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The cyanobacterial communities in the surface and bottom waters of Sanya Bay were investigated on April 24 and 25, 2010. Flow
cytometry showed that the total cyanobacterial abundance in the surface and bottom layers ranged from 0.7x10* to 2.38x10*
cells mL™" and from 1x10* to 1.8x10*cells mL ™", respectively. Cyanobacterial diversity was analyzed using a molecular finger-
printing technique called denaturing gradient gel electrophoresis (DGGE), followed by DNA sequencing. The results were then
interpreted through multivariate statistical analysis. Differences in the compositions of cyanobacterial communities were observed
in the surface and bottom waters at the same station, with some bands obtained from both the surface and bottom layers, whereas
some bands were present only in one layer. The predominant cyanobacterial species of the excised DGGE bands were related to
Synechococcus or Synechococcus-like species (56.2%). Other phylogenetic groups identified included Chroococcidiopsis (6.3%),
Cyanobium (6.3%) and some unclassified cyanobacteria (31.2%). A redundancy analysis (RDA) was conducted to reveal the
relationships between the cyanobacterial community composition and environmental factors. Analysis results showed that the
spatial variations in the cyanobacterial community composition in surface waters was significantly related to chlorophyll a (Chla),
the biochemical oxygen demand (BOD), nitrate and phosphate (P<0.05). Meanwhile, the spatial variations in the bottom waters
was significantly affected by nitrate, nitrite, and phosphate (P<0.05). Environmental parameters could explain 99.3% and 58.3%
of the variations in the surface and bottom layers, respectively.
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Cyanobacteria occupy a wide range of environmental niches
in tropical marine regions and are the most diverse photo-
synthetic bacteria [1]. These organisms are considered to be
major N,-fixation microorganisms in the open ocean and are
essential components of the microbial food web [2,3]. The
N, fixation of diazotrophic picocyanobacteria is estimated
to provide a global rate of 100 Tg a”' in warm oligotrophic
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waters [4]. The N,-fixation process is also important in
providing the nutrient flux that support carbon loss in the
deep ocean and limit the concentration of the greenhouse
gas, carbon dioxide. Cyanobacteria (e.g. Lyngbya sp.) are
also the source of bioactive compounds [5] and are capable
of degrading organic pollutants, such as polycyclic aromatic
hydrocarbons and xenobiotics [6].

Sanya Bay, a typical tropical bay, is located in China’s
Hainan Island. It consists of several tropical ecosystems
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such as coral reefs, mangroves, and seagrass beds. Previous
investigations suggested Sanya Bay to be a warm and oligo-
trophic bay, with nitrogen as the main nutrient that limits
primary production [7-9]. Cyanobacteria in Sanya Bay have
been proven to be a major component of total phytoplank-
ton biomass and productivity [10]. However, systematic
investigations of the cyanobacterial population are rarely
conducted, and no genetic information is available. Early
studies on cyanobacterial identification in Sanya Bay relied
primarily on microscopic analysis and were based on mor-
phological characteristics [11]. These conventional methods
for cyanobacterial studies were time-consuming and labor
intensive, and may disregard some important picocyano-
bacterial species because of certain limitations. As a result,
polymerase chain reaction-denaturing gradient gel electro-
phoresis (PCR-DGGE) and DNA sequence analysis were
used in the present study to survey the structure of the cya-
nobacterial communities using natural samples collected
from Sanya Bay [12]. In addition, direct multivariate anal-
yses such as redundancy analysis (RDA) were used to study
the species-environmental relationships. High-resolution
DNA fingerprinting combined with multivariate analysis
has been used to investigate the variability in the marine
microbial community structure in aquatic ecosystems [13].

This study provided a detailed understanding of cyano-
bacterial communities in the surface and bottom waters of
Sanya Bay. The overall objectives were as follows: (1) to
investigate the cyanobacterial community structure and the
dominant cyanobacterial species; (2) to assess the spatial
variability of cyanobacterial community composition in
surface and bottom waters; and (3) to determine the varia-
tions of cyanobacteria in relation to physicochemical pa-
rameters of the waters. The results of this study will help to
facilitate further investigation of the cyanobacterial com-
munity structure in Sanya Bay.

