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Abstract. With increasing concern over the negative environmental impact of mariculture, integrated
multi-trophic aquaculture (IMTA) has received extensive attention in recent years. To comprehensively
assess the phytoplankton community structure in the late culture stage of a typical pond IMTA system,
both morphological analysis and high-throughput sequencing method were used in the present study. 9
phyla of phytoplankton were identified by using the two methods, and the Bacillariophyta, Cyanophyta
and Euglenophyta were the most dominant. The dominant phytoplankton of the IMTA pond system in
which clams were reared in a separate pond has changed from cyanophytes to diatoms from September to
October, and it has changed from diatoms and cyanophytes to euglenophytes, haptophytes and green
algae in the IMTA pond with shrimp, crab and clam together. Results of direct gradient analysis revealed
that the phytoplankton community structure seemed to be linked with the variables of temperature,
salinity, pH, dissolved inorganic nitrogen (DIN) and dissolved silica (DSi) concentrations, DIN/dissolved
inorganic phosphorus (DIP), DSi/DIN and DSi/DIP. The relationship between phytoplankton community
and Vibrio abundance indicated that diatoms and chlorophytes might inhibit the proliferation of Vibrio,
while cyanophytes bloom might be beneficial to the Vibrio growth.
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Introduction

As one of the most important seafood production practices worldwide, aquaculture is
facing serious environmental challenges due to the detrimental impacts of intensive
farming methods (Sladonja, 2011). Integrated multi-trophic aquaculture (IMTA) has
been known as an ecologically well-balanced aquaculture practice, in which co-cultures
of species at various trophic levels are able to promote the recycling of aquaculture
wastes as a food resource (Chopin et al., 2008). In this system, fish or shrimp are
cultured in combination with other extractive species, such as filtering clam, which can
prevent additional nutrient inflow into the surrounding environment, and they are
desirable products with high market value as well (Troell et al., 2009). IMTA has been
practiced for several decades in China, initially through land-based operations which
later expanded to marine systems (Wartenberg et al., 2017). However, the IMTA is still
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heavily relying on traditional and inefficient methods, and further study on developing
engineered IMTA systems that are well adapted to a variety of species and
environmental circumstances are needed.

Phytoplankton plays a very important role in aquaculture ecosystems. They are
useful in maintaining water quality by uptake of nutrients during photosynthesis
(Harrison et al., 2005), and serve as a direct or indirect food source for cultured
organisms (Pulz and Gross, 2004; Martins et al., 2016). In addition, beneficial
phytoplankton might inhibit the growth of pathogenic bacteria. The Vibrio is ubiquitous
in the marine and estuarine environments (Pruzzo et al., 2005a). The genus includes
some species (e.g. Vibrio parahaemolyticus, V. harveyi, V. anguillaris, V. alginolyticus,
V. vulnificus) that is pathogenic to both invertebrates and vertebrates, such as corals,
clam, shrimp and fish (Pruzzo et al., 2005b). Studies showed that some phytoplankton,
such as diatoms and green algae can effectively inhibit the multiplication of Vibrio (Lio-
Po et al., 2005), while some phytoplankton (such as cyanophytes) might facilitate the
proliferation of Vibrio in their natural environment (Eiler et al., 2007). The
establishment of a healthy aquaculture environment requires a balance of algae that is
beneficial to its organisms. The succession of dominant species often dominates the
trend of algal facies balance, which affects the quality of water environment and the
healthy development of aquaculture (Xu et al., 2015). So, monitoring and assessing the
phytoplankton community structure and dominant species succession are vital in
managing aquaculture systems.

In this study, the phytoplankton community structure and dominant species succession
in the late stage of a typical pond IMTA system were assessed using traditional
morphological analysis and high-throughput sequencing together, and its relationship with
the water quality parameters were analyzed as well. Our primary objectives were to (i)
clarify the phytoplankton community structure of pond IMTA system using
morphological analysis and high-throughput sequencing; (ii) investigate the relationship
between phytoplankton community and water quality parameters; and (iii) explore the
effect of the aquaculture model on water quality and phytoplankton community.

Materials and methods
IMTA systems and sample collection

This study was performed in Rizhao Kaihang Aquatic Products Co., Ltd., located in
Shandong Province in eastern China (35°19'8”"N; 119°24'40"E) in September and
October in 2018. Two pond IMTA models were selected in this study, One model
(aquaculture model I) consists of a culture pond (pond 1), where Fenneropenaeus
chinensis were co-cultured with Portunus trituberculatus and tilapia (Oreochromis
niloticus) together, and a biological purification pond (pond 3) with clam Meretrix
meretrix stocked was connected to pond 1 through a recirculating pipeline system (Fig.
1). The other model (aquaculture model II) is polyculture of shrimp (F. chinensis), crab
(P. trituberculatus) and clam (Mercenaria mercenaria) together in the same pond as
shown in pond 5 and 6 in Fig. 1. During the study period, Fresh baits and commercial
feeds containing 38% of crude protein (Tongwei Co., Ltd., Lianyungang) were provided
in pond 1, 5 and 6. Feed amount was adjusted daily according to the estimated aquatic
animals consumption, mortality rate and leftover feed. No supplemental feed was
provided in pond 3 during the study period.
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Figure 1. Schematic illustration of the simplified plan of IMTA system. Aquaculture model I
consists of pond 1 where F. chinensis were co-cultured with P. trituberculatus and O. niloticus
together and pond 3 where M. meretrix stocked. Aquaculture model Il consists of pond 5 and 6

where F. chinensis, P. trituberculatus and M. mercenaria cultured together in the same pond

Samplings were conducted on September 7 and October 17, 2018. The sampling
methods referred to Qiao et al. (2019). Water temperature, sanity, dissolved oxygen
(DO) and pH in each pond were recorded in situ using a YSI Model Handheld
Instrument (YSI Incorporated, Yellow Springs, Ohio, USA). 1 L of water were sampled
from the center and four corners (including the water inlet and the water outlet) of the
culture pond, respectively. 5 L of water samples were well mixed and then prefiltered
through a sieve with a pore size of 200 um to remove large suspended particles,
microzooplankton, and other large cells. Then, 1 L of filtrate fixed with 5 mL of
Lugol’s solution for phytoplankton identification and counting, 500 mL of filtrate was
further filtered with 0.22 pm Millipore membrane to collect the phytoplankton for DNA
analysis, and 500 mL of filtrate was further filtered with 0.45 pm membranes to
measure the ammonium (NH4"), nitrate (NOz’), nitrite (NO2’), phosphate (dissolved
inorganic phosphorus, DIP), silicate (dissolved silica, DSi), dissolved total nitrogen
(DTN) and dissolved total phosphorus (DTP) contents.

