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Genetic diversity and quantification of aerobic anoxygenic
phototrophic bacteria in Hugangyan Maar Lake
based on pufM DNA and mRNA analysis

CHEN Xiao-Jie' ZENG Yong-Hui' JIAN Ji-Chang®
LU Yi-Shan' WU Zao-He"*"

(1. Guangdong Provincial Key Laboratory of Pathogenic Biology and Epidemiology for Aquatic Economic
Animals, Fisheries College, Guangdong Ocean University, Zhanjiang, Guangdong 524025, China)
(2. Zhongkai University of Agriculture and Engineering, Guangzhou, Guangdong 510000, China)

Abstract: [Objective] Maar lake is a special type of Crater Lake. Huguangyan Maar Lake was
formed about 140 k—160 k years ago, fully closed, and has not yet been affected by human ac-
tivities, where abundant and novel microbial species might dwell as reported previously.
Aerobic anoxygenic phototrophic bacteria (AAPB) is a functional bacterial group with long
evolution history in Earth possessing unique physiological and ecological characteristics. To
date, our knowledge about AAPB distribution in Maar Lake is still blank. [Methods] Here, by
constructing and analyzing six clone libraries of the photosynthetic reaction center pufM gene
from total DNA and RNA, respectively, with 1 m, 5 m, and 12 m water layers in Huguangyan
Maar Lake, and combining quantitative Real-time PCR, we studied AAPB’s distribution, phy-
logenetic diversity and the proportion in the total bacteria in different water layers. The results
of coverage value and rarefaction curves of six libraries showed that AAPB diversity was
sampled well for the purpose of revealing the diversity of main AAPB groups in each water
layer. [Results] BLAST analysis showed that pufM sequences in Maar Lake were 80%—93%
similar to public sequences. Diversity index indicated that the AAPB diversity in surface and
deep layers was similar, whereas diversity in the intermediate layer was lowest. In view of to-
tal RNA and DNA data, pufM RNA diversity was higher than that of DNA. Phylogenetic and
statistical analysis revealed that 49.43% sequences are fell into the OTUs 21-24 which were
closely related to B-proteobacteria and represent dominated AAPB groups. Quantitative PCR
results showed that the percentage of AAPB in total bacteria in 1 m water layer reached a
highest value of 38.06%, whereas only 0.85% and 9.54% in 5 m and 12 m, respectively. [Con-
clusion] Huguangyan Maar Lake is occupied by rich and diverse AAPB groups.

Keywords: Huguangyan Maar Lake, Aerobic anoxygenic phototrophic bacteria, pufM diversity,
Q-PCR, Phylogenetic analysis
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L st P TOAR A 22t ISR IR M 3 L )2 PR A 15 5
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T ARBTAWD S . Zahind2 3R =g
KA AWz —, BB T2 14 J1-16 JT4EHITHY
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ERIELUZAFR . VIR iR 2R A2 R
S AR I AR T AR I — R S5
WR, o TR R R A 5y T Y
B AR, Rl FE PN Ak EE L P e 4 2o
PR G R FRAT N AT T Al 70 T
VER WIS T AR o P e S5 s, R R
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MK AES RS, X AAPB 7EIRKAES R
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H) B S IR SRR IFLTY, NI IX AAPB AT 55
F AR, ST m T & B[R] DX A
R 2 REME AR B A X LT, PRI AR 3%
KA TR 58 & BRI o AAPB FTEZS
ZREEAR R TEKPY, FEFEE AL 10 SR
ERMAHITIY AAPB ZREFITSE B IR,
AAPB ZFEMEZ WK pH B S IR S i A RPY
X SR S BOTR K5I FB AAPB BT 14 4 A 2 BT
AL A 9T A WLARGE, AAPB FEANFRI I EREE
Hh ] B A AT SRRk o XS B R4
AT AAPB FESEA K AR AR 25 R 50 P ) 7 FNAE
SEREZ RN, WA BT LA T AAPB )t
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ASCPIITAE SR 12 N 35 AAPB £
PESTHTRZEDS pufM R HAR R SO . % DR G
5 @A RN WA N & 4 = W €7 L ¥ ow N L L
RGBT B h AAPB ZREMEN 25 3R
ik, ZpHPIFHA T 1 m, 5 m, 12 m =4k
JZ 145 DNA FILEL RNA (1) pufM 3E [R e SO, 4%
B i PCRIMELAR, Ha7m Hh B 2Dt 33
AR )2 AAPB B i FFIE ML R Gk B 2 HEE
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IRTFRZ 2.3 km?, HIIRZ) 446 m, Horp kit
¥ >400 m, /KI®>20 m, T 201146 A 20
H 4 9 B REE T RGO FRTENL B/ 3 K2
(I m, 5 m, 12 m)A/KFE, BligilnY 3 i oy
6.7m. & 1 (FERZ I HSCik[22]) 1M A4 Rk
FEQLE

