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Spatiotemporal patterns of diazotrophic microorganisms in a subtropical
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Abstract ; Biological nitrogen fixation, which is mediated by nitrogen-fixing microorganisms ( diazotrophs) , is an important
source of fixed nitrogen in aquatic ecosystems. Recent advances in molecular biology techniques are leading to progress in
the elucidation of the diazotrophic community possessing the nifH nitrogenase gene in various ecosystems. So far, the
majority of studies of diazotrophic communities are based on marine samples, with freshwater habitats remaining largely
unexplored. The aims of this study are to characterize the spatiotemporal patterns of a diazotrophic microbial community in a
subtropical stratified reservoir ( Tingxi Reservoir, southeast China), and to examine the relationships between the
diazotrophic community structure and environmental variables. In this study, samples from the water column (five layers)
were collected in July and October 2012, and in January and April 2013. Nitrogen-fixing microorganisms were studied using
quantitative real-time PCR and clone library techniques. In Tingxi Reservoir, the water column was well mixed in winter,

whereas there was clear and stable stratification in spring, summer, and autumn. Our results indicated that there were
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distinct spatial and seasonal patterns of abundance, activity, composition, and diversity in the diazotrophic community that
was linked to water stratification in the Tingxi Reservoir. In total, 106 OTUs belonging to seven groups (i.e., 46
Cyanobacteria, 21 a-Proteobacteria, 3 [3-Proteobacteria, 9 y-Proteobacteria, 1 Firmicutes, 18 unidentified nitrogen-fixing
bacteria, and 8 unknown taxa) were observed, the most diverse and dominant group of which was cyanobacteria. Both a-
and y-proteobacteria were much more common than -proteobacteria in the reservoir.The deeper waters harbored a high
percentage of unidentified bacteria and unknown taxa. The number of sequences similar to cyanobacteria in the surface water
was higher than in the bottom water in spring, summer, and autumn. The Cyanobacteria OTUs number contributed more
than 50% of the total OTUs in both surface and bottom waters in winter. Firmicutes were only detected in the surface water
sample in October. Interestingly, our cluster analysis indicated that surface water diazotrophic communities in spring,
summer, and autumn ( with a stable stratification) first formed a group, then clustered with the bottom communities.
However, both surface and bottom diazotrophic communities exhibited a relatively high similarity in winter due to water
mixing. The pH, dissolved oxygen, and chlorophyll a showed a significant negative relationship with the DNA copy number,
whereas the NO_-N showed a strong negative correlation with the DNA copy number. Water temperature and NH,-N had a
negative significant relationship with RNA/DNA ratio and RNA copy number, respectively. It appeared that nitrogen-fixing
bacteria showed distinctly nonrandom spatial and seasonal distributions in the Tingxi Reservoir, and their communities were
either complexly structured by the thermal stratification or adapted to different environmental niches. Therefore, a
stratification-based management strategy should be considered when developing methods for protecting drinking water quality

and for controlling the cyanobacterial blooms.
Key Words: nitrogen fixing; nifH gene; stratified reservoir; Tingxi Reservoir; spatiotemporal variation
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Reservoir during one year
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Table 1 Environmental parameters and abundance of nifH DNA and RNA in the Tingxi Reservoir

A RAH -2 RERZE T2

Variable Mixing layer (n=5) Epilimnon (n=8) Metalimnion(n=3) Hypolimnion (n=4)
7K il Water temperature /C 16.00£0.073% 25.55+0.56" 20.05+0.97° 16.54£0.13°

pH 8.06+0.17° 7.50+0.25" 7.39+0.24° 6.59+0.08"
P48 Dissolved oxygen/ (mg/L) 8.82+0.40° 6.79+0.56" 4.95+0.75°¢ 0.34+0.09¢
425 a Chlorophll a/( wg/L) 5.17+1.02° 4.39+0.65" 3.23+0.76™ 0.98+0.07"

