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JR&kERE: (Prochlorococcus) FIZEEK#E: (Synechococcus) & i fu i e 4 & £ B
LA EATR AR M 20, & BRI (genotype) Xt
IRBEIE RN = A2 R e, T — RIVEST (ecotype). JRZEREREAKIE X
SR i B 38 N 4 b T 6@ V. R Chigh-light adapted ecotypes ) 55 1% Ot 3 W 774
(low-light adapted ecotypes) WK, P XN o G —S K — A s, &
BREE R AN 204 CAR AR Y, L rP - IV AL FE R P vp S8 By o SR
WFFER ], AT R IR A0 AT 1) i DR B AN i DL ol AT T A7 1R 2 FEE
B, DCUUHT BRI R A0 B B DR R R AR SCIF I L A R

WEETR T WS AN B TR B, A PR AN TR W R4 (cyanophage ), ) DA i it
T KA B IBETE AR, RIIREIIC, N PEE R0 38 I 40 B W o Ak as ]
PSS FEERI AT, 6815 T2 AR A F L e o AR R I 2R 0 4 B 1)
W BT AR 8 2 Sk 18 A R W 4 H ( Caudovirale) () =ANE}: LR 5 74 (Myoviridae),
}i Mk 14 (Podoviridae) 5 KCREMAE 14 (Siphoviridae). LW b4 55 Ji 2 ik
Tl AR e HEE P 5 3 1) 0 W e AR 5 BT R A SO AN R £ PR B
D3, MG FEAEAE 15— PR 5 AT 40 R LR 6 B 1R 18 A5 2 FEPE IR
LT T AR S OPE S, AR, AN AR R R AR PR BT R L e AT R AT
BEATITIT. [, BEA SR 2 2 AR 205K, 3 20 vl JUL R It o 42 g e I o A 1
SN ARG 7 2T RS, R ol S 70 3 A0 Tl Wt v A P A B 1 T
(photosynthesis genes) 43X — SRUBHE [m) ¥ v I R A ) AR 2 2 IR e T v o HUE
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Abstract

Abstract

Picocyanobacteria of genera Prochlorococcus and Synechococcus are among the
most important primary producers in the ocean. It has been known that there are
distinct genetic populations of Prochlorococcus that adapt to different marine
environments, forming genotypes and ecotypes, such as the high-light adapted and
low-light adapted ones which respectively dominate upper and lower euphotic zone in
the ocean. Synechococcus are also featured as their highly diverse populations that are
distributed across much broader marine ecosystems than Prochlorococcus. Up to date,
at least 20 clades of Synechococcus genotypes were delineated, among which clades
I-1V appear to be most abundant. However, all the known genotypes cannot cover the
whole community of marine picocyanobacteria and therefore, our study aims to
extend our knowledge about picocyanobacterial diversity.

Viruses that infect marine picocyanobacteria (cyanophages) are important in the
marine ecosystem. Firstly, they cause a great deal of host mortality and therefore are
responsible for a significant amount of nutrient such as C, N, P releasing back to the
environments. Secondly, they mediate horizontal gene transfer that can greatly
influence the hosts’ evolution. To date, all the cyanophage cultures fell into the
Caudovirale order which includes three families, Myoviridae, Podoviridae and
Siphoviridae. A decade ago, the finding of photosynthesis genes in cyanophage
genomes led tremendous studies on the cyanophage-picocyanobacteria system.
Although great efforts have been put in the research on genetic diversity and
genomics of cyanomyoviruses, little is known about the genetic extent of
cyanopodoviruses or the genomic information of cyanosiphoviruses. Thus, the present
study has also focused on the genomics of cyanosiphoviruses and made the following
progresses:

1 Qur survey on the genetic diversity of Prochlorococcus and Synechococcus across
global oceans revealed that although the distribution pattern of known genotypes
in this study mostly agreed with previous studies, novel picocyanobacterial
lineages were found and exhibit unexplored niche adaptations. Firstly,
Synechococcus in subcluster 5.3 have greater diversity than expected and appear
to have diversified into genotypes that adapted to different light conditions.
Secondly, Synechococcus genotype CB5 in subcluster 5.2 was found dominant in

the Bering Sea and the Chukchi Sea, suggesting that they might have adapted to

VIl



Abstract

the meso-to-eutrophic high-latitude oceans.

