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WM A 3 E 22 JREREREE (Prochloro-
coccus)~ FTEERBE(Synechococcus) MR T W (Trichodes-
mium)" 0 o AR ERE R b A MR RR BN
B K200 A A, HARRFENAEEE &
FREH(2.940.1)x 1077 cell”). JFLEBRBEAFAR ] [ 5 2940
ACTE B, SR RO AT SE 8 SR F IR R rh e
(A T AR SORR i FE N SIS AR S E 5T
BR, DA SRER - S IR AN A A AR ), FEEI
A ARUFHEE SEZ A9 TP Z AR BLA 3
A R AR A R BRI OC R SRR, T
P T AR BB E A

1 BREkEREIE I A0

FRYEAS [F] ) A LA AR 3 AR AIE, R LR ek i
AL 43 M7 GIE I (high-light  adapted, HL)AME G
(low-light adapted, LL)M A JsLE 4% (ecotype) ™). HL
AI4IFFHLI. HLII. HLIII. HLIV. HLV. HLVIite
A, LLEIGFELLI. LLI/OI. LLIV. LLV. LLVI.
LLVIIE6RR>2 R[] A 25250 0 J 4 Rt 22 B 0l
ML RN 25, SHAER  (ecological niche)
FEAEAIAFT, IR M A B NI SN 4 (1.6~2.6
Mb)FIERFIGC & 1 (30%~51%)". FEK I Ak i
rh, JRERERE R A T LR IR 4 74k (genome streamlin-
ing), £k T —LLAR L. B, SDNABE . d
RG(psbU/V) RV EAL B TR S i J R 7527,
Sk D S R 1 R DR A v B T, T LA /D T S A A
RS AR P T TR P R RE e, RSB IR IR
HA SRR ehh, T kot i o i/ JE R 41
PRI, Wl T AR, B4 T e AU AR E(S/
V), WIS T OGme ORI R SS H i 50 Jidesk
FERFER AL, FEPRSFIUAZ DL H (core  genes) AT« R
%7 (flexible) i IE %00 3L K (non-core  genes), JZkBRE:
W X e ZRERYAE RO IR, — R T R
BEHOIE I RE 7. 45 b, T ko ik IR 20 i 4 Ak fi 15
JER LR BR AR LB R0 X ) O 2 B BRI e G i 3
SRM, - 35 PR Aok /)Mol 45 i o TR ol P 20 S R 2 e
IR, DT HGE B A TR RE R, R, A EL T
PSR T, i SR N AR T B A v Al
YA A=p B, LAZERE B BRI R,
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ey s N TR0 JRG, Ses S 3R R ARER
PR R KIS A R AR, JF Hix eI
RMERE N TIERR, A R EREREE B R IR R T K WA
s e A R, —SeYE T LB, X
S5 YL BIAFAE RENS (i ) 2k Bk i A KA B G- (AR T
TCH S AR MG R R ). fildn, FEHLITRY
MIT9215HILLIVA MIT 132755 JF Sk BRIk 22 1 OB
BEFR R, s InsS s M EZS5(Alteromonas
sp. EZ55). WBIEWMIT1351(Thalassospira sp.
MIT1351). BT EMIT1352(Roseobacter sp.
MIT1352)FiEHEAT EMIT1353(Marinobacter sp.
MIT1353)%3 FFRM A G (R 1ITR), JRERERENARK
YU s AR AT A ] B B A AR TR
E LR AR B R R, AR R RIS, FeoE W R Ak B
BT, DA R A A T T ) Y i S sk e ORI &2 A
K B WSS R I, SR A0 B AR S R
T SR R B JEL I 45 PF T B A A AR i 54,
F IR B EMIT1002(Alteromonas macleodii
MIT1002) ] DA Ji S BB AE R I rh 4ERR AR AA KGR 11 d
ZA, MERE R0 BRGNS 1.5 d;  [FIET,
MIT 1002834 111 T JF 4R ER BEMED4 FINATL2 A7 2 1
ST B KR, e SRR R b, AR
EZ55RE08 2 i IR SR BRBEAE AN IR B N AR R,
TR AE A KA BR IR B (12°C) i, 12 #ERCR T8 Ry A
e