Analysis of water quality parameters

Concentrations of NH4*, NOs", NO2", DIP, and DSi were measured using a QuAALtro
nutrient auto analyzer (Seal Analytical Ltd., Germany) (Parsons et al., 1984). DTN and
DTP were determined with alkaline persulfate digestion (SAC, 2007) and evaluated
using a QuAALtro nutrient auto analyzer (Seal Analytical Ltd., Germany). The dissolved
inorganic nitrogen (DIN) concentration was the sum of NHs", NOs and NO»
concentrations. The dissolved organic nitrogen (DON) and dissolved organic
phosphorus (DOP) values were calculated as the difference between DTN and DIN and
between DTP and DIP, respectively.
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Quantitative analysis of Vibrio

To quantify patterns in the whole Vibrio community, the primer pair Vibl-f (5°-
GGCGTAAAGCGCATGCAGGT-3) and Vib2-r (5°-
GAAATTCTACCCCCCTCTACAG-3’) (Thompson et al., 2004; Vezzulli et al., 2012)
were used to amplify 16S rRNA genes specific to the Vibrio genus (114 bp). All gPCR
assays were carried out in triplicate using an ABI PRISM®7500 Sequence Detection
System (Applied Biosystems, USA) with the SYBR Green method to determine the
copy concentration of Vibrio. The abundance of Vibrio was expressed as number of
cells per liter (cells/L), which was calculated by the average 16S rDNA copy number in
vibrios (Acinas et al., 2004; Vezzulli et al., 2012).

Morphological analysis of phytoplankton

The water samples for morphological analysis of phytoplankton were preserved with
0.5% Lugol’s solution. Each sample was concentrated to 50 mL, and then stored in
darkness at 4°C until analysis. Phytoplankton species were identified and cell numbers
were counted using a phytoplankton enumeration chamber under an inverted
microscope (Olympus CKX41, Olympus Corporation, Tokyo, Japan).

High-throughput sequencing of phytoplankton and bioinformatic analysis

The total genomic DNA was extracted from all samples using the FastDNA spin kit
for soil (MP Biomedicals, OH, USA), following the manufacturer’s instructions. DNA
quality and concentration were measured by gel electrophoresis and a Nanodrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), respectively.
PCR was performed with the 23S rDNA gene primer pair p23SrV_f1 (5’-GGA CAG
AAA GAC CCT ATG AA-3’) and p23SrV_rl (5’-TCA GCC TGT TAT CCC TAG
AG-3") (Sherwood and Presting, 2007). The PCR products were extracted from a 2%
agarose gel and further purified using the AxyPrepDNA Gel Extraction Kit (Axygen
Biosciences, USA) referring to the manufacturer’s instruction, and quantified using
QuantiFluor™-ST (Promega, USA). Purified amplicons were pooled in equimolar and
paired-end reads (PE300) on an lllumina MiSeq platform (Illumina, San Diego, USA)
referring to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd
(Shanghai, China). Sequence data can be retrieved from GenBank under accession
number SRP185765 and SRP185766.

Sequences from the lllumina MiSeq platform were processed using the QIIME
(version 1.91, http://qiime.org/, Caporaso et al., 2010) software package. Raw fastq files
were demultiplexed, quality-filtered by Trimmomatic and merged by FLASH (version
1.2.11, https://ccb.jhu.edu/software/FLASH/index.shtml, Magoc and Salzberg, 2011).
Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using
UPARSE (version 7.1, http://drive5.com/uparse, Edgar, 2013). The chimeric sequences
were identified and removed using UCHIME (version 7, http://www.drive5.com/uchime,
Edgar et al., 2011). The taxonomic assignment was determined for the representative
sequence of each OTU using the Basic Local Alignment Search Tool (BLAST) in the
NCBI database (http://www.ncbi.nIm.nih.gov). Following the exclusion of bacteria (all
non-cyanobacteria) and unclassified sequences, phytoplankton sequences were selected
for analysis of community structure and diversity based on the taxonomic information.
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Phytoplankton community analysis

Dominant species was defined as its dominance >10%. Phytoplankton community
diversity was evaluated using the Shannon-Wiener diversity index.
Phytoplankton dominance:

n.

N‘ X f; (Eq.1)

Y=
In Equation 1, nj is the species cell abundance, N is the total cell abundance, and f; is
the frequency of the occurrence of the species in a pond.
Shannon-Wiener diversity index:

S
== z PilnPl' (Eq'z)
=1

In Equation 2, S is the total number of species or OTUs, and P; is the relative
abundance of species i or OTUi.

Correlations between phytoplankton community and water quality parameters were
determined through direct gradient analysis using Canoco for Windows (version 4.5,
Braak and Smilauer, 2002).

Results

Water quality parameters and abundance of Vibrio

The Water quality parameters and the abundance of Vibrio in the aquaculture waters
of IMTA system are summarized in Table 1. During the whole study period, the surface
seawater temperature declined from 26.32°C to 18.24°C, the average salinity, DO and
pH increased from 23.01 to 26.01 g/L, 4.85 to 6.84 mg/L and 8.19 to 8.70, respectively,
while the concentration of NH4*, NOs", NO2", DIN, DON, DIP and DSi, were decreased.
The average abundance of Vibrio in September was three orders higher than that in
October (Table 1). The analysis of variance showed that there were significant
differences in water quality between different aquaculture models (p < 0.05). The
average concentrations of NH4*, NO3", NO2", DIN, DON, DIP and DSi in aquaculture
model I were lower than those in aquaculture II (Table 1). By comparing water quality
parameters in pond 1 and 3, the concentrations of NH4*, NOs", NO2", DIN, DON, DOP
and DSi in pond 1 were higher than those in pond 3 in September and October, while
the concentration of DIP in pond 1 was lower than those in pond 3. The abundances of
Vibrio in pond 1 were higher than those in pond 3. The approach for judging nutrient
limitation that Justi¢ et al. (1995) proposed was used in this study. The result showed
that pond 1 and 3 in October were silicon limitation (DSi < 2 uM, DSi/DIP < 10 and
DSIi/DIN < 1). The other ponds were no nutrient limitation.
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Table 1. Water quality parameters and abundance of Vibrio in the aquaculture waters of IMTA system in 2018

T S DO NH4* NO3 NO2 DIN DON DIP DOP DSi . . Vibrio
H DIN/DIP | DSi/DIN | DSi/DIP
©0) | (@) |(mgL)| P

Date | Ponds (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) (cells/L)