1 Materials and methods
1.1 Study area and sampling methods

Sanya Bay lies in the southernmost part (109°20'-109°30'E,
18°11'-18°18'N) of Hainan Island in China [13]. It is a typ-
ical tropical Bay with a water surface area of 120 km? and
an average depth of 16 m. This bay consists of Dongmao,
Ximao, and Luhuitou Islands, which are located at its mouth
[13]. Except for Station 4 (26 m) and Station 9 (28 m), the
rest of the sampling stations are located at depths of <20 m.
Water samples were collected using 5 L Niskin bottles from
the surface and the bottom of the 12 stations in Sanya Bay
during surveys held on 24 and 25 April, 2010 (Figure 1).
Water quality parameters such as temperature (Temp), sa-
linity (S) and dissolved oxygen (DO) were measured in situ
using a water quality Monitoring system (Hydrolab Corpo-
ration, USA). Nutrients such as nitrate (NO3z;-N/umol L,
nitrite (NO,-N/umol L") and, silicate (S8104-Si/pumol LY
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Figure 1 Sampling stations in the coral reefs area of Sanya Bay.

were analyzed using a SKALAR autoanalyzer (Skalar,
Breda, The Netherlands). In addition, ammonium (NH4-N/
pmol L") and phosphorus (PO,-P/umol L™") were analyzed
through the oxidization by hypobromite and molybdophos-
phoric blue, respectively, which were monitored used an
Ultraviolet (UV) 1601 spectrophotometer (Shimadzu Cor-
poration, Japan) [14]. Cyanobacterial abundance was ana-
lyzed according to the methods described in “The Special-
ties for Marine Monitoring” [14]. One liter of seawater
samples was filtered through 0.22 um pore size cellulose
acetate membrane filters (Millipore, USA). After filtration,
the membranes were immediately frozen in liquid nitrogen
and then stored at —20°C in preparation for DNA extraction
in the laboratory.

1.2 Physicochemical parameter analyses

Analysis of the physicochemical parameters was conducted
according to methods prescribed by Huang et al. [15], Zhou
et al. [16], and the Specification for Oceanography Survey
[14].

1.3 DNA extraction, PCR amplification and DGGE

Community DNA extraction was performed according to
the method prescribed by Bostrom et al. [17]. The 16S
rDNA fragments were first amplified using the primers
CYA359F and 23S30R [18]. PCR amplifications were per-
formed using a PTC-2000 thermal cycler (Bio-Rad, USA).
This thermal cycling was conducted according to the meth-
od used by Niibel et al. [19]. The second PCR reaction was
performed using the forward primer CYA359F and an
equimolar mixture of the reverse primers CYA781R (a) and
(b) [19]. The reverse primer (a) amplifies the filamentous
cyanobacteria, whereas the reverse primer (b) targets the
unicellular cyanobacteria. A 40 bp GC clamp (CGCCCG-
CCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGAAG)
was added to primer 359F (5') to enhance the separation of
the DNA bands in the DGGE gel [20]. Each PCR reaction
was performed in triplicate to reduce possible intersample
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PCR variations. The PCR products were then pooled and
purified prior to loading on the DGGE gel. Equal amounts
of the PCR products (40 uL. PCR product with 7 pL loading
dye) from the different stations were loaded onto an
acrylamide gel (6% acrylamide, 1 mm thick). DGGE was
performed using the INGENYphor U-2 system (Ingeny In-
ternational BV, The Netherlands). The 100% denaturing
solution consisted of 7 mol L™ urea and 40% formamide
(v/v). Optimal separation of cyanobacterial DNA in the
samples was achieved using a 45%—70% denaturing gradi-
ent. DGGE was performed at 60°C for 17 h at a constant
voltage of 100 V. After electrophoresis, the DGGE gels
were stained with ethidium bromide and visualized under
UV light using an Alphalmager imaging system (Alpha
Innotech, USA). Individual DGGE bands of interest were
excised and then reamplified with CYA359F- CYA78I1R (a)
and (b) under previously described reaction conditions [19].
The PCR products were again loaded onto a DGGE gel to
confirm the band positions. Products of the same mobility
were purified, ligated into a pMD18-T cloning vector, and
subsequently transformed into Escherichia coli DH5a ac-
cording to the manufacturer’s instructions (Takara Shuzo
Co, Ltd, Otsu, Japan). Positive recombinants were then
submitted for sequencing with an MI13 primer on an
ABI3730 DNA Sequencer (USA) at the Shanghai Invitro-
gen Biotech Co., Ltd. The obtained sequences were ana-
lyzed against sequences in the Ribosomal Database Project
(RDP) using the Classier tool, and against GenBank se-
quences using the Basic Local Alignment Search Tool
(BLAST) program [21,22]. Phylogenetic trees of 16S rDNA
partial sequences were generated using the neighbor-joining
algorithms in Mega IV software [23]. The evolutionary dis-
tances were computed using the maximum composite like-
lihood method [24] and expressed as the number of base
substitutions per site. The level of support for the phyloge-
nies derived from the neighbor-joining analysis was deter-
mined using 1000 bootstrap replicates [25].