2 We studied the genetic diverisy of marine cyanopodoviruses using the gene
marker of viral DNA polymerase and compared our results to those from the
Chesapeake Bay previously published by Chen et al. (2009). We found a clade of
cyanopodoviruses ubiquitous among all the sampling area in our study, while
others were site-specific. Much fewer genotypes were detected among oceanic
samples than coastal or estuarine ones, suggesting lower diversity of
cyanopodoviruses in oligotrophic oceans. There was no environmental factors
found that have significant correlation with the distribution of cyanopodovirus
clades, which may be owing to, at least in part, the factor that one
picocyanobacterial strain could be infected by genetically distant podoviruses.

3 Genomic study based on four Synechoccoccus siphoviruses in our work and one
Prochlorococcus siphoviruses published previously (Sullivan et al.,, 2009)
revealed three distinct cyanosiphovirus groups that reflect their morphological
defferences and phylogenetical distance. Compared to the monophyletic
cyanomyoviruses (a single T4-like type) and cyanopodoviruses (a single T7-like
type), cyanosiphoviruses are polyphyletic. We did not find photosynthesis genes in
cyanosiphovirus genomes, which are commonly obtained by cyanopodoviruses
and cyanomyoviruses. A bulk of homologous genes was detected between
cyanosiphoviruses and their marine picocyanobacterial hosts, which are mostly
related to DNA metabolism, replication and integration. Based on the
phylogenetic analyses on those genes, we inferred that picocyanobacterial hosts
had acquired those genes before the descent of their major lineages, possibly
owing to prophage-integration.

Keywords: Prochlorococcus; Synechococcus; cyanophages that infect marine
picocyanobacteria
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1.1 S FREEMESEMRHERATE

R AEY) (marine microbes) XA HIERAE YL EER, SHfEAE . &
BBt A5 T R R IR R o H RO VE T, R IR S AR 0 42 3k A2 1 (global
change) I Wi I b5 56 Wi 2 24 F W vE AR A EE U B IV R E M A A

(bacteria), B (archaea) LLAJRAZZE#) (protists), ‘BT T H 40 v
W, Ridt/hT 100 oK (um), 5 2200 S UBE A BE ORI 21 FRATTIE S T i P
B AEY) S Fa AR 2-20 ORISR 4EY) (nanoplankton) 5 0.2-2 1%
KW B iR i B4 (picoplankton) . WEVAEGICRY AE MR . o S R B
5, CATTE R AP R A ) BRI 2R . B AR AR T
HEASERIE R AR R S S B R R . — AR 5 Cvirus) J&— AT LA
M ARIL I SO ZE A AR, AT AN AN A i SR A ) el = e o AR,
BNV A A R G 3 SO L FE L, e D AT DO RE P S A E DR P 45 5 0 b 3k
GEU Y/l e (RN IR e SRR o ) T - ¥ ] O P s W 52 B e R EP R S3E B T Gl R RS U7
AT RSO —.

M BRI R e R H 5 5 180 A dn RS AU ORI, fndi iR X 5
LTI TTHR T DNA XU e 45 14 1 5 L, DNA A S 0 P B AR e itk N SEHE DA 41
R, PARCER A BE L e . (polymerase chain reaction, PCR) N+ 44-FF J7
T AED 9208 o OB BRI ] T O AR ) A 2 RO e T i B iy
Bl SR107,  TE AR e 1) “ 912k 7, e NATABE U S A
AT R T BRI rmk, WHE s T BB EOR (transmission electronic
microscope, TEM). ¥ 5} 26 BIMEE AR (epi-fluorescence microscope, EFM).
Mgl i AR (flow cytometry, FCM) 582> 4% Hi K (molecular
technology) .