Pond1l |25.66(22.72| 6.71 |8.63| 0.124 | 0.446 | 0.137 | 0.706 | 0.789 | 0.016 | 0.022 | 1.460 | 99.72 1.03 103.07 [2.03x107
Pond 3 |[26.20(24.28| 6.59 |8.60| 0.108 | 0.233 | 0.008 | 0.348 | 0.059 | 0.022 | 0.009 | 0.909 | 35.49 131 46.34 [8.60x10°
September| Pond5 |26.60|22.79| 3.06 |7.73| 1.403 | 0.603 | 0.225 | 2.231 | 0.708 | 0.059 | 0.015 | 0.079 | 84.13 0.02 1.49 |5.51x108
Pond 6 |26.80(22.24| 3.06 |7.81| 0.674 | 0.943 | 0.149 | 1.766 | 0.598 | 0.163 | 0.003 | 0.354 | 24.03 0.10 241 |1.56x10°
Average |26.32|23.01| 4.85 |8.19| 0.577 | 0.556 | 0.130 | 1.263 | 0.538 | 0.065 | 0.012 | 0.700 | 43.21 0.28 11.99 |1.45x108

Pond1 |17.74|26.19| 8.45 |8.91| 0.059 | 0.045 | 0.001 | 0.105 | 0.414 | 0.012 | 0.012 | 0.016 | 20.04 0.08 152 |9.89x10°
Pond3 |18.40|26.27| 7.27 |8.91| 0.045 | 0.016 |B.D.L.| 0.062 | 0.279 | 0.013 | 0.011 | 0.007 | 10.59 0.05 0.58 [9.51x10*
October | Pond5 |[18.35|25.87| 6.66 |8.66| 0.057 | 0.084 | 0.004 | 0.145 | 0.364 | 0.056 | 0.017 | 0.382 5.76 1.32 759 |6.45x10°
Pond6 |18.45|25.72| 496 |8.31| 0.096 | 0.252 | 0.012 | 0.360 | 0.432 | 0.081 | 0.026 | 0.431 9.86 0.60 5.90 |2.25x10*
Average |18.24|26.01| 6.84 |8.70| 0.064 | 0.099 | 0.006 | 0.168 | 0.372 | 0.040 | 0.017 | 0.209 9.23 0.62 575 |4.38x10°

Note: T: temperature; S: salinity; DO: dissolved oxygen; NH4": ammonium; NOs": nitrate; NO;™: nitrite; DIN: dissolved inorganic nitrogen; DON: dissolved organic
nitrogen; DIP: dissolved inorganic phosphate; DOP: dissolved organic phosphate; DSi: dissolved silicate; DIN/DIP, DSi/DIN and DSi/DIP are molar ratios of DIN to
DIP, DSi to DIN and DSi to DIP, respectively; B.D.L.: below detectable limit
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Phytoplankton community structure revealed by morphological analysis

Phytoplankton community composition

A total of 44 taxa of phytoplankton were identified by morphological analysis in the
study (Table A.1). 50.00% of the identified taxa belongs to Bacillariophyta, followed by
Dinophyta, Cryptophyta, Chlorophyta and Cyanophyta with 20.45%, 11.36%, 9.09%
and 6.82%, respectively. Euglenophyta was represented by only one species. Only three
species, Cyclotella sp. Nitzschia sp.1 and Gymnodinium spp. were detected by
morphological analysis at all samples.

Temporal and spatial variations of phytoplankton abundance

Phytoplankton abundance indicated by cell density in September (4.91x10° cells/L)
was lower than those in October (8.83x10° cells/L). The phytoplankton average
abundance in aquaculture model T was higher than that in aquaculture model II in
September and October. By comparing pond 1 and 3, the phytoplankton abundance in
pond 1 was lower than those in pond 3 (Fig. 2).
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Figure 2. Temporal and spatial variations of phytoplankton abundance in the IMTA system
revealed by morphological analysis. Aquaculture model I consists of pond 1 where F. chinensis
were co-cultured with P. trituberculatus and O. niloticus together and pond 3 where M.
meretrix stocked. Aquaculture model Il consists of pond 5 and 6 where F. chinensis, P.
trituberculatus and M. mercenaria cultured together in the same pond

In September, diatoms were the most abundant species, which accounted for
59.09-96.41% of the total phytoplankton in pond 1, 5 and 6. The relative abundances of
euglenophyte and diatoms were higher than other species in pond 3 (Fig. 3). In October,
diatoms were the most abundant group which contributed over 99% of the total
phytoplankton in pond 1 and 3, while the abundance of euglenophyte was the highest in
ponds 5 and 6 (Fig. 3).
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Figure 3. Temporal and spatial variations of relative abundance of phytoplankton at the
phylum level in the IMTA system revealed by morphological analysis. Aquaculture model 1
consists of pond 1 where F. chinensis were co-cultured with P. trituberculatus and O. niloticus
together and pond 3 where M. meretrix stocked. Aquaculture model Il consists of pond 5 and 6
where F. chinensis, P. trituberculatus and M. mercenaria cultured together in the same pond

Dominant species of phytoplankton

In September, Diatoms, Cyclotella sp. and Cyclotella meneghiniana Kuetzing were
the dominated species in pond 1, which accounted for 70.85% and 11.21% of the total
abundance. There were three dominant species in pond 3 including Eutreptiella sp.,
Melosira sp. and Cyclotella sp., which contributed to about 97.99% of the total
abundance. There were two (Cyclotella sp. and Teleaulax acuta) and four
(Mastigocoleus sp., Cyclotella sp., Surirella sp. and Eutreptiella sp.) species were
dominant in pond 5 and 6, respectively. Cyclotella sp. was one of the dominated species
in all ponds in September (Table 2).

Table 2. Dominant species, cell density and dominance of phytoplankton in the IMTA system

Time Ponds Dominant species C?geﬂzpf;ty Dominance
Pond 1 Cyclotella sp. 7.90x10% 0.71
Cyclotella meneghiniana Kuetzing 1.25x10* 0.11
Pond 3 Eutreptiella sp. 9.81x10° 0.56
Melosira sp. 4.23x10° 0.24
Cyclotella sp. 3.06x10° 0.18
September Pond 5 Cyclotella sp. 2.60x10* 0.41
Teleaulax acuta 1.05x10* 0.17
Pond 6 Mastigocoleus sp. 8.50x103 0.19
Cyclotella sp. 8.00x103 0.18
Surirella sp. 6.50x103 0.15
Eutreptiella sp. 4.50x10° 0.10
Pond 1 Leptocylindrus danicus 1.39x107 0.98
Pond 3 Leptocylindrus danicus 2.06x107 0.99
October Pond 5 Eutreptiella sp. 1.68x10° 0.79
Pond 6 Eutreptiella sp. 5.05x10% 0.51
Pyramimonas sp. 1.05x10* 0.11
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In October, Leptocylindrus danicus was the only dominant species in pond 1 and 3,
which reached a high cell density of 1.39x107 and 2.06x10" cells/L with 97.70% and
99.24% of the total abundance, respectively. Eutreptiella sp. was the only dominant
species (79.25% of the total) in pond 5, with cell density at 1.68x10° cells/L.
Eutreptiella sp. and Pyramimonas sp. dominated in pond 6 (Table 2).

