 16]. The result of Huang showed that Nitros-
pira and Nitrosomonas were dominant nitrifiers in
biofilters with the proportion of 0.2–16.4% and 0.1–
2.8%, respectively. Ruan reported that the proportion of
Nitrospira was 1.8–6.0%, while the proportion of Nitro-
somonas was less than 0.1% in the bioreactor of a full-
scale marine RAS. In this study, RASs was for shrimp
which had a shorter culture-cycle than fish. It could be
the time limit result in the low frequency of nitrobac-
teria since the experiment sustained only 3 months.
Other bacteria which not belong to traditional nitrobac-
teria may participate in the nitrogen cycle, such as Rho-
dobacteraceae [43–45] and Planctomycetaceae [46, 47].
On the other hand, the involvement of novel nitrite-
oxidizing species, which include Archaea, may contrib-
ute to nitration [12, 15, 48–50].
The function of dominant genera in bioreactors, Rue-

geria, Gimesia, Blastopirellula and Spongiibacterium, is
indefinite. Ruegeria belongs to Rhodobacteraceae. Lid-
bury reported that Ruegeria pomeroyi DSS-3 could

contribute to the remineralization of nitrogen in the
form of ammonium [45], and Choi reported Ruegeria
pomeroyi has nosZ sequence for N2O reduction [44].
Gimesia genus belongs to Planctomycetaceae and has
only one species Gimesia maris which was called Planc-
tomyces maris [46]. Gimesia maris is a chemohetero-
troph growing on defined medium with glucose and
ammonia as sole carbon and nitrogen sources respect-
ively [51]. Blastopirellula genus belongs to Planctomyce-
taceae. Blastopirellula is chemoheterotrophic whose
type species Blastopirellula marina could use ammonia,
nitrate and organic nitrogen [52]. Spongiibacterium is a
genus of Flavobacteriaceae [53]. In consideration of the
low frequency of AOB and NOB in bioreactors, Rhodo-
bacteraceae and Planctomycetaceae, which were the
dominant families of bioreactors, may contribute more
to the nitrogen conversion in RAS. The function of Rho-
dobacteraceae and Planctomycetaceae in aquaculture
need further investigation.

Microbial community structure of culture water
Bacteria is an essential part of the breeding water which
could direct contact with culture organism with lots of
effects. Zheng reported that Proteobacteria and Bacteroi-
detes were widely distributed in healthy shrimp at all
growth stages, but varied in relative abundance among
different steps [54]. In this study, the composition of
bacteria in culture water was mainly composed of Pro-
teobacteria (61.8–96.4%) and Bacteroidetes (2.5–36.0%).
However, at the genus level, the bacteria composition
had a lot of difference from previously reports [54]. Nau-
tella is a genus of Rhodobacteraceae. It was fund by
Vandecandelaere, and has a great similarity to Roseobac-
ter [55]. According to Zheng’s study, Nautella is patho-
gen to L. vannamei for it had more proportion in the
diseased water sample and could be an indicator for
monitoring the health status of shrimp larvae in the
hatchery [54, 56]. The genus Thalassotalea was pro-
posed by Zhang [57] with the description of Thalassota-
lea piscium as its type species and reclassification of four
species of the genus Thalassomonas as members of the

Table 2 Initial water quality

T (°C) Sal (g L− 1) O2 (mg L− 1) pH Turbidity (NTU) Vibrio (CFUmL− 1) NH4
+-N (mg L− 1) NO2

—N (mg L− 1)

27.85 ± 0.5 29.25 ± 0.12 6.32 ± 0.31 8.07 ± 0.03 0.00 ± 0.00 18.33 ± 7.64 0.01 ± 0.00 0.00 ± 0.00

Table 3 Temperature, salinity, O2, pH, turbidity, vibrio, ammonia and nitrite of rearing water

Treatment T (°C) Sal (g L− 1) O2 (mg L− 1) pH Turbidity (NTU) Vibrio (103CFU mL− 1) NH4
+-N (mg L− 1) NO2

—N (mg L− 1)