JA Total nitrogen/ (mg/L) 1.35+0.02° 1.060.03" 1.32+0.06" 1.30+0.06°

24 % NH,-N/(mg/L) 0.06+0.004* 0.22+0.04 0.10+0.03* 0.35+0.09"
HAA NO,-N/(mg/L) 1.03+0.007* 1.51£0.07" 1.27+0.07° 1.29+0.04¢

S4B Total phosphorus/ ( mg/L) 0.05£0.001° 0.02+0.005" 0.02+0.003" 0.060.006*
IEBEEREE PO,-P/(mg/L) 0.02+0.001° 0.004+0.001" 0.01£0.005* 0.015+0.003"
DNA #5 1 DNA copies/L (3.36+0.34) x10™ (4.12+0.49) x107™ (4.56+0.93)x10™ (5.10+0.51)x10™
RNA #£ D1 RNA copies/L (1.47£0.32) x10° (1.10£0.23) x10% (6.30+1.93) x10* (1.64£0.59) x10>
RNA/DNA 0.0043+0.00095* 0.0023+0.00029% 0.0013+0.00022" 0.0027+0.00079
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Fig.2 Number of nifH DNA and RNA copies per liter and RNA/DNA ratio from different water depths and different seasons in the
Tingxi Reservoir
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Table 2 Diversity and predicted richness of the rifH gene sequences from both surface and bottom waters of the Tingxi Reservoir in four

different seasons

A Simpson ) i ,
R (RS EiER Pielou 4% Chaol

FHse  OTUg o MK ACE #8%

=1 W/ 2 5% / 2 b vy
1 KGR/ m Sequences OTU, 5 B/ % Shannon- Simpson E,*E % i ACE
Season Depth : Coverage . . Pielou Chaol K
number number Wiener inverse K index
. . evenness index
index index
2725 Winter 0 44 23 68.18 2.87 18.5 0.63 38 69
£-Z% Winter 21 37 25 48.65 2.76 12.8 0.61 80 491
# 2% Spring 0 67 12 91.04 1.57 3.03 0.44 17 36
# 2% Spring 20 69 33 68.12 2.96 14.7 0.60 108 182
H 2% Summer 0 64 16 85.94 1.94 5.00 0.50 27 95
H 7% Summer 24 61 36 54.10 3.22 21.3 0.62 99 445
2= Autumn 0 66 17 87.88 2.19 6.67 0.55 25 40
FZE Autumn 25 43 12 88.37 1.70 3.13 0.47 14 16
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Fig.4 Proportions of the main diazotroph groups detected in the Tingxi Researvor. The proportions are computed in terms of OTUs (a)

and sequences (b)

RIEDIER S, AT RZ HIRZNE AP DR AR B AR (E 5) . £FRZ5RIZ00H
A BB, 2 A B (ERHE R A RRR R B K =AF0 RR B RABEY R4
IERARL ; F R BORE T S AR L, BRI 2 s MR P i I, KR J2 0 1 U A W v
LSRN HE 2 22 S B 2 R S X
2.5 [ERAMAEYTEE SN TR R

TTRKIE nifH DNA FJ5 pH IF A 4R o BE T, S8R L% IEA K nifH RNA £ 5
BRATAEN L Z Y AN IC R s RNA/DNA 5K IR B F ARSE (K 3) o AR, #4002 K A I I IR = 1) 11 3 B
HR B KRB 2 5 [ R IR 2 B AN PR T AR O

3 e

31 [EAEBAYIRER R A2 Al
TR PR KRS IR (B B BK ), [ S R v A bR 7K 2 2 ) L Y 2 S 2] I i T 219 Y
FESt, TEAFATRAGW KK L MRS SEGRRIREY B2 N 7 BRI, RIAE R Z 5 R 2 59 [ A L

http ; //www.ecologica.cn



8 S % 36 &

AV 2H A e A AR T nifH DNA T RNA 7E G %0
R E T RR . AR nifH 5 AT A E])
) 11 FE A0 35 B AU W B T T SR M 21

oI BRI Wy TR SR IE T L ASBE ST
[RIAERIN 21 3 8 | - 2RI TR B-2E TR TN | y- A2 T T | J5E R |
TR AR [ U, i A7 /0 AN BE 2 I BT 9 M —————— %0