3 BigrEkiE S RIRan R AN TR LG

3.1 IR LRI ek AL )

Jir gk il o BE PR A A Ak, EHAE SRS SR
Erh BEATERIH, HFERR LS T e Em AL
SN, R PR A B AR Y. il JRakER
LR T gttt Ak S (catalase  peroxidase) )3 Al
katG, XA AT LA 200, 2% YR R
AT e A A TR, AR T TR R BR ] A PR v A
LT B, B S E T SRR I S S R
(reactive oxygen species, ROS)E M AURR, Hoid A fb it
ZUFE/INTF200 nmol/L N P, AR L AF
Wi T BA B SE LR TR e R gl i — 2D
FEFW, 7624°C, 800 nmol/LIYit ELENRAZ P&
PR FT A A ST S SRR R AR B S BB Y, T AC8 H
WEZSSRETHAE IR B i S AL, By Lk Ik Bkl 240 A A
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Table 1 Effects of heterotrophic bacteria on Prochlorococcus strains in co-culture environment

JER Bk B AR Fm FFRAME" XEFERER A KB SR SOk
MED4 HLI Sm" Alteromonas sp. EZ55 ++ Pro99 [42]
(VOL7)
WT Rhodobacterales*, Oceanospirillales*, +/N, N, ProMM  [43]
OMG60 , Alcanivoracacea , N, N,
Marinobacter , Alteromonadales N, N
WT Alteromonas macleodii HOT1A3 + Pro99 [44]
WT Alteromonas macleodii MIT1002 ++ Pro99 [45]
Sm" Alteromonas sp. EZ55 HHORRITREE) Pro99  [46]
(VOL7)
WT Pelagibacterales sp. HTCC7211 N ProMS, [47]
ProMC
MIT9515 HLI Sm" Alteromonas sp. EZ55 ++ Pro99 [42]
(VOLY)
MIT9215 HLII WT Alteromonas sp. EZ55 ++ Pro99 [41]
AS9601 HLII Sm" Alteromonas sp. EZ55 + Pro99 [42]
(VOLS)
MIT9312 HLII Sm" Alteromonas sp. EZ55 ++ Pro99 [42]
(VOL4)
Sm' Alteromonas sp. EZ55 -(CO 18 m) Pro99  [48]
(VOL4)
Sm" Alteromonas sp. EZ55 ++ Pro99 [42]
(VOL4)
WT Pelagibacterales sp. HTCC7211 N ProMS [47]
UH18301 HLII Sm" Alteromonas sp. EZ55 ++ Pro99 [42]
MIT1314 HLII WT Thalassospira sp. MIT1351 + Pro99 [47]
Roseobacter sp. MIT1352
Marinobacter sp. MIT1353 +
NATL2A LLI Sm" Alteromonas sp. EZ55 ++ Pro99 [42]
(VOL3)
WT Alteromonas macleodii MIT1002 ++ Pro99 [45]
WT Alteromonas macleodii MIT1002 + Pro99 [49]
WT Alteromonas macleodii MIT1002 + ProMM  [50]
MITO0801 LLI WT Pelagibacterales sp. HTCC7211 N ProMS [47]
MIT9313 LLIV Sm" Alteromonas sp. EZ55 + Pro99 [42]
WT Rhodobacte£ales*, Oceanospirillales*, +, N ProMM  [43]
OM60 Aﬁlcanivoracacea - ++, ++,
Marinobacter , Alteromonadales +/N/-, +/-
WT Alteromonas macleodii HOT1A3 N B ) Pro99 [44]
(B R L)
WT Alteromonas macleodii MIT1002 + Pro99 [45]
WT Pelagibacterales sp. HTCC7211 N ProMS, [47]
ProMC
MIT1327 LLIV WT Thalassospira sp. MIT1351 ++ Pro99 [47]
Roseobacter sp. MIT1352 ++
Marinobacter sp. MIT1353 ++

a) Sm', BEFF R MM 57 (streptomycin-resistant mutant); WT, Bf2E Rl (wild type); b) *F/R PR K EER —BHGE; o) +38 BAT X Rtk i
AR BRI R G, —RRBUR B3, -FRmmbilfER, NFRIER
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HOCRGEZ B SAA;, T fRI rexeke, I B
A HL B E R B Y. X esese Bk, AR
katAFE R 78 3 U (Virbio  fischer) JCiE A B 4%
BREEMITO21S AR, s, e edl r s R, I
SRR MR IR IR R, ISR EREE IDNAE
K T(DNA repair enzymes)3: WU I &8 1 S5 K]
RIKIRKF, AR T AU SR A F W] s, Xt —2P ik
SRR B B T LA B DR BR D S A
TEFEE TR AR P, A AL S
Fr 40T REVE, R A8 K A 4R vk B PR AR AR T
200 nmol/LIY7KF-, A] BELS [t £ bR A R BR A S5 W20
R TS AR I AR, R R
AW AT A, TR R O A A Y VR T RE I
800 nmol/L; AN R AN RET X i S b ST BRASR
N HHEKFB9—2F, Bl S S AR 29400 nmol/L,
U SR (1 43 A1 0 PR A ik R 1% BR T
WEANTE AN, HABZERE A W T RE MK b 58 SR
rhak s, I AT B (Candidatus Pelagibacter ubique,