Phytoplankton diversity

Shannon indices were ranged from 1.09 to 2.46 in September, and ranged from 0.06
to 1.89 in October. Phytoplankton diversity in September was higher than those in
October in all ponds. The two surveys showed that phytoplankton diversity in
aquaculture model I was lower than that in aquaculture model II. By comparing pond 1
and 3, the phytoplankton diversity in pond 1 was higher than that in pond 3 (Fig. 4).

B Pond 1

3.0 Pond 3
1 I Pond 5
2.5 I Pond 6

Shannon index
it [ (]
o wn (]

1 1 1

e
n
1

||
September October

0.0-

Figure 4. Phytoplankton diversity revealed by morphological analysis. Aquaculture model I
consists of pond 1 where F. chinensis were co-cultured with P. trituberculatus and O. niloticus
together and pond 3 where M. meretrix stocked. Aquaculture model II consists of pond 5 and 6

where F. chinensis, P. trituberculatus and M. mercenaria cultured together in the same pond

Phytoplankton community structure revealed by high-throughput sequencing
High-throughput sequencing data statistics

A total of 406,246 raw reads were obtained using high-throughput IHlumina
sequencing for all samples, and the number of reads for each sample ranged from
31,364 to 64,004. After quality and chimera checking and removal of the low-quality
reads, a total of 374,428 clean reads were obtained. The average reads length was 388
nucleotides. The reads for all samples were classified into 162 OTUs, ranging from 34
to 103 OTUs, at a 97% similarity level (Table 3).
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Table 3. Numbers of sequences in quality control analysis

Date Pond Number| Raw Reads |Clean Reads|Total OTUs|Phytoplankton Reads|Phytoplankton OTUs
Pond 1 31,364 27,270 34 16,821 26
September Pond 3 64,004 55,587 38 35,708 28
Pond 5 56,775 52,596 46 27,625 31
Pond 6 49,022 47,125 103 27,489 42
Pond 1 54,764 51,338 66 47,083 40
October Pond 3 61,902 57,306 89 51,542 40
Pond 5 37,164 33,930 65 23,916 30
Pond 6 51,251 49,276 62 38,539 30
Sum 406,246 374,428 162 268,723 68

Taxa were assigned to the representative sequence of each OTU using the NCBI
database. According to the taxonomic information, the sequences that were annotated as
eukaryota and bacteria accounted for 63.98% and 35.57%, respectively (Fig. 5). At
phylum level, Cyanobacteria sequences accounted for the greatest proportion of the total
sequences (28.73%), followed by Bacillariophyta (24.04%), Chlorophyta (6.04%),
Proteobacteria (6.00%), Haptophyta (5.63%), Euglenophyta (4.78%) and Cryptophyta
(1.80%). The sequences of Ochrophyta, Verrucomicrobia, Bacteroidetes, Raphidophyta,
Dinophyta and Firmicutes accounted for less than 1% of the total sequences. 268,723
sequences ranging from 16,821 to 51,542 were assigned to phytoplankton after the
exclusion of bacteria (except cyanobacteria) and unclassified sequences (Table 3). The
number of phytoplankton sequences was randomly rarefied to 16,821 per sample, which
were used in further analyses of phytoplankton community structure and diversity.
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Figure 5. Circular representation of sequences assigned to eukaryota, bacteria and unclassified.
Aquaculture model I consists of pond 1 where F. chinensis were co-cultured with P.
trituberculatus and O. niloticus together and pond 3 where M. meretrix stocked. Aquaculture
model 11 consists of pond 5 and 6 where F. chinensis, P. trituberculatus and M. mercenaria
cultured together in the same pond
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Phytoplankton community composition

A total of 68 OTUs assigned to phytoplankton were identified by high-throughput
sequencing in the study (Table 3). The OTUs number of Cyanophyta was the highest
(30.88%), followed by Chlorophyta (29.41%), Bacillariophyta (16.18%) and Dinophyta
(5.88%). Cryptophyta, Ochrophyta and Haptophyta were represented by three OTUs,
Euglenophyta was represented by two OTUs, and Raphidophyta was represented by
only one OTU. Among these OTUs, OTU6, OTU94, OTU108, OTU148, which were
affiliated with Cyanobium gracile, Synechococcus sp. WH 8020, Nannochloropsis
oculata and Cyclotella sp. WCO03_2, respectively, existed in all ponds (Table A.2).

Relative abundance of phytoplankton

In aquaculture mode I, Cyanophyta was the most dominant phylum in September
with relative abundance > 99%, while Bacillariophyta was the dominant phylum in
October with relative abundance > 59% (Fig. 6a). At genus level, Cyanobium was the
most abundant in September, while Leptocylindrus was the most dominated, followed
by Cyanobium, Synechococcus and Cerataulina in October (Fig. 6b).
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Figure 6. Relative abundance of phytoplankton at the phylum (a) and genus (b) levels.
Aquaculture model I consists of pond 1 where F. chinensis were co-cultured with
P. trituberculatus and O. niloticus together and pond 3 where M. meretrix stocked. Aquaculture
mode! I consists of pond 5 and 6 where F. chinensis, P. trituberculatus and M. mercenaria
cultured together in the same pond

In aquaculture mode II, Bacillariophyta was the most dominant phylum, followed by
Cyanophyta in September, while Euglenophyta, Haptophyta and Chlorophyta were the
abundant phylum in October (Fig. 6a). At genus level, Cyclotella whose relative
abundance was over 34%, was the most dominant genus, followed by Cyanobium in
September, while Eutreptiella, Chrysochromulina and Bathycoccus were the abundant
genus in October (Fig. 6Db).