F=)

TRVEREI R 15 A (9 £ S e T 5 S 91 o 460 0
WAL, KPR TR AR | R Y vk B
S A A R AR St S B ) 0 1 25 52 B A e 2 o0
OTU ¥ H | IR 2 BV 5 ] 5 s T2 )22 i EL 322

WA RS BT B A T A R R T #2024
R A BRI 2 B 2RI 2 A 2 1Y nifH DNA =E £ RNA s
R RNA/DNA OTU % HARHH B & TR )2, i K2 ! ! ! ! ! |

0 20 40 60 80 100

BAMAEY R WG 2R TRIZ, ERKZ
P EAREE T, 22 OTU £ H & TR )2 1 H R 2 nifH
DNA =EJf RNA EJZ RNA/DNA B85 FIK 2, &3 n

5 SRS T LA AT Moisander'™ %5 A48 Fig.5 Cluster dendrogram showing seasonal and spatial patterns
FE4 7110 A YI6% R vi 1 i 2R R A E IR o diazotrophic bacteria community from the Tingxi Reservoir
ZH A LR, T 3R 2 AR i AR AL B N 2, 3X 5 FRATTAY  based on clone library data

SERAFE LS TTBKIE 4 A7 AR 10 A RZKIE

4 1 R A 2 BT PR ARL , TG J2 A i e e BT AR AR K, AR 2 FERK R 3R A0 I 21 SR RE T
(Firmicutes) , JEERE BRI AR ) — B K HH BUAE - HERRIE 200 FRATT AR AGH I 25 S 165 7 EL AT 61 U1 P 190 J2 2 A o
A AETEARAR AR sl R IR T Xl 18, TAER ERIZ WA R B-BIE T, 72 ZNA I 3, H A
J B B AIIRER BT AE 3 2K 2 v Al B S I 4 iS22 A IR | B R

£33 EIRMEY nifH DNA RNA . RNA/DNA 585 EF 2 [H#) Spearman 183k &%
Table 3 The Spearman correlation coefficients between nifH DNA, RNA, RNA/DNA ratio, and environmental variables in the

LB Similarity/%

Bs5 TEKEREMEMHRESTRTHEEARNHESH

Tingxi Reservoir

AN Correlation DNA RNA  RNA/DNA || #H3&H: Correlation DNA RNA RNA/DNA
JKiE Water temperature NS NS -0.320" || pH -0.433"" NS NS
4 Dissolved oxygen -0.316" NS NS 4% a Chlorophyll a -0.315" NS NS
S Total nitrogen NS NS NS % NH,-N NS -0.362*" NS
A A NO,-N 0.382" NS NS S Total phosphorus NS NS NS
IEREREE PO,-P NS NS NS

#, P <0.05; * %, P<0.01; NS, not significant

Wi AR DGR SE I HEA T, T B 4 1 2 REME RN 2 Mg A0 B AT A0 ) R 5 i 7K A 25 3R 4
BIWCERII 53 A R 2 REPE R R PR ARARGE A (e S0E TR e [ BB A 3 BT 8 s 3 8
FRORVR ER ZREERI B R U SR TR P i DL K RN ST i LI o AR O, Jn A
AFRIRW . AR, U S A R A R A KR P A R I B B AU R A R RZ AR
JEARIEEN R I REMEAR s HLRETS 22 5 W B W B AURUE Y . W0 B 2R AR, inbIBE K e i 5
AP HA TR o BB BRI y-BIBE 2 R R IR AR T AR 2
FERY T LIRS S Rl 2 SR Al , SR S R R IR 5 B insdt , [ R R b 28 7
IKIREEHHA T IZ B9 0 A AL A Y W SR TR W H SR AR MR R N AE R 45 E A

http ; //www.ecologica.cn



18 4 ERIEE A AR R K R [ U A M S S A A )R 9

S FRATRWE T L AR — e BRI AT A4S SR — 2, BN, 1 SR IR KR B A (F A — i
TRYE , BCANAS I B R RE R, (EAS T AU AESE T 8 > OTUs 7 GenBank b4 #R3 BT Y751, WG 75
XL OTUs AT RESEHT IR TS, 38 V)5 25 22 1 S 90 43 0 iff o 4SS A AR B o A, 34 2R R T 48 7 R
RN H) 38 E DA =15 i3 0 B R TR )2, TR T B i XA K A R A AR 2 K
T 0 TR KR BE M i o i e > T 3R 2