B 1

RERR

SARI11). &AL (ammonia-oxidizing archaea,
AOA)FA E L4 7 (ammonia-oxidizing archaea,
AOB)'™. L5 I, St st AN A B # (7=
A i AL R E N IR e A 2 i, DR B3z 55
F ISR BRI X A AR A, W R R LA A
HAERIER.

3.2 SIRAEMIbREREREE Z M BEIRIR G £

SEFRANBERE T AT LA IR Hh D TR vk 1 X ) 4R
R, AR 2 TR AR OC R PR R IR, 7R sk
BRERAEMREE SR P IS P, Rk ek b K
AR RE ST 15 T HIR DA R SO (Y DR R >,
HA R EAL AN AYSARTT HTCCT7211% R4k
A KA B a5 R IR R YU
SEHEI, <2 B B R b SR SRR A AL AN FURBR 7
FBREALE ST, 8 H I R A = AR AR R A 5T
B, JRSEBEREEAR FRANE Z MR R R, FEA
FEA ML) PG PR AN A K R B B R A T (& 1).

SRS "

JREEBREE SRR A AISAR A EAEFPLEIRE L Py AL SAMINFERIESEER M . SO B E FISAR . F7 3k FoR Wi AOAH E AR

FIRFR, ROFRMAER, BOITRILFICER, LLEAFIRAFIRE, 5 Sk 7R B30 R 070 2 BT ISR BR B O 2 T, XU Sk 58

FRFR,; AFTR I A2 AR C R

Figure 1 Schematic diagram of the interaction pattern between Prochlorococcus (P.) and Alteromonas (A.) or SAR11 (S.). Types of interactions are
shown with different coloured arrows; the black arrows show commensalism, the blue shows mutualism and the red shows the negative influences. The
purple arrow indicates the promoting effect of pyruvate and glucose on Prochlorococcus. The double arrow represents competition, and dashed lines

imply that potential relationships are inferred from the genomic information
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(1) FHUERAYLY. X i e R () i is 1
F v AW A LA FN S 3% 4 TR B R Ok 25 S 5T
78 AP TR (citrate) L BERR (glycolate) FISE iR
(malate) %54 ML) AT LLAE IR S R 7 A1 5 32 41 5 22 8] B
PEFRECY B R, R BRI E R T R R IR
(carboxylic acids)AERE HESEA EETE A, 20
Oricola sp."PAFAEIFh S 5 INCR BREE ™= A= I il
Hl¥(dissolved organic carbon matter, DOM)RJ4%iz
A9 Becker® AV, JELEEREEMITO3 13 0] LAF=AE
FiTSE s (glycine betaine), [Mii%A MBS F Al REWG L T
SARI LN H 2R SR E RPN oK . R ek BRI
RIS AR WG 7R, A0 M [ i 5 2 1) PR35 v R ke A i 7
(pyruvate) M ZBEFRSEY) T, X LY i3 SART 124
A E AT T Y AR HE, SART1ZHEH SRR
iR, TIEN R Bk AR R M 4E R A AF IS AR R Aok
PR AN, (EBRREEREE S, ASE R T AR
ML EY), 15 RSk ERE ) RE R IR s b ZE W A A
IR, VAR o HR A SRS e R A A7 (R T, S F ek
A5 T A R 0 14500570,

(1) BEERE . 8 kB A T 2 A i 1Y
FE DI RE B AN AT SR SR AT, R IR ARk e
Al BE N SR PR U KA. i, 76 A SR EE 4l
BRI i 5 R AR USRI KB, IR
AR EY) Z WA EAE R 2 —. T
ThLSE R Y D AR KB, B ME A B F(co-
factor) LM ZL AW 2#TRE. Flan, JRZRERBENA-
TL2AFEH A& A e E 2B, e iR AR A S FE [,
1717 A 0 PR A7 [ A8 B ML T 1002 EL A 4 T 4k A=
#B I HEZA MBS il (methionine synthetase) )3 [l
(metH). FIIL, JREREREE T HE N 288 PR i R e 4k A R
Bi,, PrBhH S ZIREG G AL, IR 2F H By
MIT10029 4 K. B BRIFFE 1, AR 43 1k 0 i v
T 2R R A A I, B, HA SRR
Bl. B7. BI2ARER A Haste", I, W40 ] At
SEFRIG X TP YA B SN . LAk, Becker
A NIRRT, e RESR AR T, SRR RS AR
(AR LAl 35 2R IR 15%~70%, TR 4R BR B
AR IEARANZ M, X F B IR R R ) I ek e
AT BB A 7 A R A K I PR iE T SARTTIAE K,
TR T P Z B A A G &