Phytoplankton diversity

Shannon indices were ranged from 1.72 to 2.42 in September and ranged from 1.44
to 2.06 in October. Phytoplankton diversity in September was lower than those in
October in aquaculture model I, while phytoplankton diversity in September were
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higher than those in October in aquaculture model I1. By comparing pond 1 and 3, the
phytoplankton diversity in pond 1 was higher than that in pond 3 in October (Fig. 7).
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Figure 7. Phytoplankton diversity revealed by high-throughput sequencing. Aquaculture model

I consists of pond 1 where F. chinensis were co-cultured with P. trituberculatus and O. niloticus

together and pond 3 where M. meretrix stocked. Aquaculture model Il consists of pond 5 and 6
where F. chinensis, P. trituberculatus and M. mercenaria cultured together in the same pond

Correlations between phytoplankton community and water quality

The relationship between the dominated species of phytoplankton revealed by
morphological analysis and water quality parameters in the IMTA system were examined
by direct gradient analysis using redundancy analysis (Fig. 8a). The first axis was positively
correlated with the S (0.6066) and pH (0.6023), and negatively correlated with the T (-
0.6595), DSi (-0.6087), DSi/DIP (-0.5620) and DSi/DIN (-0.5469). The second axis was
positively correlated with DIN/DIP (0.8577), DON (0.7027), DIN (0.6518) and negatively
correlated with S (-0.7241). These results showed that T, S, pH, DIN, DON, DSi, DIN/DIP,
DSIi/DIN and DSIi/DIP greatly influenced on the phytoplankton community. The dominant
species L. danicus was negatively correlated with the DIN, DIP, DSi, DON, DOP
concentrations, DIN/DIP, DSi/DIN, DSi/DIP and Vibrio abundance. The euglenophyte
Eutreptiella sp. and green algae Pyramimonas sp. had negative correlation with DIN, DON
concentrations, DIN/DIP and Vibrio abundance and positive correlation with DIP, DOP
concentrations, DSi/DIN and DSi/DIP. The relationships between abundant genus of
phytoplankton revealed by high-throughput sequencing and water quality parameters in the
IMTA system were examined by direct gradient analysis using canonical correspondence
analysis (Fig. 8b). The first axis was positively correlated with the DOP (0.5697), DSi/DIN
(0.5164) and negatively correlated with the DIN/DIP (-0.6759), and the second axis was
positively correlated with the S (0.7849), pH (0.6670) and negatively correlated with the T
(-0.8311), DIN (-0.6981), DSi (-0.6653), DIN/DIP (-0.6401) and DSi/DIP (-0.6074). These
results showed that the T, S, pH, DIN, DOP, DSi, DIN/DIP, DSi/DIN and DSi/DIP had the
greatest influences on the phytoplankton community. The diatom, Leptocylindrus was
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negatively correlated with the DIN, DIP, DSi, DON, DOP concentrations, DIN/DIP,
DSi/DIN, DSi/DIP and Vibrio abundance. The euglenophyte Eutreptiella, green algae
Bathycoccus and Ostreococcus, and haptophyte Chrysochromulina showed negative
correlation with DIN, DON concentrations, DIN/DIP and Vibrio abundance and positive
correlation with DIP, DOP concentrations, DSi/DIN, while the cyanophytes, Cyanobium
and Synechococcus showed positive correlations with DIN, DON concentrations, DIN/DIP
and Vibrio abundance and negative correlation with DSi/DIN.
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Figure 8. Direct gradient analysis of phytoplankton community revealed by morphological
analysis (a) and high-throughput sequencing (b) methods and water quality parameters. The
numbers with letter represent the relevant species or genus: SP1 Leptocylindrus danicus, SP2

Eutreptiella sp., SP3 Cyclotella sp., SP4 Melosira sp., SP5 Surirella sp., SP6 Mastigocoleus sp.,
SP7 Cyclotella meneghiniana, SP8 Teleaulax acuta, SP9 Pyramimonas sp., GEN1 Cyanobium,

GEN?2 Synechococcus, GEN3 Cyclotella, GEN4 Leptocylindrus, GEN5 Eutreptiella, GEN6

Chrysochromulina, GEN7 Cerataulina, GEN8 Bathycoccus, GEN9 Ostreococcus, GEN10
Teleaulax. Aquaculture model I consists of pond 1 where F. chinensis were co-cultured with

P. trituberculatus and O. niloticus together and pond 3 where M. meretrix stocked. Aquaculture
model II consists of pond 5 and 6 where F. chinensis, P. trituberculatus and M. mercenaria
cultured together in the same pond
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Discussion

Phytoplankton community structure revealed by two methods

In the late stage of aquaculture, the nutrients in the residual feeds are accumulated
constantly in the pond water, leading to eutrophication and subsequently the flourishing of
phytoplankton (Huang et al., 2016). Some phytoplankton groups, such as diatoms and green
algae, are beneficial due to their high nutritional value and contribution to water quality
(Roy and Pal, 2015; Brito et al., 2016). Other groups, such as cyanobacteria and
dinoflagellates, are harmful because of their low nutritional value and toxins they produced
(Sinden and Sinang, 2016; Pérez-Morales et al., 2017). Therefore, understanding the
phytoplankton community is critical for good management and high yield in pond culture
practice. In this study, 9 phyla of phytoplankton were identified by both 2 methods, and
Bacillariophyta Cyanophyta and Euglenophyta were the dominant group. It is notable that
phyla Ochrophyta, Haptophyta and Raphidophyta were only found by the high-throughput
sequencing (Fig. 3, Fig. 6). A total of 60 genera were detected by both methods, but only 12
genera (Cerataulina, Chaetoceros, Cyclotella, Cylindrotheca, Leptocylindrus, Nitzschia,
Gymnodinium, Pyramimonas, Nephroselmis, Teleaulax, Chroomonas and Eutreptiella)
were consistent. Therefore, the combination of molecular and morphological techniques
will be useful to get a comprehensive understanding of phytoplankton communities in
aquatic ecosystems (Qiao et al., 2019).