32 RG]

FETT KR 8 A5 b SO [ AU A Wi 2 R PR w00 H B R 2 0 o T R A X e 35, A
IKPEWE BRSO AAAE A A EE A2 AER RS L REIFHE PR KEKE EFIRGZHSEmY)
Tl B ) AF AR T, /N30 B A AR K ARG Bh I PR T A 5 e FE B Rt T LA BE R AE S . Zani ™ 55 A FE
TR K 30 ] 2R e 5 A BT R T L R AT X 5 FRAT T[] — R o vho G D 2 22 1) T R0 2 — B,
SRASE PR AHE T DIAL R A AF 3l 480200 T U6 P B IR T e S PR A b il 5 f B B
GEMATOCM BN A A AR E AL - A3 18] X3 R A 1 AT 8 VR A 5 s 8] 48 e A 1 RN R LT
RPN, AR K R R 2 R 2 A8 T AR T [ U 17 L 40O 23t L R UV s AN RRE m , A F
SR ARIE ,ﬂéﬁ{ﬁéﬁ%{ﬁé( eg. Trichodesmium spp.) SEPGR B g N B BN Gl 7/ T B SR M
1 8 BEAE TR AR SR SR8 T aT LU o PR R RS AT S5O0 B i SR X T A S i 3 S i
A EEVERD R I MUAT Az 1) b Ay IR G VR IS R R A SRR A [ U3 B8 e, T LA A0l 4
TSI AR DR R DA R R U L AR A TR K A R K P e R B S T K AR T AR TR R ]
{1 ] R A ) 22 80 S A ] R 0 AR B U AR R B R BT . Toepel ™ % ABFSE T Cyanothece
sp. ATCC 51142 BRTE R B SRS BRI T [ UL A e 3k 22 S, S Uk BH 7R 1 R 2 il A7, 1%
SEOCIRREIE I 0 E AT AT . 55—, KRR E 1Y 43 J2 B Gt Ry R e B A8 T A A A5 1 i e T LA
TEAF 2K BT A BB 8l 32 PR hy i B A R ) S S5 4G , T LA BT SR 1Y T L
E KR PR EDE B R SRS A BT KR T AR B T AR R, 5 R TR K K
WEREAIE T M A ) AR ALER T LA i A o

Langois ' 45 A & B 38 T Qi ff 22 J2 /K AR, 3k S5 FRAT TR 98 45 S — 30, PR T TR K IR DU A~ 2245 36 2 5 s 1 3=
JE IR Rh Z RS S TIRE . B ERCRIZIFA R — N HERRER, il e R T AT B, i
PR R KR T BTG BRI R 2K A sl R A A S P I 25 B0 P Bentzon—Tilia ™ 4 ABFIE T
PRV 11 95 11 T R, 24 B PPV 11 1 8 2 K AR LUV T 8 ( Trichodlesmium) 7K A8k S 3 %) ] R A0%% ik
o FHUEHED 7K 2R AR 25 2R G5 rh i s e T RUVE T rh I S AR T M A (5, Voss™™ 45 N R B B 245 13 7K TR 725
AEIY SRR 5 [ BV E e B AHOC Y, X5 SR 2 1) B A4 ] 92 30 B0 IE /K P vh R JT R I AR S
AT PR OCER  HE AT LA AR 1 fiff i e R AR S R S AL . 53 b —Fh L W] BB i AR N A X
i EA RS A ETE R BT R TR R 2 SR S BRI IT A AR R, 78 B TR IK K 2 42
AR AT W B K AR R R SR E R T ] DAL I W 3 K e T3 7 R 42 i P 2 50028 PR A 73 T2 O A8 A RLARE