E1 R

Fig. 1 Sampling site

112 #AAVEE: RSN SR 10 L, S
iy ISR E I AR, IRAIAE, 8 R
FLUE, SRJ5H 3 um MEMETLE, T 0.22 um
U8 L T K FEARAT BRI AN TR AR AS o i 8
%) 0.22 pm JERERE A DGR I B0 N, FERCA
—80 °C AR L 25317

1.2 REUEIZFE RNA F1 DNA

1.2.1 & RNA RYIREX: 7fE#HE S LWL
RNase 1T ARBPRAEIST /INE 7, 28 A 50 mL
AT, A TPINA 5 mL IR A (75 15
50 mmol/L Z. {24/ . 10 mmol/L EDTA F1 4 3 10%
SLS + e AR AR &, 1 pH A 4.5), 1R
TEHR 5 B DI -80 °C AbBE 40 mim, Ff
A 37 °C /K 10 min, Rk 2-3 ¥, JIA 5 mL
MO FNER (pH 4.5+0.2)TWTiER 7 5 4 °C B> 20 min;
Bk AHFL AFY) 15 mL JC DNase., RNase &0
B, KA 0.1 AR 2 mol/L Z R4

(pH 4.5), A FHIMA SR AD;, GRS
JEAE 4 °C B0 10 min, 7K AHFE AR 15 mL &5
O, IAZHARR 100% 5 N8, T-20 °C it
; TE 4 °C B0 45 min, I8 RNA TLTE, A
1 mL 70%vK O BEREDINE, FHRBIAR 2R 3
1.5 mL EP &, 4 °C .0 30 min, THRUUE
10 min, /i 30 uL Grade water ¥, 0.1% DEPC Ab#f
KEfE RNA, ZRCE 45 min BRER =2
—80 °C 1447
1.2.2 5 DNA B93ZEL: KHPEH RNA H 50 mL 2
O TR A B R R 2 RANLZ P mA 5 mL
1 mol/L iy Tris-base (pH 0.5), IRZJGE T 4 °C,
ik I E] 7E 40-180 min, 4 °C &5.0> 15 min, ¥ I
JZKAHRE B 15 mL B0, A RERY
ISR (24:1, VIV)IRA], 4 °C B0 15 min,
TKAHRE B B4, A 90 ul 2 mol/L Z R4
1 2.5 f5AARFVK 2.1, —20 °C YLiEid i, Wk
VDUTE T 1ml i RNA,
1.2.3 1st-strand cDNA & FHEEY B RNA
FHI DNase I (TaKaRa)#Z#5/EF- Wik A7ab 3, Bk
A RNA FriERgH DNA T30, FH Reverse
Transcriptase M-MLV (TaKaRa)$#i#:/E T- W5
cDNA 55— 454k
1.3 PCR ¥ &K X FEH3E