1.4 Data analysis

All samples were collected in triplicate, and data were pre-
sented as the mean values. The DGGE fingerprint results for
the surface waters and bottom waters communities were
analyzed according to the method prescribed by Zhang et al.
[26]. The band positions and intensities were both consid-
ered. Canoco for Windows 4.5 (Wageningen, The Nether-
lands) was used to determine the relationships between
community compositions and physicochemical parameters.
First, detrended correspondence analysis was performed to
decide between a linear and a unimodal response model for
the multivariate analysis. Given that the gradient lengths of
the first axis were 2.269 and 4.388 for the surface and bot-
tom layers, respectively, RDA ordination was used to inves-
tigate the spatial variations and the environmental factors
[27-29].
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2 Results
2.1 Physicochemical parameters of the ocean water

The basic physicochemical parameters investigated are
summarized in Table 1. Salinity in the bottom layer station
(34.30%0-34.41%0) was higher than that in the surface layer
(34.16%0-34.37%0) at the same station. The lowest DO
concentration in the surface waters (6.96 mg Lfl) and bot-
tom waters (6.90 mg L") appeared at Station W1, where
Sanya River flows into the bay. Compared with other sta-
tions, this station also had the highest chlorophyll @ and
nutrient concentrations (phosphate, silicate, nitrite, nitrate
and ammonium). The Chla concentration in the surface wa-
ters was 2.93 ug L', which was almost 15.4 times that in
Station W10. The mean Chla concentration gradually de-
creased from the coastal stations to off-shore stations. Flow
cytometry showed that total cyanobacterial abundance in
the surface and bottom waters ranged from 0.7x10* to
2.38x10" cells mL ™" and from 1x10* to 1.8x10* cells mL"",
respectively.

2.2 Cyanobacterial DGGE profiles

The DGGE-bands were labelled “C”, followed by the spe-
cific number assigned to a specific 16S rDNA sequence
obtained from the cyanobacterial communities (Figures
2-4). The sequence analysis results of the excised DGGE
bands are summarized in Table 2. The nucleotide sequence
accession numbers obtained in this study are available in the
GenBank database under the accession numbers JF914949
to JF914964.

Most of the phylotypes (56.3%) were identified as Syn-
echococcus or Synechococcus-like species. The rest of the
phylogenetic groups identified included Chroococcidiopsis
(6.3%), Cyanobium (6.3%) and some unclassified cyano-
bacteria (31.2%). The percentage similarity with the clone
and its closest blast hits ranged from 93% to 99%, respec-
tively. Sequences obtained from Sanya Bay were similar to
those from other marine environments such as the oligo-
trophic Kuroshio Current near the outer edge of the East
China Sea, the water column in the Red Sea, seawater of the
East China Sea, and the South Atlantic Subtropical Gyre
and so on.