4 %t

ABIFTE S B A OTUs it 100 4>, R BATTE K R b BA Z R AR & i [ Z A9, 2
TEEEE oI B-LIE T oy T R RETE , LS BRI [ A A 51 A P B0 TR
Z R SR v 2L RAT W SR A Z 1 R B AR SR, TE AR B BKOK PR R I3 SR I 30, 39 A K AR SR 2 AR 2
{1423 ) 22 AL BA A KT IR TR1 AR A, W5 7 R0 2 0 1 8 A W e e B B D i 8 A i, R AR A DA AL
WEBEAE KR IR S a i LS R A K R RIS (R (R Bk SR L A S i . il ARy
JEIREE , UL R B e A RS R A ) TR SRR ] R o i 3. AR AR, VTR K % B 2 MRk 2 (] U
A A R P S B S A B TR ST A AA BEE IR A RGO T B R P 2 A [

http ; //www.ecologica.cn



10 A E = 36 &

SR R A 0 A LI, ST A OB R ) S e 52 S5
S 3L HR ( References)

[ 1] Zehr]JP, Jenkins B D, Short S M, Steward G F. Nitrogenase gene diversity and microbial community structure: a cross-system comparison.
Environmental Microbiology, 2003, 5(7) : 539-554.

[ 2] Zehr J P, Paerl HW. Molecular ecological aspects of nitrogen fixation in the marine environment // Kirchman D L, ed. Microbial Ecology of the
Oceans, Second Edition. New York: John Wiley & Sons, Inc., 2008: 481-525.

[ 3] GabyJC, Buckley D H. A comprehensive evaluation of PCR primers to amplify the nifH gene of nitrogenase. PLoS One, 2012, 7(7) : e42149.

[ 4] DeLong E F, Preston C M, Mincer T, Rich V, Hallam S J, Frigaard N-U, Martinez A, Sullivan M B, Edwards R, Brito B R, Chisholm S W,
Karl D M. Community genomics among stratified microbial assemblages in the ocean’s interior. Science, 2006, 311(5760) : 496-503.

[ 5] Short SM, Zehr J P. Nitrogenase gene expression in the Chesapeake Bay Estuary. Environmental Microbiology, 2007, 9(6) : 1591-1596.

[ 6] Famelid H, Oberg T, Riemann L. Identity and dynamics of putative N,-fixing picoplankton in the Baltic Sea proper suggest complex patterns of
regulation. Environmental Microbiology Reports, 2009, 1(2): 145-154.

[ 7] Young J P W. Phylogenetic classification of nitrogen-fixing organisms // Stacey G, Evans H J, Burris R H, eds. Biological Nitrogen Fixation. New
York, USA: Chapman and Hall, 1992 43-86.

[ 8] GabyJC, Buckley D H. A global census of nitrogenase diversity. Environmental Microbiology, 2011, 13(7) : 1790-1799.

[ 9] Moisander P H, Morrison A E, Ward B B, Jenkins, B D, Zehr J P. Spatial-temporal variability in diazotroph assemblages in Chesapeake Bay using
an oligonucleotide nifl microarray. Environmental Microbiology, 2007, 9(7) . 1823-1835.

[10] Church M J, Bjorkman K M, Karl D M, Saito M A, Zehr J P. Regional distributions of nitrogen-fixing bacteria in the Pacific Ocean. Limnology and
Oceanography, 2008, 53(1): 63-77.

[11] Langlois R J, Hiimmer D, LaRoche J. Abundances and distributions of the dominant nifH phylotypes in the Northern Atlantic Ocean. Applied and
Environmental Microbiology, 2008, 74(6) : 1922-1931.

[12] Yu Z, Zhou J, Yang J, Yu X Q, Liu L M. Vertical distribution of diazotrophic bacterial community associated with temperature and oxygen
gradients in a subtropical reservoir. Hydrobiologia, 2014, 741(1) : 69-77.