ASCHEF pufM 514 pufM-557f; 5'-CGCAC

CTGGACTGGAC-3"; pufM-750r: 5'-CCCATGGT
CCAGCGCCAGAA-3', PCR JzW{kZ: DNA #

M (%5 50 mg/L) 0.5 pL, Easy-Taq fiff(5 U/uL)
0.4 uL, Easy-Taq buffer 5 uL, dNTPs (2.5 mmol/L)
3 uL, 31420 pumol/L)% 0.3 pL, #hsKAd sAAFR
%50 pl, WM 94 °C 5 min; 94 °C 1 min,
54 °C 1 min, 72 °C 1 min, 3£ 30 MiE#F; 72 °C
10 min, ¥4 =) 28 1% BB R W e I FL UK A TR
M, HAYZHTZ A 193 bp, PCR P48k I
A B (A T UNIQ-10 A=) alifkss H . ¥4t
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fLJ5 ) PCR F=4yi% 425 pMD18-T #/4(TaKaRa)
I, RIGHACAKRIGHFE DHb50 Bz 8400, Tk
fishFR, S,
14 NEERZAESH

MASCEEFBEHLERE 30 ANPHIE e e i SE
i AEY PRI . P NCBI BdiE s &
PR, N H BLASTN 25585080 A Hh 4 AR
PELCXHEER, S FERT 3 KT NZS T
5. RH ClustalX 2 BT 5 2 8 T, R
J5 LA Kimura-2 SRR SEIL B B, DAARHE %
(Neighbor-Joining, NJ) MEGA 4.0 ¥ %4
KRB, 24 M — OTU Kik—&FHER
GenBank, %5k5 4 IN712788—-IN712811,
1.5 RHAEE PCR

K HI 16S rRNA J751514) 16S rRNA f: 5'-AA

CGCGAAGAACCTTACC-3', 16S rRNA r: 5'-AA
GGGTTGCGCTCGTTAC-3', #étiE & PCR

TRFR: 2 pl B (10 1R RE), B RIES 14 1 L,
2xTransStart Green gPCR SuperMix 12.5 uL, #h/K
BRI 25 pl, [ 4% 94 °C 5 min, 94 °C
305,56 °C 30s, 72 °C 30 s, 340 4MEEE; 72 °C
30 s, W SEMJE A iQ™5 Optical System
Software f4:(Version 2.0, Bio-Rad)iF174HE57
Br, idit Delta Ct %4545 pufM &£ F1 16S rRNA
P2 DUBUY UM po AAPB L EE =px B4 B JE R 40
N 16S RNA HE[K (1) F- 3448 D1 £ 100%.

pufM LR h 88 DL, T[] 20 B P9 2 1Y)
16S rRNA #9cs D= RIIR R, HATHIAFSE
ZER R, M 1-15 PAEER g5 b R BT,
AAPB TE SR FE, FA1Z% 16S rRNA
HE IR $ D1 K0BOHE 2 (PRNDB,  hittp://rrndb.mmg.
msu.edu) (I EIEHEFT TRIE ., rRNDB 50452481
T 1 128 PRI ZH AT 16S rRNA LK #£ D
5, PYER 417, TAVGIGR THWNBCRTET
7 WA, BT B T A R, 7R
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THIIH A 340 AT REPEAR G . XS AH I B ACh 221
A, EdT 2031 M EIL, HIERIEIRIFHY 16S rRNA
FE P DURCP-BI{E D 2.95 DRI
1.6 ZHMERIERELEI T

i# 1t MOTHUR (http://www.mothur.org/wiki/
Main_Page) % 74 % ¥ 51 i#E 47 1T #5246 1 43 2 5T
(Operational taxonomic unit, OTU) [ %2543 #r,
P Cutoff=0.03 173 AR el 7> OTU . FFH]
GenoDive % f4:(http://genodive.org/) 15 H Z 4
FHKFE%N: Effective number of genotypes (eff) .
Genotypic diversity (div) . Eveness (eve) .
Shannon-wiener (shw). Corrected shannon-wiener
(shc). Uncorrected genotypic diversity (diu), 77
# (Coverage) iz F A 3: cov=1—(N/Individual) i1
BN A SCES R IR T
Individual Sk SCJZE A 3 H A i S 4 BHPE 3 471 4
H. Fikethzkiz ] POST 431, Excel 4
FIRIZ IS Y OTU AR Hi NTsys B iF2 il