[ 1674 “E413CjE 5. (Antoni van Leeuwenhoek) [ il i 5 0 0 21 25 — >4
M5, BMEARSEIVEFENRRE, 7620 S THEARMN A A, BEFA
KT AR T BB T 1O B, CARIE S H T W R O B
BT X PP IR S %o VR, DR NS R EE R,
ST A TORG AR B T, T R TR AR A i

1
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B2 [

il

W, LU ERIER 7E DI AN AT L. 20 HH40 80 fEANT 4, i an BB AR v H T
W PE N B A A A BIE T o U 2 PR AR SO T3 Al A1 A ) R AGy U BK A e s 1
AT R b B HOR AR AR S E R AR, b it i A I v vh B
IR L R 4Rk (Prochlorococcus) LUK 32 73 A () 5+ 9% 41 1 SAR11
Rt B T AW A HAR W CR A BRI R S %, T
BATAE DNA 5 RNA ZKP X BAT SRS D) RE R A M- RE AT % 2 L T g
WF9c. B4 DNA WP HAR S #R, il PP ER s “RA:” g4 EJr
T NI EY) 5 W 2 FEPE S B AR D RERI VR, JF LS80 T D2k
e v I R 2 B T BUAT, R R 45 (genomics) . X R PRI
( metagenomics ) . %% ¥ s 41 %% ( metatranscriptomics ) . % B T 41 %
(metaproteomics), 5I4THEHERMIN AN AERFAIEN T 227 AR,

R RO G atb, BRI TR 8 2 R A AP
e 20 128 70 AR, PS5O B S Gt AL UE I 1 R A AR K
(KP4 T#  (Ferguson and Rublee, 1976; Hobbie et al., 1977). F}2#5AEH] 4, 6-
EIR-2- 2 3Em [k (4°, 6°-diamidino-2-phenylindole hydrochloride, DAPI) %t ih
IKPTAEYI DNA,  JER 20 ARG I TH BOX Le a4 g b5 Bk, X3 &
T NATZANREE— 0 TG S B K b A AR ST S, LR R e h i
PIxF BRI . 1979 4, BFESZORBL T iEreh— R B A 75 A R AL R
Yy, ZEEK#EE (Synechococcus) (Johnson and Sieburth, 1979; Waterbury et al., 1979),
AL 2O AU B A I SR SRS A B L8 (phycoerythrin, PE), KILE
M AAE TR RS RS, M HF RS . R )a, BRI S T —3&
UTABAIRE BRI (VR JFAZ B, (RS2 I SR BRG], 0 I 2 BRI — e
IR BRI 13 4 AATIFE IR SR SRR RNy SR BRI )
>0, HF 1988 4, 3 E A LB IR A KA TN EA 12 — 288l (Chisholm
et al., 1988), JF1 1992 FAESKH F MM HTR T i%#ET#IE (Chisholm et al,
1992), &K el 4 Al )4k Ek#EE  (Prochlorococcus marinus). [A4F,
FEUAEY S A 5 — R R B Y, B35 (planktonic archaea) {EEVEH
fK) KFEA7EAE (Fuhrman et al., 1992; DelLong, 1992). SR EHAEM 2 FishiFs] T
MRGF AR, AE R 3 U DA A oy e U — ARt A=, oA T A A 5
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USRI DX, o 5 X B AR A5 o i SACUEVE vl T Ik T e 1 A I FLA T
h A SVE SR T R EE L7 (Pearson et al., 2001; Wuchter et al.,
2003). 20 {20 80 AR, Bl S K I - £ KR B MUk (Bergh et al.,
1989; Proctor and Fuhrman, 1990, MR 55— A=A AT BRI 51 A1
RAYER Y TR REN L — 2 T, AT R E YRR B R 2 LSO 77
TR B ERIASRE X (Suttle, 2005), HEABiHLl, BEE412A AR
Bk, M AR E I BRI 4P 41 (Venter et al., 2004; Delong et al.,
2006), BIFEGAHLE I LoR L BB Wi A B DR R, Wil A A A A
41 C(aerobic anoxygenic phototrophic bacteria, AAPB), & IS 4L)f &4l i
(proteorhodopsin-containing bacteria), Z 444 # 5 i # (ammonia oxidizing
bacteria, AOB; ammonia oxidizing archaea, AOA) %5 . K LTI 6E 4 w6 A TIA
PUREARIA S Be A IS TR AL, R R AT S R A7 A 7 A H
FEEY) 2 1) ) B A T B s 1 E A XS R I, A AT — AN RSB —
SR AR EBRIM (The boundaries of ecology are in the mind of the ecologist)”
(Mackenzie et al., 1998). 5 [, 4B A 7R3 A IR 1A TG 7 W 1o M
WIS R, IR IR A 1A 38 R et AT Tn] LA 5 315 — i B o 1) 5 A4
gy, QAR BO SRR, Wil AR AR IR D RERI ) (& 11D,