LC 28.19 ± 2.35a 29.62 ± 0.43a 5.92 ± 0.30a 7.91 ± 0.35a 1.40 ± 0.53a 3.79 ± 3.04a 0.67 ± 0.46a 3.23 ± 2.44a

MC 28.27 ± 2.10a 29.52 ± 0.41a 6.12 ± 0.22a 8.02 ± 0.38a 0.81 ± 0.24b 1.75 ± 1.89b 0.39 ± 0.16b 2.06 ± 1.11ab

HC 28.31 ± 2.44a 29.69 ± 0.49a 6.03 ± 0.23a 8.10 ± 0.45a 0.67 ± 0.12b 2.04 ± 2.09b 0.28 ± 0.23b 1.26 ± 0.82b

a, bdifferent lowercase on superscript mean significant difference (P < 0.05)
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novel genus, and its description was amended by Park
[58]. Hou isolated Thalassotalea marina sp. nov. from
RAS of Epinephelus awoara [59]. But the relationship
between Thalassotalea and the cultured organism is still
unknown. Pseudoalteromonas is probiotics with the ef-
fects of reducing the larval mortality of fish and shrimp

[60, 61], inhibiting vibrio [62–64] and promoting diges-
tion [65, 66]. The genus Aestuariibacter, which belongs to
the family Alteromonadaceae, was proposed by Yi for
strictly aerobic, chemoheterotrophic, salt-requiring and
nitrate-reducing [67]. Its effect on shrimp is still unknown.
Tenacibaculum genus has several species which are patho-
gen to fish [68–70]. The bacterial community of culture
water had a great difference from that of bioreactors. And
the function of most bacteria in culture water is not sure.

Probiotics and potential pathogen
The growth of the aquaculture industry is hampered by
unpredictable mortalities, many of which are caused by
pathogenic microorganisms. Bacterial diseases have been
attributed to biological production bottlenecks in inten-
sive aquaculture [71]. Besides a microbial community
that purifies the water, microbiota in RAS can also har-
bor pathogens or produce off-flavor-causing compounds
[72]. Because of a low dilution rate and high organic
loading, pathogens might accumulate more in RAS bio-
filters than in single-pass systems [73]. Besides Vibrio as
a traditional pathogen, Streptococcus sp. [74], Nautella
italica, and Pseudoalteromonas piscicida [54] also have
threats to shrimp. Frequent application of antibiotics

Fig. 7 Linear regression of ammonia (a), nitrite (b) and turbidity (c)
on amount of water recirculation ratio

Table 4 Growth performance of shrimp reared under different
water recirculation ratio

Variable Treatment

LC MC HC

Final weight (g) 6.78 ± 2.40 c 9.91 ± 4.26 a 8.42 ± 3.33 b

SGR (%) 4.8 ± 0.4 b 5.2 ± 0.5 a 5.0 ± 0.4 a

Survival (%) 66.2 ± 10.4 a 42.5 ± 3.1 b 37.9 ± 0.9 b

Harvest yield (kg m− 3) 1.51 ± 0.33 a 1.39 ± 0.05 b 1.17 ± 0.17 b

FCR 1.54 ± 0.34 a 1.68 ± 0.01 a 1.92 ± 0.23 a

a, b, cdifferent lowercase on superscript mean significant difference (P < 0.05)

Fig. 8 Linear regression of shrimp survival on amount of water
recirculation ratio
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might lead to antibiotic resistance and destroy bacterial
community structure. The use of antimicrobials to con-
trol diseases should be limited in RAS, and more atten-
tion should be given to alternative approaches [75, 76].
Probiotics is a safer and more effective method to man-
age bacteria and control pathogenic bacteria via com-
petitive exclusion, producing a specific inhibitory
substance, competition for nutrients, producing antag-
onist for quorum sensing mechanism and improving im-
munity [71]. The most commonly used probiotic species
include Lactobacillus, Bacillus, Pseudomonas, nitrobac-
teria, etc. In addition, ‘neutral bacteria’ could also con-
tribute to the stabilization of the microbial community
and even play a primary role in biosecurity [77]. Accord-
ing to the result of bacteria composition, the proportion
of probiotics was relatively low. And potential pathogen,
especially Nautella in culture water, had a high fre-
quency. Though the function of most bacteria in the sys-
tems is not sure, ‘neutral bacteria’ may take great
contribution to the balance of potential pathogens and
candidate probiotics.