2 HR545Mh
21 ZHMERS T

FOKZFBHORIR, EMEE T 6 > FifE SO,
P 1 m. 5m. 12 m i DNA BESL Y pufM
FERCFE@ mD, 5mD, 12mD)fi1lm, 5m,
12 m B RNA FEf A pufM B SCZE(L mR,
5mR.12 mR), JfREHLTES SCPE ki 30 > yafe
T, —3IMHT T 180 4> pufM TERE T, TS Mt
HAFT 176 25075 . FERESCREFERAE B 55 R
FE 76%-89% 2 [, 8w B, MR (& 2)
WAl E H AAPB I ZFEERER N T/, BIRAK
RESE43KAS pufM LR 2R, (HASCERT LA
FHT VAL AAPB LAY 24, 4 GenDive
B A A SR Z R R R 1 .

1 m /K21 DNA FI RNA ST R34 5] R TE
0.5 ' FiFah(# 1), £ 1 mAKZH TS pufM Fi
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Number of clones sampled

2 BXEMFRRMZLS T

Fig. 2 Rarefaction analysis of six clone libraries (on 3% nucleotide sequence difference)

F1 61 eEXE AAPB S HEIHIEE
Table 1 Index diversity of AAPB from six clone libraries
Clone library OTU cov (%) eff div eve shw shc diu
1 mD 8 89.65 3.81 0.76 0.48 0.72 0.81 0.74
5mD 8 86.21 3.20 0.71 0.40 0.67 0.78 0.69
12 mD 9 83.33 5.06 0.83 0.56 0.80 0.90 0.80
1mR 10 86.21 4.98 0.83 0.50 0.84 0.96 0.80
5mR 9 89.65 4.98 0.83 0.55 0.81 0.91 0.80
12 mR 13 76.67 5.11 0.83 0.39 0.92 1.11 0.80
ROt —, 5 m, 12m /K21 DNA FIRNA4  Jf H A FIRF 51K { TR0l {5 3= 0940, i
A SCEFAE pufM BT 7 AR — 858 DNA SC SRS B REACOR B T DB & B 3R i Win 4, (X
FEALE RNA SCREHY shw FEHCHLES, AIHLE RNA /89K FHEVE

SCIERE . DNA SCFEH pufM ZE £ div.,
diu FEEU ML B RNA SO pufM LR 1) ZRE:
P&, M DNA SCE ) pufM JE R FRER 5,
(BRI 5 . 3 AN K 2 B SCRE )t
A5, 5 mKZEII&H K AAPB ZHEMRREEA
K 1m (FRIZ)H 12 m GEJIE)Z) 1K )2 2R

(=1
EH o

22 BFEERN. FIRMIMARAKA B ZHED

¥o6 CERIE 176 & FE S, 4 LA
Cutoff=0.03 1E R4 A ERK] /3 OTU, Hdils)
24/~ OTU, &3R5 OTU EHL LR 1. it
BLASTN 3% #|7E GenBank ¥ vh 5 2 B [F] I 1
Fe R IE R SRR (3 2), AR 2 T R fT 4%
P S8R 2 R 5 I IR 7E. 80%—-93% 2 [H],

24 > OTU TE45 S 4341 (3% 3), W LIEH
X533 OTU21 W8 24 66 4% i 2751
i) 37.5%; KR35 OTUL12, OTU9 4#kF
F111) 15.9%F1 13.6%, X 3 241 OTU fif &1 AAPB
KRG A LA, I BAEX 349~ 0TU
HoT A 6 D SCEMERET . 1 m K23
FEEIE S 159 0TU, 5 mKZM S 124, 12 m
KIZFT S OTU £ 17 4~ & DNA £t 15
A~ OTU, # RNA 5 17 4 OTU, 12 mD 3/
H AR R T AR T 14
OTU, T{¥ 5 mD SCEH A W vekE T, 2
Y ARTETEREBOR T 19 OTU R OTUS 4 5m
JKEAREG HAB A 7 T 1 m F1 12 m A9 OTU b2,
9 4~ OTU {UFEA RNA ) 3 PSCEF R, 6 4~
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2 pufM RERFFIELRIES H & 75 RIRIME R ELER