JRERERBEAN S IR o 2 A = A e, TR
TWE RS R A AR R OC R, T R X R

AR AR IO 2 n] e e B A e v 0 B IR kA, e
RSB TR XA S R G R RE R UM Z REE.
AWREE R — N IR R GE, 1 H AT R B -
TR R AR METE, ZHEET P R g L B
FIRZR, Kt AR AU Tr, W0 -
TR TS Sh AL S B R DT 2. B
JEDNAL, BEsa . R R S 24 AR Y
S JEARLHL, X IR BRI S IR A0 1 2 ) AR 56 Al
A ETRA BRI,

4 DBRERE- SRR G RN A A

e A PR L I A VR IX Y B 7R, TR
PR it A BILADD 2 S 5 A R 7 A A P s 0 JBOR JRL
SIAEA XAV G, FeAbl B SAY s, Jf
W RE AR B S 0 E TR, R, R A A S R A
PABCIRBER Ry B RIVE ], 3Kl 1 b i) B
WMBERILSN. 57— Jr T, W40 A 72 i e At
ALY, ARUANE T A B IRERT R, fE5E
Fei, FEMIGI T IREEIENIRE Sy, BN, JREREREZ
SR PR GAER], DIREEIAREGIX, X 2k Bkt
B S 20 TR ) PR B A A R T Y RSN, AT
N R v c 1 <io]: L1 6 e S R 17 R 2 A 2
BT R ELZ T, SARISJREEEREES A
TFPERIZMPLASERE, W 1A Y B A 5L g X n]
AR Y — 2R b X PSRRI RIS AR AR ]
WA AT, H 3538 2 3 PR A 3 4 R oRe 35 1 5 7 R A
BT L AR ER B AISAR T UREYS 22 [AI77 7E i
TERE HANIREIVE ], T2 30 W 2 8] A AH B A FH ) g
SR A P bR 2EIE IR, B, W AN PR AL R 20 T
TEAES RGP A& w IR, A E A A Al ) 2
MEAEHKR, XY ESREMNERE .. 20
A s IR AL FAE PR EE R T EEAYVEH].

BEHE COLHEMCERHE I, A BRI AN R AL 55 ) R
H #5708, T3 W5 A A 7 A s S T 4 T =
HEvR. DAERBREAN S 3 40 T 2 [ A EAE I R ], P
B A HARR R BB Mgk s, fenl s i i
SR BRI ML PREEIE . I, AR R R
1 AL G TR SRR G R Sl (photosystem 11,
PSID) G D T LY B R ks i e &4 .
PR, A3 S S A i e B XS T, R T e
FOCRGID I E A USRS SR, SCEEHIREET
W, AR TR U AFTED KT IR ARk e iy A R
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RN peAh, ISR A SR AU R, 1ECO,
VR PE TR IS, AR I BRI LR T TIFERR 1k
FT, SR R AR I A S AL A P
(peroxiredoxin) i & K Feik m FRAIR, (A HAE LG IR0
Birpid S ETEBRACRIEAR, REIGIN T IR ek BB
EAEEAM. F R B, InR21004E KT CO, MK E
K F]800 ppm(parts per million), JF£EERHE M H: HLA B
Al e AL ARG (45470, R Bl R B T )
G 7 I RRAR, DT RRARHORT 42 3R [ 3 S T R B PR Y
SRR R AN A WK AR R R A
B, TERRRARAEA ORI =T, W A0m -5 R4
HIOC R R AL, 4 B S IR X A T4
TRV AL, PEME N R AR ™ T HIDT R A
5 SN

Wh A R S R A R S (R R ). A R DT
Bk TR — 2 TR A ), e IR AR s
AR AR AR, T S5 5 0 T 52 M) D R B AR ) LA K
A, PEMIZ R AR S R G A BRI A A Py Bk
B ER. PR, BFFE sk ekt 5 SR AN R VR = [E)AH
AR IR B AR 2SR BAT B AR S ROk
Xof DA S 23k S A3 110 1 4 T R S 240 TR A E A AT