WA, NATT L A A T A A 4 BRERAG 0 Th 3 8 5 X 221 A
0, X NEE ARG Je AR T = IUE K AR BOCHR ) 38, RIZE4)42 (biological
pump). T EYH (microbial loop) LA A4k (microbial carbon pump,
MCP) Fig, ffE 1967 4%, Dugdale 5 Goering wtBI#fC X T #4711 (new
production), Bl 1 ELG R AMNEH A I ESZFF IR ). 1979 4F, Eppley 5
Peterson $& i T TR Bk AT HLE% (particulate organic carbon, POC) il & 54k
FEIRISRE, WO N ) POC LA IAEGevh Lo A, A AT RIS
Fi L5197 25 L HERERE R ETIT. 20 th2d 80 4RAR, Rl 5B Hk 1]
WEAER AR Yy 2R = TR AR B A AR AR B (8] 1.2) (Molk and Hoffert, 1985;
Longhurst and Glenharrison, 1989), JFf7EbALal FIAIRAEERA AL, F- 24 A A3
51 CO, HER 433k A5 1% (global warming), it A= %2 2% (¥ 5% i ( Cox et al.,
2000; Orr et al., 2005; Riebesell et al., 2007 [Fif ], AATCLZ =R 3 5 57 41 1 )




N

DL AEAH G — 320 (RS W% 4277 f7 (Hagstrom et al., 1979; Fuhrman and Azam,
1980, 1982). Azam <51 1983 fEfth T &I IS, BV R G £ 11 H]
DL IR s E i R R AR s iR A WL (dissolved organic matter, DOM) 1l
ok 4 R P R IS A A kg 4 R R AT LAY (particulate organic matter, POM), POM il
LA A B PR AT 3 T YD REIRER . 1998 4F, Azam T UK TR WD I

Pure

Pure
respiration

photosynthesis

Hybrid
metabolism

B 1.1 RS R TOGRER AL AR Re R E HE A 0 S 2% A R
# (Karl,2002). #vEf EEADEEEMRE: P 20EE, R A 20 H
PERI S IREA = EOCEEN, BLASI AN IR R, BRI iy BT
Jet R FDOCA H S A BRI S R
Fig. 1.1 A current view of the complex relationships between sunlight, biological
energy production and dissolved organic matter (DOM) in the open sea (Karl, 2002).
Recent discoveries of new marine bacteria include all three modes of photosynthesis:
oxygenic photosynthesis (OP), anaerobic anoxygenic photosynthesis (AnAnP) and
aerobic anoxygenic photosynthesis (AANP), as well as two other potentially important
light-driven processes, rhodopsin-based (RH) and phytochrome-based (PC)
interactions that involve both light and DOM.
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