Table 2 Homology analysis and comparison of source habitat of representative pufM sequences

OTU No. clone number Accession No. (%) Source Habitat
oTu1 IN712791 2 AY064410.1 85 E)%Sﬁi?sgccus thiosulfa- A
OoTuU2 JN712789 1 EU191396.1 90 Uncultured bacterium Delaware estuary
OTU3 JN712788 1 FJ589126.1 86 Uncultured bacterium  Eutrophic lakes
OTU4 JN712790 1 AY?234384.1 87 Rubrivivax gelatinosus ~ NA
OTU5 JN712793 1 FJ589120.1 88 Uncultured bacterium  Eutrophic lakes
OTU6 IN712792 1 FJ589128.1 93 Uncultured bacterium  Eutrophic lakes
OoTuU7 JN712796 1 FJ589120.1 91 Uncultured bacterium  Eutrophic lakes
oTu8 JN712803 2 EU930068 89 Roseobacter sp. BS90  NA
OTU9 JN712802 24 FJ589120.1 88 Uncultured bacterium  Eutrophic lakes
OTU10 JN712795 1 FJ589093.1 91 Uncultured bacterium  Eutrophic lakes
oTu11 IN712799 10 F1623715.1 85 t‘;pii”rr“red marine bac- e, River estuary
0TU12 IN712798 28 FJ623671.1 85 tlépiE‘:T']t“red marine bac- - pea River estuary
OTU13 JN712800 1 AM162719.1 84 Uncultured bacterium  Eutrophic brackish lagoon
OTU14 IN712794 1 EU196298.1 88 gcggzsgring BB fh‘é'ﬂigﬁriféliii' TS
OTU15 JN712801 1 EU191568.1 89 Uncultured bacterium Delaware estuary
OTU16 IN712797 1 FJ589111.1 92 Uncultured bacterium Eutrophic lakes
OTU17 JN712807 7 FJ618993.1 90 Uncultured bacterium  Arctic Ocean
OTU18 JN712805 2 EU191456.1 86 Uncultured bacterium Delaware estuary
OTU19 JN712804 2 EU191564.1 86 Uncultured bacterium Delaware estuary
OTU20 JN712806 1 FJ619026.1 84 Uncultured bacterium  Arctic Ocean
oTu21 JN712809 66 GU079557.1 81 Uncultured prokaryote  Particle-rich estuary
OTU22 IN712808 2 AY178005.1 80 Il;lr;l:]ultured proteobacte ngtr:::agelz(r;tly frozen Ant
oTU23 IN712810 7 AM162728.1 80 gaﬁfi‘;'lt%ﬁfl\ltﬁde”“m Eutrophic brackish lagoon
oTuU24 JN712811 12 GQ468979.1 83 Uncultured bacterium Mediterranean Sea

OTU fX7E& DNA 1 3 A3 B, it 4% 3
JFE OTU M43 A ARBL 28 B AR IR (B 3). 12 m
JKJZ P DNA FlI RNA 2258k, HCh 1m sk
JZ, 1M 5 m7KJZ DNA il RNA [i] AAPB 2R3 i
R

IR RIS R A X, I LISk
(Neighbor-Joining, N)VWEH: R FE L EW . RALE
SrHTERW, 244 OTU HR R R FIIIE R G R B
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EaRIEA 7 AR, 73504 o-1 Proteo-
bacteria Rhodospirillales like, o-6 Proteobacteria
Rhizobiales like, B-Proteobacteria I. Unknown
group I . a-4 Proteobacteria Sphingomonadales
like . B-Proteobacteriall . Unknown groupIl,
b ATANER T 7 AR (B 4). Hop
B-Proteobacteria IT (7 &2l 5a AL 49.43% M L
B, HIX A a-4 Proteobacteria Sphingomonadales
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Table 3 Sequences distribution in 24 OTU