In September, diatom was the dominant group in all ponds and the relative abundance of
Cyanophyta was under 24% revealed by morphological analysis. While, cyanophyte of
picoplanktonic cell sizes (0.2 to 2.0 wm) accounted for 28.26-99.54% of total phytoplankton
abundance revealed by high-throughput sequencing, including Cyanobium, Synechococcus
and Synechocystis (Fig. 6b), which were too small to observe by microscope. Cyanophytes
had strong tolerance to pollutants, and often dominated the phytoplankton community
(>88%) in shrimp ponds (Alonso-Rodriguez and Paez-Osuna, 2003). Studies have shown
that the blue-green algae bloom, caused by changes in the weather, eutrophication of water,
or imbalance between carbon, nitrogen and phosphorous in the water, results in
deterioration of water quality and is highly detrimental to aquaculture organisms (Kong et
al., 2013; Wu et al., 2013; Fu et al., 2015; Ajin et al., 2016). Furthermore, bloom-forming
blue-green algae can produce a diverse array of secondary metabolites, some of which are
toxic to plants, invertebrates and vertebrates including humans at naturally occurring
concentrations (Smith et al., 2008; Meriluoto et al., 2017; Huisman et al., 2018). Therefore,
it was necessary to take some measures (the reduction of undesirable algae via
physical/chemical methods, and post-harvest treatment techniques) to control noxious algal
blooms or remedy their effects (Smith et al., 2008). In October, the diatom, L. danicus was
the most dominated species in aquaculture model I revealed by both methods, which
reached a high cell density of 107 cells/L. L. danicus is 3-13 pm in diameter, 22-75 pm in
pervalvar length, forming filamentous chains (Nanjappa et al., 2013). This alga has a fast
growth rate and the potential to form auxospores and resting spores, which is clear
advantages to survival (Ajani et al., 2016). Studies have shown that L. danicus is a major
component of coastal phytoplankton communities (Nanjappa et al., 2013; Ajani et al., 2016).
In aquaculture model II, the euglenophyte (Eutreptiella) was dominated revealed by both
methods. Phototrophic euglenophytes have diverse roles in marine planktonic food webs:
they are primary producers (Kingston, 1999); predators that feed on prey species such as
eubacteria and picocyanobacteria (Yoo et al., 2018); and prey for diverse grazers such as
heterotrophic dinoflagellates and ciliates (Jeong et al., 2011). In addition, some
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euglenophytes could lead to dense blooms in diverse environments and produce the alkaloid
toxin causing significant fish kills (Kingston, 2002; Zimba et al., 2017). Because of lacking
of cell walls, euglenoids are very sensitive to environment change (Liu, 2009). In a natural
environment, any action leading to a significant increase in the organic matter present will
cause a marked cell deformation (Conforti, 1998), and might even cause algae dead and
deterioration of water quality.

Except for the dominant species, some attention should also be paid to the toxic algae
that might cause red tides. In this study, the raphidophyte, Heterosigma akashiwo was
detected in pond 3 and 6 by high-throughput sequencing (Fig. 6a, Table A.2), but was
missing in morphological analysis. This might be related to its lack of a cell wall. The
addition of normal preservatives such as Lugol’s solution has been shown to result in rapid
cell clumping in some studies (Tyrrell et al., 2001; O’Halloran et al., 2006), making
enumeration by light microscopy challenging. H. akashiwo has been implicated in fish
killing blooms (Engesmo et al., 2016). Therefore, more attention should be paid to its
potential toxicity to shrimp, crab and clam.

Relationships between water quality and phytoplankton community

During an aquaculture production cycle, feed supply in shrimp ponds increases
concomitantly with the stocking biomass, which can induce an increasing eutrophication
level in the pond ecosystem (Burford et al., 2003). Subsequently there is an increase in algal
biomass. Phytoplankton communities are primary producers and consumers of dissolved
oxygen and maintaining the stability in the stocking biomass and metabolic activity of
phytoplankton communities is essential to provide a suitable environment for cultured
animals. Changes in the phytoplankton community due to the increase in nutrients may
result in outbreaks of harmful algal blooms (Alonso-Rodriguez and Paez-Osuna, 2003). Our
results indicated that T, S, pH, DIN, DSi concentrations, DIN/DIP, DSi/DIN and DSi/DIP
can affect the phytoplankton community structure inferred from both methods.

The cyanophytes (Cyanobium and Synechococcus) were dominated in September (Fig.
6a), while diatom (Leptocylindrus) and euglenophyte (Eutreptiella) were dominated in
October (Fig. 3, Fig. 6a). On the one hand, the temperature in September (26°C) was
suitable for the outbreak of cyanophytes (Paerl and Huisman, 2008); on the other hand, the
cyanophytes could out-compete other phytoplankton organisms due to their high nutrient
affinity, especially under conditions of phosphorus or nitrogen limitation (Moisander et al.,
2003). Furthermore, some of the species can fix free nitrogen, making them superior
competitors (Gonzalez-Madina et al., 2019). In the present study, the cyanophytes showed
positive correlation with DIN/DIP and negative correlation with DIP and DOP
concentrations (Fig. 8). The result indicated that cyanophytes might be phosphorus
limitation. Studies have shown that phosphorus availability is one of the main factors linked
to the abundance of cyanobacteria, and cyanobacterial dominance increased with the
increases of the total phosphorus concentration (Downing et al., 2011). Therefore,
controlling internal phosphorus loading in ponds could be used to control cyanobacterial
blooms that are likely to increase in frequency and intensity in response to eutrophication
(Bormans et al., 2016). The cyanobacteria can fix nitrogen and use the organic nitrogen as
their nitrogen resource, whose demand for inorganic nitrogen was lower than that of
eukaryotes (Glibert et al., 2004). That might be the reason why the DIN concentration in
September was higher than that in October (Table 1). The high DIN concentrations
provided suitable nutrient conditions for the outbreak of diatom (L. danicus) and
euglenophyte (Eutreptiella) in October. Studies suggested that diatom (L. danicus) and
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euglenophyte favors nutrient-enriched seawater (Olli et al., 1996; Kingston, 2002; Zhu et al.,
2009). In this study, the dominant species L. danicus was negatively correlated with the
DIN, DIP, DSi, DON, DOP concentrations, DIN/DIP, DSi/DIN and DSi/DIP (Fig. 8). The
results indicated that L. danicus might be able to utilize various forms of nutrients. Nutrient
enrichment experiments indicated that nitrate, urea and phosphate addition promoted the
growth of L. danicus (Zhu et al., 2009). The euglenophyte (Eutreptiella) showed negative
correlation with DIN concentration and DIN/DIP (Fig. 8), which indicated euglenophyte
could prefer to use DIN. Investigation reveals that high population of Eutreptiella was kept
in the inner bay during the spring and summer associated with high DIN after river
discharge following rainfall, suggesting that DIN supply might have triggered the increase
of Eutreptiella population (Lee et al., 2016). The density and biomass of euglenophyte in
heavily polluted areas were markedly higher than in a relatively clean area, which are used
as biological indicators of the organic pollution of water (Stonik and Selina, 2001).