2.3 Community composition in relation to water phys-
icochemical properties

Table 3 and Figure 3 show that the first and second RDA
axes account for 98.6% to 99.2% of the variations in the
cyanobacterial community composition in surface waters.
Meanwhile, for the bottom waters, 49.1% and 7.5% of the
variations in the composition could be explained by the first
two canonical axes, respectively. The significant environ-
mental variables could explain 99.3% and 58.3% of the
structural variations in the surface layer and the bottom



1022 LingJ,etal. ChinSciBull March (2013) Vol.58 No.9

Table 1 Physicochemical parameters of the surface and bottom samples of Sanya Bay (values are given as mean, n=3)

Stations  TemP- S oH DO ~ Chla COD BOD DIC DOC SiO:Si PO-P NOyN NO-N NH-N ~ CA
0 (ko) (mgL™) (ngL™) (mgL") (mgL™) (mgL™) (mgL~) (mg L) (mgL™) (mgL™) (mgL~) (mgL™) (cells mL™)
WSl 2632 3416 812 696 293 098 052 2777 1291 0105 0.009 0004 0024 0017 237
WS2 2639 3434 813 725 147 113 050 2768 2196 0.098 0.006 0.003 0010 0.014 2.06
WS3 2645 3432 806  7.06 041 033 022 2820 1.187 0.099 0.003 0.002 0006 0.014 0.88

WS4 2647 3437 8.11 7.11 0.42 0.65 0.20 27.85 1.076 0.086 0.003 0.002 0.009 0.016 0.88
WS5 26.84 3424 8.15 7.32 0.30 0.73 0.07 27.57 1.005 0.091 0.004 0.002 0.005 0.016 0.70
WS6 2630 3436 8.08 7.15 0.56 0.36 0.28 28.10 1.060 0.114 0.004 0.001 0.006 0.014 1.66
WS7 2637 3435 8.06 7.11 0.67 0.91 0.08 2821 0.822 0.098 0.003 0.002 0.007 0.013 1.62
WS8 26.59 3432 8.12 7.11 0.84 0.22 0.10 2777 1.027 0.090 0.003 0.002 0.007 0.013 1.49
WS9 2640 3433 8.06 7.13 1.28 0.62 0.01 2820 0.701 0.099 0.005 0.001 0.006 0.016 2.23
WS10 26.78  34.28 8.13 7.16 0.19 0.29 0.16 2774 1.159 0.094 0.004 0.003 0.009 0.014 0.80
WS11 26.69 3423 8.12 7.10 0.50 0.29 0.10 2771 0.773  0.088 0.003 0.001 0.006 0.015 1.32
WS12 2738  34.19 8.11 7.21 0.65 0.87 0.07 27.84 0.740 0.105 0.004 0.002 0.009 0.014 1.45
WB1 2620  34.30 8.11 6.90 1.17 0.84 0.08 27.84 0.602 0.103 0.006 0.003 0.014 0.018 1.81
WB2 26.04  34.38 8.08 721 0.60 0.76 0.35 28.10 1.562 0.103 0.004 0.002 0.007 0.016 1.50
WB3 26.11 3446 8.09 7.03 1.05 0.44 0.21 28.01 1.071 0.103 0.002 0.001 0.006 0.015 0.95
WB4 26.10  34.32 8.13 7.10 0.42 0.76 0.08 27.68 1.032 0.094 0.002 0.002 0.008 0.014 1.04
WB5 26.50 3435 8.10 7.36 1.25 0.87 0.03 2793 0999 0.086 0.002 0.002 0.007 0.015 1.00
WB6 2621 3441 8.13 7.11 0.70 0.33 0.06 2768 0817 0.097 0.002 0.001 0.006 0.017 1.30
WB7 26.07 34.34 8.07 7.26 0.77 0.80 0.19 2818 1.098 0.08 0.002 0.001 0.007 0.014 1.09
WB8 2642 3435 8.13 7.11 0.22 0.33 0.16 2768 0971 0.101 0.002 0.002 0.008 0.015 1.61
WB9 2626  34.36 8.08 7.20 1.09 0.65 1.06 2810 1.032 0.101 0.003 0.001 0.007 0.018 1.23
WB10 2646 3433 8.13 7.13 0.55 7.64 032 2768 1.021 0.084 0.003 0.001 0.006 0.013 1.32
WBI11 2640 3434 8.11 7.31 0.59 0.55 0.02 2784 0.701 0.097 0.002 0.001 0.005 0.013 1.40
WB12 26.55 3433 8.12 7.43 0.85 0.47 0.16 2777 0.833 0.103 0.003 0.001 0.006 0.016 1.31