The effects of water recirculation on RAS
Increasing the water recirculation ratio can increase the
number of times water flows through the water treat-
ment process, increase the hydraulic load, and improve
the removal efficiency of solid particles and ammonia.
Some studies have reported that shorter HRT is condu-
cive to the purification of water quality [24, 78, 79]. In-
creasing the water recirculation ratio will increase the
turbulence of the water. And the nitrification rate could
be significantly improved by increasing the turbulence
[80].
The effect of water recirculation ratio on ammonia re-

moval is to change the number of times water flows
through the bioreactor, on the other hand, to change the
structure of the microbial community in the bioreactor.
Water recirculation ratio was an important factor affect-
ing microbial community structure [14, 17, 21, 79]. The
proportion of dominant groups showed a trend with the
variety of water recirculation ratio in bioreactor and cul-
ture water. In the middle period of cultivation, the dom-
inant family of bioreactor was Rhodobacteraceae,
accounting for 30.2–49.6% of the community, which in-
creased with the increase of water recirculation ratio
(Fig. 2 a). At the end of cultivation, the dominant family
of bioreactor was Phytophthoraceae, accounting for
16.0–30.1% of the community, which decreased with the
increase of water recirculation ratio (Fig. 2 b). In the cul-
ture water, the dominant phylum was Proteobacteria, ac-
counting for 77.9–96.4%, which increased with the
increase of water recirculation ratio (Fig. 4 a). And the
dominant families and genus of culture water showed
different trends with the variety of water recirculation

ratio (Fig. 4 b, c). The microbial community of RASs
was significantly changed by water recirculation ratio,
which could be furtherly confirmed by UPGMA tree.
UPGMA tree (Fig. 6) reflected the similarity of different
samples. In bioreactors, LC and MC had more similarity,
however in culture water, HC and MC had more simi-
larity. In the bioreactor, increasing water recirculation
ratio will increase the shear force on the surface of bio-
film. Bacteria with strong adhesion ability can grow on
the surface of the substrate in the bioreactor. In
addition, the flow rate on the surface of biofilm also af-
fects the absorption and utilization of nutrients by mi-
croorganisms in water. For microorganisms in culture
water, water recirculation ratio will affect the number of
times water passes through UV, resulting in the bacteria
with stronger resistance to UV or more reproductive
have more advantages.
Water recirculation ratio not only affects the dominant

groups of microbial communities but also affects some
functional microbial groups. Although there are only
three kinds of nitrifying bacteria in the bioreactor, Nitro-
coccus, Nitrosomonas and Nitrospira, and their propor-
tion in the microbial community was not significantly
different among LC, MC and HC, the proportion of the
three nitrifying bacteria in the community increased
with the increasing of water recirculation ratio, which
was (0.6 ± 0.5) %, (0.9 ± 0.4) % and (1.1 ± 0.6) %, respect-
ively. That is, the number of nitrifying bacteria was more
under the high water recirculation ratio. For the Vibrio
in bioreactor, its proportions in LC, MC and HC were
(3.2 ± 0.5) %, (1.4 ± 0.1) % and (0.5 ± 0.0) %, respectively.
The proportions of Vibrio in bioreactor were decreased
with the increases in water recirculation rate (P < 0.05).
For potential pathogen Nautella (Fig. 4 c), the propor-
tion in the water of LC was significantly more than that
in MC and HC (P < 0.05). Increasing water recirculation
ratio is beneficial to reducing the number of potential
pathogens in bioreactors and aquaculture waters. The
water recirculation ratio had a great effect on bacterial
community structure, which could be a useful method
to manage RAS.
Increasing water recirculation rate could improve