Statistical relationships between Vibrio and environmental parameters have suggested
that high water temperature (Thompson et al., 2004) as well as low salinity favor the growth
of Vibrio (Wright et al., 1996; DePaola et al., 2003). This is consistent with the results,
which found positive correlation between Vibrio abundance and temperature and negative
correlation between Vibrio abundance and salinity in this study (Fig. 8). In addition, Vibrio
abundance had significant positive correlation with NH4" (p < 0.01), suggesting that Vibrio
was more likely to grow in the high ammonia water. Some studies indicated the importance
of phytoplankton biomass, or phytoplankton community composition, for Vibrio growth
(Turner et al., 2009). In this study, the relationship between phytoplankton community and
Vibrio abundance were analyzed. The results showed that the diatoms and green algae were
negatively correlated with Vibrio abundance, while the cyanophytes showed positive
correlations with Vibrio abundance (Fig. 8). It can be inferred that diatoms and
chlorophytes might inhibit the development of Vibrio, while cyanophytes bloom might be
beneficial to the growth of Vibrio. Studies found that phytoplankton associated with green
water, such as diatoms (Chaetoceros calcitrans, Nitzchia sp., Skeletonema costatum,
Phaeodactylum tricornutum) and green algae (Chlorella spp., Nannochlorum sp.,
Tetraselmis suecica) can effectively inhibit the multiplication of Vibrio (Lio-Po et al., 2005;
Makridis et al., 2006). On the contrary, some phytoplankton (such as cyanophytes) might
facilitate the proliferation of Vibrio in their natural environment. Studies have shown that
cyanobacterial-derived organic matter has been reported as an important growth factor for
Vibrio (Eiler et al., 2007). In addition, it was demonstrated by both laboratory and field
studies that cyanobacteria can play important roles as environmental reservoirs for Vibrio
(Tamplin et al., 1990; Islam et al., 2004; Baffone et al., 2006). It was observed by phase-
contrast, fluorescent, and immunoelectron microscopy that Vibrio were located within the
mucilaginous sheath of cyanobacteria, and could multiply and maintain their progeny in
cyanobacteria (Islam et al., 1999).

Aquaculture models influencing water quality and phytoplankton community structure

One of the key environmental concerns regarding aquaculture is the accumulation of
nutrients, which can cause adverse effects in water quality deteriorations and the form of
harmful algae blooms within ponds (Huang et al., 2016). Studies have shown that IMTA
not only have higher nutrient use efficiency than monoculture, but also can improve
aquaculture production (Wang et al., 1999; Tian et al., 2001; Hosseini Aghuzbeni et al.,
2017; Li et al., 2019). However, the efficiency and ecological influence of pond aquaculture
largely depends on species combination (Jena et al., 2002; Rahman and Verdegem, 2007).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(3):3907-3933.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1803_39073933
© 2020, ALOKI Kft., Budapest, Hungary



Qiao et al.: Phytoplankton community structure in an integrated multi-trophic aquaculture system revealed by morphological
analysis and high-throughput sequencing

In the present study, there were two aquaculture models. Aquaculture model 1 was
consisting of a culture pond (pond 1), where shrimps were co-cultured with crab and tilapia
together, and a biological purification pond (pond 3) with clam stocked. Aquaculture model
IT was polyculture of shrimp, crab and clam together in the same pond (Fig. 1).
Investigations revealed that DIN (NH4*, NOs", NO2") concentrations in pond 3 were lower
than those in pond 1 (Table 1), which indicated that aquaculture pond attached to clam pond
could be effectively purify water quality (Jones et al., 2002). In addition, the average
concentrations of DIN in aquaculture model I were lower than those in aquaculture model 11
(Table 1). Therefore, the combination of aquaculture species should be reasonably selected
according to different ecological niches.

Hierarchical clustering tree on OTU level showed that phytoplankton community
structure in pond 1 was similar with that in pond 3, while phytoplankton community
structure in pond 5 was similar with that in pond 6 (Fig. 9). Phytoplankton community
structure in aquaculture waters is not only affected by water temperature, salinity, pH and
nutrients, but also controlled by the top-down effect of aquaculture species (Hulot et al.,
2018; Dantas et al., 2019).
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Figure 9. Hierarchical clustering tree on OTU level revealed by high-throughput sequencing.
Aquaculture model I consists of pond 1 where F. chinensis were co-cultured with P.
trituberculatus and O. niloticus together and pond 3 where M. meretrix stocked. Aquaculture
model 11 consists of pond 5 and 6 where F. chinensis, P. trituberculatus and M. mercenaria
cultured together in the same pond

Tilapia is a filter-feeding omnivorous fish that can have a negative effect on
phytoplankton resources (Menezes et al., 2010; Sun et al., 2011) and their selective feeding
regime can also unbalance phytoplankton constituents of the water column (Figueredo and
Giani, 2005). Study has shown that tilapia feeds selectively on large algae (Figueredo and
Giani, 2005). The dominant group in pond 1 in September was picocyanobacteria
(Cyanobium, Synechococcus and Synechocystis) (Fig. 6b), which were too small (< 3 um)
to be ingested. In addition, feeding selectivity of tilapia changed slightly as their weight
increased, resulting in a shift in phytoplankton community (Abdel-Tawwab, 2011).
Investigations found that tilapia could select Cyanobacteria and Euglenophyceae at all fish
weights, meanwhile Chlorophyceae and Bacillariophyceae were eaten with slight selectivity
at larger weights (Abdel-Tawwab, 2011). And the strength of its effects on plankton
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community should decrease with increasing plankton biomass, e.g., during an algal bloom
(Vasconcelos et al., 2018). These might be the reason why diatoms dominated in
aquaculture model I, while euglenophytes were abundant in aquaculture model 1II in
October (Fig. 3).

Clams growth is highly adaptable to a wide range of temperatures and diet varieties
making them a highly successful global aquaculture species well suited for IMTA (Troell et
al., 2009). Clams are filter feeders that acquire energy filtering suspended particles such as
phytoplankton and detritus (Reid et al., 2010; Macdonald et al., 2011; Sara et al., 2012).
Their selective feeding behavior could also affect phytoplankton community structure
(Newell, 2004). In this study, some picophytoplankton including Cyanobacteria
(Cyanobium and Synechococcus) and chlorophytes (Bathycoccus and Ostreococcus) were
abundant revealed by high-throughput sequencing (Fig. 6). Studies have shown that larger
nanoplankton cells may be preferentially removed in comparison with smaller picoplankton
species that are retained less efficiently on the gill of most bivalve species (Newell, 2004),
leading to the situation where picoplankton become relatively more abundant than larger
species in areas with clam populations (Newell et al., 2009). Except for cell size, feeding
selectivity was also dependent on nutritional value and swimming ability of phytoplankton
(Bricelj et al., 1984; Zhuang et al., 2004). Cyanobacteria can produce microcystins, which
have caused detrimental effects in aquatic organisms (Smith et al., 2008). Studies found that
cyanobacteria could be recognized by selective filter-feeding invertebrates as nutritionally
poor or toxic and the formation of colonies or elongated filaments could mechanically
interfere with grazing (Smith et al., 2008). Therefore, one of the reasons cyanobacteria were
dominated in September (Fig. 6) might be related to the low grazing pressure of clam.
Eutreptiella, Chrysochromulina and Teleaulax have flagella, with which they can move
freely (Edvardsen and Paasche, 1992; Rhodes and Burke, 1996; Stonik, 2007; Xing et al.,
2008; Laza-Martinez et al., 2012). Their motility made them less easily ingested by clam,
which might be one reason for its higher relative abundance.