WS1WS2 WS3 WS4 WS5 WS6 WS7 WS8 WS9 WS10 WS11 WS12WB1 WB2 WB3 WB4 WB5 WB6 WB7 WB8 WB9 WB10 WB11 WB12

C-m.‘._‘“uﬁhﬂnnﬂﬂ"““"
Cc11 ‘4

c12

Figure 2 Denaturing gradient gel electrophoresis (DGGE) patterns of the amplified cyanobacterial 16S rDNA gene fragments of the bacterial communities
at the sampling sites of Sanya Bay, and of the sequences of the labeled DGGE bands that were excised and sequenced.
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Figure 3 Redundancy analysis (RDA) ordination biplots of DGGE band data for (a) the surface cyanobacterial communities and (b) the bottom cyanobacterial
communities (the samples are indicated by the sample site location code, whereas the environmental variables are represented by arrows). The length of each
arrow is correlated with the degree of relationship between the response variables.

Table 2 Summary of closest relatives to the excised and sequenced bands derived from the DGGE profile

Band - Accession Database match with acession No. in parentheses Origin Identity
No. No. (%)
Cl1 JF914949 Synechococcus sp. KORDI-49 (FJ497747 ) Seawater of the East China Sea 97
C2 JF914950  Uncultured cyanobacterium Bac18 (HM485317) Surface seawater (5 m) from North Western Mediterranean Sea 99
C3 JF914951  Synechococcus sp. MBIC10089 (AB058226) Japan sea halotolerant 98
C4 JF914952  Uncultured cyanobacterium AW_30 (HM057799) Ocean water from the Yellow Sea 99
C5 JF914953 Synechococcus sp. KORDI-56 (FJ497734) Seawater of the East Sea 99
C6  JF914954  Uncultured Synechococcus sp. 031806#44 (FJ903279) Oligotroph Kuroshio Current near the outer edge of East China Sea 99
C7 JF914955  Synechococcus sp. KORDI-15 (FJ497743) Seawater of the East Sea 99
C8 JF914956  Uncultured Synechococcus sp. JL-SCS-L51 (AY664001) South China Sea 99
C9  JF914957  Chroococcidiopsis sp. BB96.1 (AJ344555) South Africa 93
C10 JF914958  Synechococcus sp. RS9920 (AY172830) Water column in the Red Sea 99
C11 JF914959  Uncultured cyanobacterium Souzal6sReyal8q (DQ363186)  Yucatan channel 99
C12  JF914960  Uncultured cyanobacterium ARTE9_416 (GU230462) Coastal water 99
C13  JF914961 Synechococcus sp. KORDI-71 (FJ497742) Seawater of the East China Sea 99
Cl4 JF914962  Uncultured Synechococcus sp. clone 031606#40 (F1903235)  Oligotrophic region of the Kuroshio Current 99
C15 JF914963  Cyanobium sp. JJ22K (AM710364) Mesotrophic and eutrophic freshwater reservoirs 99
Cl16 JF914964 Uncultured cyanobacterium Bac18 (HM485317) Surface seawater from North Western Mediterranean Sea 99
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Figure 4 Unrooted phylogenetic tree based on partial 16S rDNA sequences that represent the DGGE bands indicated in Figure 2. Bootstrap analysis was

based on 1000 replicates. Bootstrap values from distance analyses are shown. Bootstrap values below 50% are not shown. The scale indicates 5% sequence
divergence.

Table 3 Redundancy analysis results of surface and bottom bacterial DGGE profiles”

. . Species-environment Cumulative % Cumulative % variations Sum of all canocial
Axis Eigen value . - . . . .
correlation variations of species of species-environment eigen value
Surface cyan().b.acterlal 0.993
communities
Axis 1 0.986 1 98.6 99.3
Axis 2 0.006 0.72 99.2 99.9
Axis 3 0.001 0.624 99.2 100.0
Axis 4 0.000 0.55 99.3 100.0
Bottom cyano'b.acterlal 0.583
communities
Axis 1 0.491 0.96 49.1 84.3
Axis 2 0.075 0.618 56.6 97.1
Axis 3 0.017 0.867 58.3 100
Axis 4 0.023 0.000 81.3 0