[13] Zehr J P, Church M J, Moisander P H. Diversity, distribution and biogeochemical significance of nitrogen-fixing microorganisms in anoxic and
suboxic ocean environments // Neretin L. N, ed. Past and Present Water Column Anoxia. Netherlands: Springer, 2006: 337-369.

[14] Mahaffey C, Michaels A F, Capone D G. The conundrum of marine N, fixation. American Journal of Science, 2005, 305(6-8) : 546-595.

[15] DangHY, Yang J Y, Li J, Luan X W, Zhang Y B, Gu G Z, Xue R R, Zong M Y, Klotz M G. Environment-dependent distribution of the
sediment niffl-harboring microbiota in the northern South China Sea. Applied and Environmental Microbiology, 2013, 79(1): 121-132.

[16] Famelid H, Bentzon-Tilia M, Andersson A F, Bertisson S, Jost G, Labrenz M, Jiirgens K, Riemann L. Active nitrogen-fixing heterotrophic
bacteria at and below the chemocline of the central Baltic Sea. The ISME Journal, 2013, 7(7) : 1413-1423.

[17] BRI, FRME. W5 Anabaena 7120 [EZ M. R AR P44, 1983, 9(1): 51-59.

[ 18] Howarth R W, Marino R, Cole J J. Nitrogen fixation in freshwater, estuarine, and marine ecosystems. 2. Biogeochemical controls. Limnology and
Oceanography, 1988, 33 688-701.

[19] Havens K E, James R T, East T L, Smith V H. NP ratios, light limitation, and cyanobacterial dominance in a subtropical lake impacted by non-
point source nutrient pollution. Environmental Pollution, 2003, 122(3) : 379-390.

[20] Short S M, Jenkins B D, Zehr J P. Spatial and temporal distribution of two diazotrophic bacteria in the Chesapeake Bay. Applied and Environmental
Microbiology,, 2004, 70(4) : 2186-2192.

[21] Wang S, Qian X, Han B P, Wang Q H, Ding Z F. Physical limnology of a typical subtropical reservoir in south China. Lake and Reservoir
Management, 2011, 27(2) . 149-161.

[22] YuZ, YangJ, ZhouJ, Yu X Q, Liu L M, Lv H. Water stratification affects the microeukaryotic community in a subtropical deep reservoir. Journal
of Eukaryotic Microbiology, 2014, 61(2): 126-133.

[23] Olson J B, Steppe T F, Litaker R W, Paerl H W. N, -fixing microbial consortia associated with the ice cover of Lake Bonney, Antarctica. Microbial
Ecology, 1998, 36(3-4) . 231-238.

[24] Schloss P D, Westcott S L, Ryabin T, Hall J R, Hartmann M, Hollister E B, Lesniewski R A, Oakley B B, Parks D H, Robinson C J, Sahl J W,
Stres B, Thallinger G G, Van Horn D J, Weber C F. Introducing mothur; open-source, platform-independent, community-supported software for
describing and comparing microbial communities. Applied and Environmental Microbiology, 2009, 75(23) . 7537-7541.

[25] Clarke K R, Gorley R N. PRIMER v6; User Manual/Tutorial. Plymouth; PRIMER-E, 2006.

http ; //www.ecologica.cn



18 1 ERIEE A AR R K R [ U A M S S A A )R 11

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Kizilova A K, Titova L V, Kravchenko I K, Iutinskaya G A. Evaluation of the diversity of nitrogen-fixing bacteria in soybean rhizosphere by nifH
gene analysis. Microbiology, 2012, 81(5) : 621-629.

Paerl H W. Nuisance phytoplankton blooms in coastal, estuarine, and inland waters. Limnology and Oceanography, 1988, 33(4part2) . 823-843.
Zani S, Mellon M T, Collier J L, Zehr J P. Expression of nifH genes in natural microbial assemblages in Lake George, New York, detected by
reverse transcriptase PCR. Applied and Environmental Microbiology, 2000, 66(7) . 3119-3124.