water quality, reduce the number of pathogenic bacteria
and promote shrimp growth. The proportion of poten-
tial pathogens Nautella and Tenacibaculum in culture
water of LC treatment were higher than that in MC and
HC, which assumed to be the reason for lower SGR of
shrimp in LC. The mean weight of shrimp in LC was
significantly less than that in MC and HC, but the sur-
vival, yield and FCR of LC were higher than MC and
HC. In view of the significantly different in the bacterial
community among LC, MC and HC, there was an im-
portant relationship between shrimp culture and the
bacterial community. The higher mean weight of shrimp
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in MC and HC was partly due to the higher mortality.
On the other hand, a higher proportion of Pseudoaltero-
monas in MC and HC may promote the growth of
shrimp. The higher mortality of shrimps in MC and HC
maybe due to Aestuariibacter and Thalassotalea in view
of their dominant status in the bacterial community of
culture water, meanwhile their proportions were much
higher than that in LC. Aestuariibacter and Thalassota-
lea belong to the Gammaproteobacteria class. At the
class level, the proportions of Gammaproteobacteria in
the bacterial community of culture water were 13.0, 61.1
and 79.6% in LC, MC and HC, respectively (Fig. 9). The
high proportion of Gammaproteobacteria in culture
water may be the reason for decreasing the survival rate
of L. vannamei. In view of the unclear function of most
bacteria in water, the relationship between bacteria in
culture water and L. vannamei needs further study.

Conclusions
In the microbial community of RAS for L. vannamei, the
most dominant phylum is Proteobacteria, followed by
Planctomycetes, Bacteroidetes, Actinobacteria and Verru-
comicrobia phylum. Rhodobacteraceae and Planctomyce-
taceae are the dominant families in the biofilter, while
culture water community is dominated by Proteobacteria
including the dominant families of Rhodobacteraceae,
Aestuariibacter, Thalassotalea, and Pseudoalteromonas.
Compared with culture water, bioreactor has a higher
abundance and diversity of the microbial community
and plays a more important role in the environmental

regulation of RAS. Although several studies have been
investigating the culture system microflora, the know-
ledge regarding the roles of environmental microbiota in
RAS remains limited. The function of most dominant
genera in RAS are unknowns and need further research.
Water recirculation rate as an important parameter

of RAS affects the bacterial community of bioreactor
and culture water. The proportions of dominant
groups show a trend with the variety of water recir-
culation rate in bioreactor and culture water. The
proportions of some microbial groups, such as nitrify-
ing bacteria, Vibrio and Nautella, in the microbial
community is also affected by the water recirculation
rate. Water quality indexes such as ammonia, nitrite
and turbidity decrease with the increasing of water
recirculation rate. Though the growth rate and final
weight of shrimp were the highest under medium
water recirculation rate, the survival and yield have
an inverse correlation with water recirculation rate.
The higher mortality rate of shrimp under medium
and high water recirculation rate assumed to be
caused by the excessive Gammaproteobacteria in the
bacterial community. The increasing water recircula-
tion rate could change microbial community constitu-
tion, improve water quality, and promote shrimp
growth, however, L. vannamei has better performance
of survival and yield under low water recirculation
rate. Water recirculation rate is an effective method
to manage RAS of L. vannamei, and the impacts of
water recirculation on RAS needs further study,

Fig. 9 Taxonomic assignment of bacteria in culture water at class level shown as a percentage of the total microbiota

Chen et al. BMC Microbiology          (2019) 19:192 Page 11 of 15



especially in the application of low level of water
recirculation.

Methods
Experimental systems
The experiment lasted 91 days from June 2nd to Sep-
tember 1st. RASs was indoor and adopted natural light-
ing trough light-transmitting plate. Each RAS consisted
of one circular fiberglass culture tank (3.1m3) and one
filter bag with 75 μm pore size for particle removal,
followed by a fixed bed bioreactor (FBBR, 0.6 m3) and a
moving bed bioreactor (MBBR, 0.6 m3) for removal of
toxic ammonia and nitrite, after which the water was
disinfected by UV and returned to the culture tank
(Fig. 10). The stock density is 1000 shrimp/tank (322ind/
m3). No water exchanged in the first 2 weeks; then water
was exchanged twice a week with the water exchange
rate 14–28%.