Conclusions

In summary, Bacillariophyta, Cyanophyta and Euglenophyta were the dominant group in
IMTA system in the late stage of aquaculture revealed by both morphological analysis and
high-throughput sequencing. The dominant phytoplankton of the IMTA pond system in
which clams were reared in a separate pond has changed from cyanophytes to diatoms from
September to October, and it has changed from diatoms and cyanophytes to euglenophytes,
haptophytes and green algae in the IMTA pond with shrimp, crab and clam together. The
variables of temperature, salinity, pH, DIN, DSi concentrations, DIN/DIP, DSi/DIN and
DSIi/DIP were the main factors influencing the phytoplankton community structure. The
relationship between phytoplankton community and Vibrio abundance indicated that
diatoms and chlorophytes might inhibit the development of Vibrio, while cyanophytes
bloom might be beneficial to the growth of Vibrio. A detailed description of the dynamics
of phytoplankton community hasn’t been given in this study since the samples only cover a
period of 2 months. Hence there is a need to carry out successive studies to investigate the
succession of the phytoplankton community within the culture ponds sampled over several
years in order to fully characterize the variations both due to water quality and variability in
climatic conditions. This study is useful for the future research as a foundation study
towards characterization of phytoplankton community dynamics in an IMTA system.
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APPENDICES

Table A.1. List of phytoplankton species from integrated multi-trophic aquaculture system
revealed by morphological analysis

September October
Pond 1|{Pond 3|Pond 5|Pond 6|Pond 1|Pond 3|Pond 5|Pond 6

Phylum Species

Cerataulina pelagica (Cleve) N
Hendey
Chaetoceros sp.
Cyclotella meneghiniana
Kuetzing
Cyclotella sp.
Cyclotella striata (Kiitz.)
Grunow in Cleve & Grunow
Cylindrotheca closterium (Ehr.)
Reimann et Lewin
Dactyliosolen fragilissimus
(Bergon) Hasle, 1996
Melosira sp.

Navicula sp.

Nitzschia sp.1
Nitzschia sp.2
Nitzschia panduriformis
Pinnularia sp.
Pleurosigma sp.
Skeletonema costatum (Greville)
Cleve emend. Zingone et Sarno

Surirella sp. Y \

Amphora sp. \ \

Amphiprora alata(Ehrenebrg)

Kuetzings
Leptocylindrus danicus
Pleurosigma acutum
Achnanthes brevipes
Melosira sulcata

Bacillariophyta

A e
<
2. 2 2 2

<2 2 < 2 <
< 2. 2 2

2 2 =2 22222 2 =2 2 2 2
2 2 2 < 2
<

P

<L 2 2 =<2

2 (<2 < 2
<2

Dinophyta Gymnodinium spp. N N N
Gymnodinium simplex N N
(Lohmann) Kofoid & Swezy
Gonyaulax verior Sournai v
Gyrodinium spirale (Bergh) N
Kofoid et Swezy
\Prorocentrum micans Ehrenberg
Protoperidinium pellucidum
Protoperidinium sp.
Azadinium sp.
Scrippsiella trochoidea

<
< <
< 2] 2L 22 2 =2

< 2 2 2 =2

< | 222 2 2
2

Cryptophyta Chroomonas acuta Uterm N N
Teleaulax acuta v \ \
Cryptomonas sp. \ \/
Rhodomonas sp. S

Teleaulax sp. \ \

<L 2 2 <

Dunaliella salina (Dunal) N
Teodoresco, 1905
Pyramimonas sp. y \ \/ \ \ \/

Nephroselmis pyriformis N N

(N.Carter) Ettl
Scenedesmus sp. \

Chlorophyta

Cyanophyta Oscillatoria sp. N N N
Chroococcus turgidus
Mastigocoleus sp.

2|2 2

Euglenophyta Eutreptiella sp. \ \
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Table A.2. List of phytoplankton species from integrated multi-trophic aquaculture system
revealed by high-throughput sequencing

September October
Pond1 | Pond3 | Pond5 | Pond6 | Pond1 | Pond3 | Pond5 | Pond 6

Phylum Species

Cyanophyta OoTuUl
oTuU2
oTU4
OTU5
OTU6
0OTU13
OTU20
0oTU21
0oTU23 N N
OTU35 \

OTU61
OTU63
OTU64
OTU72
OTU73
OoTU84
OTU93
oTU%4
0TU95
oTuU97
OTU106

< 2.2 2 2 2 2|
2 2 2 2 2 2|
2.2 2 2.2
2 2 2 2
2.2 2.2
2. 222 2 2 2]
<

2 <2
2

2 <2

22222222222
22 2 2 2 2 2 2 2 2

Chlorophyta OoTuU3
OTU19
OTU32
OTU42
OTU44
OTU50
OTU74 N v
OoTU88 v v v
0TU99 v
OTU110
OTU116 N
0OTU121 v
0TU122
0TU123 v v v S
OTU127
OTU136 S
OTU145 v
OTU154 v \
OTU155 v
OTU157 v v

2 2l 2 2 2 2 2

2L 22 2 22 2 2 2 2 < <2
< < <2 2222 2 2

< 2| R A

<

< 2 2
22222 22 @ 2222 <

2
2L 2 2 2 2 <2 <L <2 2 <

Bacillariophyta | OTU10
OTU14
OTU26
OTU79
OTU96

OTU105

0OTU109

OoTU128

OTU135

OTU146

0oTU148 N V

< <2
2 <2 2|

<2 2 2
< 2 2 2
2 2 2 2
<
<

2l =2 22 =2

Dinophyta OTU69
oTuU71
OTU152
0TU162

2 22 2
2 22 2
< f<2 2

Cryptophyta | OTU111 N
OTU117
0OTU119

2L 2 2|2 2 <2 2 <2

2 2 2
2 2 2
2 2 2]
2 2 2
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Phylum Species September October
Pond1 | Pond3 | Pond5 | Pond6 | Pond1 | Pond3 | Pond5 | Pond 6
Ochrophyta OoTU78 N N
0oTU107 x/ v
0TU108 Y \ Y \ \ \ \ \
Haptophyta OTU75 N N N
0TU103 x/ \ x/
0TU114 Y \ \ \ \ \ \
Euglenophyta | OTUA43 N
0TU124 \ \ \ \ \
Raphidophyta | OTU137 N N V
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