oTuU Total
DNA RNA DNA RNA DNA RNA
1 — — — 1 — 1 2
2 — — — — 1 — 1
3 - - - - — 1 1
4 = 1 = = = = 1
5 - - - 1 - - 1
6 1 - - - - - 1
7 — — — - 1 - 1
8 1 - 1 — — — 2
9 5 2 3 2 9 3 24
10 1 = = = = = 1
11 2 - 1 3 2 2 10
12 4 4 4 8 6 2 28
13 — 1 — - — - 1
14 — — — — — 1 1
15 - 1 — — — — 1
16 - - - = = 1 1
17 - 2 1 2 1 1 7
18 - 1 - - - 1 2
19 — — 1 - — 1 2
20 - - — — 1 — 1
21 13 11 15 9 6 12 66
22 = = = = 2 = 2
23 2 2 - - 7
24 - 4 3 2 1 2 12
29 29 29 29 30 30 176
‘ 1 m DNA like 1 -6 Proteobacteria Rhizobiales like 4351k
1 m RNA
22.16% . 15.91%,
L 5 m DNA
! 5mRNA 23 WHREENH
L 12 m DNA M iQTM 5 Optical System Software %k {4,
| LG K2 /KJZR) 16S rRNA FEHFE NS IEEEH, RH
0.62 0.71 0.81 0.91 1.00 Delta Ct 44T HFRFEE pufM 5 E & 41
Coefficient

3 IR#E 24 4> OTU BN N EFAHIFRIRS
LIRS

Fig. 3 The similarity tree based on 24 OTU distributed
in six clone libraries

Bro A& KZE D AAPB 75 P70 A0 3 i
LHE (] 5). 1 mKJZH AAPB fiT i lbEE & K
38.06%, Ifii 5 m /KJZH AAPB JIT /5 (1) L eI AY
4 0.85%, 12 m 4 9.54%.,
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— Uncultured bacterium clone 54 PufM (EU191396)
Uncultured bacterium clone CY8 (FJ589126)

'—ilw e
IN712788

| L IN712790 a-1 Proteobacteria

| Roseococcus thiosulfatophilus (AY064410) . S Rhodospirillales like

727 ) nrari ] e mhntacunthatin ranns 10N i T

— |_'7 J\MUI hc}/iuu_/tut,butulw PHOLOSYHUGCUT reaction cente

—JNm%gseobacter sp. BS90 photosynthetic reaction center (EU009368)
[ Rubrivivax gelatinosus strain S1 5' region photosynthesis gene (AY234384)
Rubrlvzvax gelatinosus DNA, photosynthetic gene (AB03§

,f)sulatus COmplete pnOtOSyntneSlSF%ene (Ll i 103
plvn lobacter capsulatus strain B10 PufM (r\nﬂ\/f\ n-gpﬁ (nﬂn] 7Q70\

tRhodobacter blasticus (I (DS 0649)

Rhodobacter veldkampii (AB062784)
Bradyrhizobium denitrificans strain USDA 4393 (pufM genegDQ017869% A
Bra lvrhizobium denitrificans strain USDA 4440 (pu gene(DQO17875

_l Gamma proteobactertum SCGCAAA027-D16 (T{Q66 08)
quuumlcromum vanmetll bADU lUOJU)
Uncultured bacterium clone TF47 (FJ589120)
—IN7127 a-6 Proteobacteria
JN712795 L .
Uncultured marine bacterium clone 15-22 PufM (pufM) gene (F1623715) Rhizobiales like

ALl IN712802

JN712803
Rhodoplanes elegans (AF159440)
Uncultured proteobacterium clone S36 (GU080284) J
Sphingomonas sp. PB229 PufL. gene (AY853585)
rl_——— Sphingomonas sp. PB56 Pufl and PuflM genes }AI 853583) W
Unr‘n]mred bacterium partial mRNA pu gene (AM162719)
R RN
arine bacterium _ ia li
TNT 12704 B-Proteobacteria like
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Fig. 5 AAPB percentagein total bacteria as shown by real-time PCR analysis
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