a) Monte Carlo significance tests for surface bacterial data: sum of all Eigen values, 1.000; significance of first canonical axis, F' value= 81.709, P=0.002;
significance of all canonical axes, F value=234.089, P=0.002. Monte Carlo significance tests for bacterial data: sum of all Eigen values, 1.000; significance
of first canonical axis, F value=8.483, P=0.002; significance of all canonical axes: F value=4.233, P=0.002. F and P values were estimated using Monte
Carlo permutations.
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layer, respectively. These results indicated that 99.3% of all
variations within cyanobacterial communities in the surface
layer were caused by environmental factors, whereas these
factors account for only 58.3% of the variations in the bot-
tom layer communities. The first two axes of the RDA or-
dination indicated the species-environment relationships as
99.3% and 99.9% for the surface layer, and 84.3% and
97.1% for and bottom layer. According to the Monte Carlo
test, the P-value (which indicate the significance) of the first
canonical axis and all canonical axes for the surface com-
munities were both 0.002, respectively, whereas those for
the bottom communities were 0.016 and 0.032, respectively.
These results revealed that the environmental variables
played vital roles in driving the observed spatial variations
in cyanobacterial community composition. Furthermore, the
Monte Carlo analysis indicated that Chla (P=0.002; P<0.01),
BOD (P=0.014; P<0.05), POs-P (P=0.002; P<0.01), and
NO;-N (P=0.002; P<0.01) showed a strong correlation with
surface cyanobacterial community composition, whereas
NOs-N (P=0.001; P<0.01), PO,-P (P=0.002; P<0.01), and
NO,-N (P=0.026; P<0.05) significantly affected the spatial
variations in the cyanobacterial species composition at the
bottom layer. The environmental factors affecting these two
layers were different. The cyanobacterial community in
Station W1 was remarkably different from those in other
stations.

3 Discussion

The different cyanobacterial species were not evenly dis-
tributed in all stations in the surface and bottom waters
(Figure 2). Some bands were detected only in few stations.
For instance, band C3 was only detected in the surface layer
of Station W1. However, bands C4, C6, C7, C8, and C9
were only detected at the bottom layer of Station W7. Some
bands were detected in most of the lanes, such as band C1,
C5, C10, C11 and C12. In particular, band C10 was found
in every lane but in varying densities. This distribution may
be attributed to differences in nutrient concentrations. The
distribution pattern of the surface layer was such that sta-
tions located near the Sanya River (e.g. W1 and W2) exhibit
higher diversity than the outer stations (e.g. W4, W9, and
W11), whereas the bottom layer showed no significant dif-
ference.

The predominant band in the DGGE gel was band C10,
as indicated by the obtained sequences. The Blast query
result showed that the highest similarity sequence for this
band is that of Synechococcus sp. RS9920, which has been
isolated from the water column in the Red Sea and can use
nitrate as a sole N source for growth [30]. The closest rela-
tives of the sequences C1, C5, C7 and C13 in NCBI Gen-
bank were all from the East China Sea, whereas certain se-
quences such as C6 and Cl4 were related to sequences
found in the oligotrophic region of the Kuroshio Current.

March (2013) Vol.58 No.g 1025

When the Kuroshio Current passes the Luzon Strait, it
forms two branches: one flows into the South China Sea,
while the other heads north to the East Sea along the eastern
part of Taiwan. The similarities between the sequences ob-
tained from the DGGE gel and those of the East Sea ranged
from 97% to 99%. All related sequences were presumed to
be from the Kuroshio Current [31,32]. Station W7 lies be-
tween Dongmao Island and Ximao Island, unlike in other
stations, tourism and other human activities contributed a
lot to the variations in the cyanobacterial community in this
station [15]. Sequence C9 only showed 93% similarity to its
closest relatives in the GenBank (Accession No. AJ344555),
indicating that this sequence could be representative of a
novel cyanobacterial species [33]. Sequence C15 was relat-
ed to Cyanobium sp. 1J22K, which was isolated from meso-
trophic and eutrophic freshwater reservoirs. This species
could be found in both freshwater and marine ecosystems,
indicating its high adaptability to different environments
[34].

Most of the identified sequences were related to Syn-
echococcus or Synechococcus-like species (Table 2). The
cyanobacterial communities in both surface and bottom
layers of Sanya Bay were apparently dominated by these,
which were considered dominant phytoplankton in tropical
and subtropical ocean ecosystems. According to Murphy et
al. [35], Synechococcus are widely distributed in the differ-
ent world ocean, with high abundance (ranging from 10° to
10° cells mLfl), particularly in the coastal area [35].