Experimental design
Three water flow rates were set for the experiment with
the water recirculation rate of 5, 10 and 15 day− 1, repre-
senting low (LC), medium (MC) and high (HC) recircu-
lation rate respectively. Each recirculation rate had two
RASs. Shrimps were fed with formulated feed (42%
crude protein) five times a day. The feeding amount of
each tank was the same. The feeding amount was 4% of
total shrimp weight at the initial stage, and gradually in-
creased with the growth of shrimps. Water samples were
collected from the culture tank every week for the meas-
urement of water quality to reflect the water environ-
ment [81]. One bacteria samples were collected from
each bioreactor for the measurement of the microbial
community at the medium-term and end. Besides, one

bacteria sample in culture water was also collected via
0.22-μm-pore-diameter filter membrane at the end of
culture from each system. For bacterial samples, one
sample was taken from each RAS, i.e. two parallel bac-
terial samples were taken from each water recirculation
ratio. Bacteria samples were stored at − 80 °C before
usage. At the end of culture, 20 shrimps were collected
from each system for the measurement of individual
weight.

Measurements
Shrimp weight was measured by electronic scales (Met-
tler Toledo, Shanghai, China). DO, pH, temperature and
salinity were recorded with YSI (YSI Incorporated, Yel-
low Springs, OH, USA). Turbidity was measured by tur-
bidimeter (Yuefeng, Shanghai, China). Total ammonia
was measured by phenate method [81], nitrite was mea-
sured by N-(1-naphthyl)-1, 2-diaminoethane dihy-
drochloride spectrophotometry [82], Vibrio number was
enumerated by TCBS agar media [83–85] for reflecting
the status of pathogenic microbes. The growth perform-
ance of shrimp was reflected by initial weight, final
weight and specific growth rate (SGR = 100 × (Ln (final
weight) – Ln (initial weight)) / culture days).
Total DNA of bacterial samples was extracted using

the TIANamp Bacteria DNA Kit (Tiangen Biotech,
Beijing, China). The DNA concentration was determined
using NanoDrop Spectrophotometer (Thermo Scientific,
USA), and DNA integrity was confirmed by agarose gel
electrophoresis. Microbial DNA was amplified by poly-
merase chain reaction for the V3–V4 region of the
16srRNA gene. After purification, samples were mixed
in equal concentrations and sequenced by Illumina-
MiSeq. The raw reads were deposited into the NCBI

Fig. 10 Summary diagram of an individual experimental recirculating aquaculture system employed in this study
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Sequence Read Archive (SRA) database (Accession
Number: SRP214732).

Statistical analysis
The statistical analysis was performed using SPSS pro-
gram version 13.0 (SPSS, Chicago, IL, USA), an inde-
pendent samples T-test was conducted to compare the
significant differences among the systems with different
water recirculation rates on water quality and shrimp
growth, one-way ANOVA was conducted on the change
of water recirculation rates among the systems, and
Pearson correlation analysis and linear regression ana-
lysis were conducted to reveal the relationship among
shrimp growth, water recirculation rate and water qual-
ity indexes.
These sequences of bacteria samples were clustered

using Usearch into operational taxonomic units (OTUs),
based on 97% sequence similarity. The sequences were
aligned against the bacterial NCBI database for taxo-
nomic classification. Alpha-diversity indices (Chao index
and Simpson index) for each sample were calculated
using R [86]. The Chao1 index quantifying species rich-
ness was calculated using the formula:

SChao1 ¼ Sobs þ n1 n1−1ð Þ= 2� n2 þ 1ð Þð Þ

Where Sobs is the observed number of OTUs, n1 is the
number of OTUs with only one sequence, and n2 is the
number of OTUs with only two sequences [87]. The
Simpson index quantifying community diversity was de-
termined as:

DSimpson ¼
XSobs

i¼1
ni ni−1ð Þ

� �
= N N−1ð Þð Þ:

Where Sobs is the number of observed OTUs, ni is the
number of individuals in the ith OTU, and N is the total
number of individuals in the community [88]. Based on
the unweighted UniFrac distance metric [89] estimated by
QIIME [90], principal co-ordinate analysis (PCoA) and
cluster analysis (CA) was conducted using the unweighted
pair group method with arithmetic mean (UPGMAM)
method to estimate β-diversity and visualize microbial
community diversity among samples [91]
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