Affourtit J, Zehr J P, Paerl H W. Distribution of nitrogen-fixing microorganisms along the Neuse River Estuary, North Carolina. Microbial Ecology,
2001, 41(2) . 114-123.

Piceno Y M, Lovell C R. Stability in natural bacterial communities: I. Nutrient addition effects on rhizosphere diazotroph assemblage composition.
Microbial Ecology, 2000, 39(1) . 32-40.

Bagwell C E, Lovell C R. Persistence of selected Spartina alterniflora rhizoplane diazotrophs exposed to natural and manipulated environmental
variability. Applied and Environmental Microbiology, 2000, 66(11) : 4625-4633.

Shade A, Jones S E, McMahon K D. The influence of habitat heterogeneity on freshwater bacterial community composition and dynamics.
Environmental Microbiology, 2008, 10(4) . 1057-1067.

Kerr B, Riley M A, Feldman M W, Bohannan B J. Local dispersal promotes biodiversity in a real-life game of rock-paper-scissors. Nature, 2002,
418(6894) : 171-174.

Kumar K, Mella-Herrera R A, Golden J W. Cyanobacterial heterocysts. Cold Spring Harbor Perspectives in Biology, 2010, 2(4) : a000315.
Karl D, Michaels A, Bergman B, Capone D, Carpenter E, Letelier R, Lipschultz F, Paerl H, Sigman D, Stal L. Dinitrogen fixation in the worlD’
s oceans. Biogeochemistry, 2002, 57/58( 1) : 47-98.

Laamanen M J. Environmental factors affecting the occurrence of different morphological forms of cyanoprokaryotes in the northern Baltic Sea. Journal
of Plankton Research, 1997, 19(10) ; 1385-1403.

Walsby A E. The permeability of heterocysts to the gases nitrogen and oxygen. Proceedings of the Royal society of London. Series B. Biological
Sciences, 1985, 226(1244) . 345-366.

Staal M, Meysman F J R, Stal L J. Temperature excludes N,-fixing heterocystous cyanobacteria in the tropical oceans. Nature, 2003, 425(6957) .
504-507.

Jayakumar A, Al-Rshaidat M M D, Ward B B, Mulholland M R. Diversity, distribution, and expression of diazotroph nifH genes in oxygen-
deficient waters of the Arabian Sea. FEMS Microbiology Ecology, 2012, 82(3) : 597-606.

Toepel J, Welsh E, Summerfield T C, Pakrasi H, Sherman L A. Differential transcriptional analysis of the cyanobacterium Cyanothece sp. strain
ATCC 51142 during light-dark and continuous-light growth. Journal of Bacteriology, 2008, 190(11) ; 3904-3913.

Walsby A E, Hayes P K, Boje R, Stal L J. The selective advantage of buoyancy provided by gas vesicles for planktonic cyanobacteria in the Baltic
Sea. New Phytologist, 1997, 136(3) : 407-417.

Walsby A E. Mechanisms of buoyancy regulation by planktonic cyanobacteria with gas vesicles // Fay P, Van Baalen C, eds. The Cyanobacteria.
Amsterdam ; Elsevier Science Publishers, 1987 377-414.

Langlois R J, LaRoche J, Raab P A. Diazotrophic diversity and distribution in the tropical and subtropical Atlantic Ocean. Applied and
Environmental Microbiology, 2005, 71(12); 7910-7919.

Bentzon-Tilia M, Traving S J, Mantikci M, Knudsen-Leerbeck H, Hansen J L S, Markager S, Riemann L. Significant N, fixation by heterotrophs,
photoheterotrophs and heterocystous cyanobacteria in two temperate estuaries. The ISME Journal, 2015, 9(2) . 273-285.

Voss M, Croot P, Lochte K, Mills M, Peeken I. Patterns of nitrogen fixation along 10° N in the tropical Atlantic. Geophysical Research Letters,
2004, 31(23) . L23S09.

http ; //www.ecologica.cn