Due to their capability of photosynthesis and nitrogen
fixation, they were indispensable components of the bioge-
ochemical cycle such as carbon cycle and nitrogen cycle.
Synechococcus and Prochlorococcus are estimated to ab-
sorb approximately 1x10' Tg carbon from the atmosphere
each year, which is equivalent to two-thirds of the total
carbon fixation that occurs in the oceans [36]. Chroococ-
cidiopsis, a unicellular, non-heterocyst-differentiation genus,
is a wide-spread cosmopolitan unicellular cyanobacteria
found in many extreme environment, such as the airspaces
of porous rocks, Antarctic valleys and hot deserts [37]. An-
other cyanobacterial genus detected in Sanya Bay was Cy-
anobium, which usually constitutes majority component of
marine, brackish and freshwater picophytoplankton com-
munity

The vast difference in the cyanobacterial community
composition of Station W1 could be attributed to the physi-
ochemical property of the water column as a result of the
discharge from the Sanya River (Figure 1). RDA results
showed that the relationships of the surface and bottom cy-
anobacterial community composition with environmental
factors were different. The significant factors for the spatial
variations in surface waters composition were Chla, BOD,
nitrate and phosphate, whereas those for the bottom waters
were phosphate, nitrate and nitrite. The nitrate and phos-
phate concentration were significant environmental factors
for both surface and bottom layers. This result may be ex-



1026 Ling J, et al.

plained by the rapid growth of phytoplankton in spring. At
this stage, they consumed a considerable amount of phos-
phate in the ocean waters, thus causing phosphate becomes
a limiting factor [38].

RDA ordination results implied that Chla, BOD, nitrate,
and phosphate were positively correlated with cyanobacte-
rial species in the surface layer, whereas nitrate, nitrite, and
phosphate were positively correlated with the species in the
bottom layer. These nutrients can promote cyanobacterial
growth. In addition, previous studies in Sanya Bay showed
that dissolved inorganic nutrients, particularly phosphate
and inorganic nitrogen, were important environmental fac-
tors that determine the phytoplankton distribution [38,39].
The limiting factors differ in different ecosystems or within
the same ecosystem for different species. Yan et al. [40]
found that nitrate, DO, and silicate were the significant fac-
tors in the Three Gorges Reservoir. On the other hand, Zeng
et al. [41] reported that total nitrogen and ammonium were
the determinants of bacterial distribution in eutrophic lakes.
Their nutrient addition experiment showed that different
species responded differently to the same nutrient concen-
tration. The results showed that the Verrucomicrobia densi-
ty was the highest in the control group which contained low
nutrient concentration and lower in the higher concentration
groups, whereas the lowest abundance of Synechococcus-
like species was observed in the control group. Hence, fur-
ther investigation should be conducted to examine the rela-
tionship between the seasonal variations in cyanobacterial
composition and the physiochemical environmental param-
eters [40—42].

4 Conclusions

In this study, flow cytometry, fingerprinting technique, and
multivariate analysis were used to investigate the cyano-
bacterial community composition and its relationship with
the environmental factors in Sanya Bay. The following con-
clusions have been reached:

(1) Cyanobacterial abundance in surface waters was
higher than in bottom waters, ranging from 0.7x10" to
2.38x10" cells mL™", and 1x10* to 1.8x10* cells mL™", re-
spectively.

(2) The predominant cyanobacterial species obtained
from the DGGE gel were identified as Synechococcus or
Synechococcus-like species (56.2%). Other phylogenetic
groups identified include Chroococcidiopsis (6.3%), Cya-
nobium (6.3%), and some unclassified cyanobacteria
(31.2%).

(3) RDA ordination results showed that the significant
environmental factors for the surface layer were Chla
(P=0.002; P<0.01), BOD (P=0.014; P<0.05), nitrate (P=
0.002; P<0.01), and phosphate (P=0.002; P<0.01), whereas
those for the bottom layer were nitrate (P=0.001; P<0.01),
nitrite (P=0.026; P<0.05), and phosphate (P=0.002; P<0.01).
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These environmental parameters accounted for 99.3% and
58.3% of the variations in the surface and bottom layers,
respectively.
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