FEIEL R, AL LA

(1) AEPIREE Z MR AHEAE O R M 2 2%, F
MEREHECR, (EHEXGEFIRME . AR RS
FORRER BRI IR, H R, 3R RO R A2 R A
TR Z . I, FFCEANE . IR F TR
BIFHEAEFIOCR, A BT 5 m X B NP Yk
SRR LA BTN, S e < A T -
IR - 1T A A AR,

(2) HETHIBIFR R ZH TR N THEEFA R,
A A SR TR IX. A 3 20 -5 1/ 22 T 2 S SR A B DS AR AT
PRI PRI, R ZE 56 W 20 -5 1
SR REVE (B IR A BT, Gl CR)BEA2H
(R« (F)E R MCE) S 52 4B
AR i, e P4 7R e P B AR - IR A
(AR EL AR L.

(3) TEEFRURAACHI T T, WA AT IR0
THEVORT O 2 BRI b (H2, H R XA g
38 ZAF T AR AR RS AL R A R SR B Jdad
BCEAFIEN T, 455 kA, IR
I A R R R A TR AR LA TG R AL e, A
SEARZSAARR, T A SRR LR W A A Bh 2
ARSI A M R AL R A 5
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Interactions between marine cyanobacteria and heterotrophic
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Cyanobacteria are the key primary producers in the global ocean and account for 25% of its net productivity. They play a
vital role in the ocean by driving the circulation of matter and the flow of energy via the absorption of considerable amounts
of carbon dioxide and the release of dissolved organic matter. This dissolved organic matter is converted into biomass by
marine heterotrophs, which keeps the cycling of elements in oligotrophic waters at equilibrium. Prochlorococcus, an
ecologically important genus of cyanobacteria, is the smallest and most abundant oxygenic phototroph in the global ocean.
Prochlorococcus has highly streamlined genomes, which can provide a competitive advantage in the oligotrophic surface
waters; however, the streamlined genomes also force Prochlorococcus to adapt to a narrow range of environmental
parameters. Owing to these genomic characteristics, Prochlorococcus often establishes interactions with heterotrophic
bacteria to survive in the challenging marine environment. Because cyanobacteria are abundant in the ocean, the
cyanobacteria-heterotrophic bacteria relationship can significantly affect marine carbon sequestration and storage, which in
turn has important ecological implications. Previous studies have reported on the relationships between Prochlorococcus
and various heterotrophic bacteria. For example, Prochlorococcus establishes positive interactions with Alteromonas sp.
that enhance its growth rate and environmental adaptability. In this review, we discuss the underlying mechanisms of the
interaction patterns between Prochlorococcus and heterotrophic bacteria, as well as their genetic, physiological, and
ecological significance. Prochlorococcus and heterotrophic bacteria tend to form mutualistic relationships in which they
directly or indirectly exchange metabolites or recycle organic carbon through complementary excretion and crosstalk
between pathways, such as citrate, glycolate, and malate pathways. Prochlorococcus and heterotrophic bacteria also
commonly establish commensal relationships. For instance, heterotrophic bacteria protect Prochlorococcus by scavenging
hydrogen peroxide, which Prochlorococcus is sensitive to. Although many heterotrophic bacteria cannot synthesize
vitamin B,, they require it as a cofactor for essential functions. Their genetic characteristics suggest that most
cyanobacteria have the pathways for synthesizing vitamin B,,, but that they may provide vitamin B, to heterotrophic
bacteria to promote the growth of “helper” in the oligotrophic ocean. Therefore, the interactions between cyanobacteria and
heterotrophic bacteria help maintain the stability and diversity of marine ecosystems. Global climate change may influence
cyanobacteria-heterotrophic bacteria interactions, which could directly affect the structure and dynamics of the microbial
community in the oligotrophic ocean, and therefore, primary productivity and element cycling in the ocean. Here, we
suggest future research priorities and potential applications based on newfound knowledge of the subject. First, using the
known “heterotrophic bacteria-cyanobacteria” relationships, the cultivation of marine heterotrophic bacteria, cyanobacter-
ia and their viruses should be promoted to build a more comprehensive “cyanobacteria-heterotrophic bacteria-virus”
ecological model for marine environments. Second, the interaction mechanisms between cyanobacteria and heterotrophic
bacteria should be revealed by new biotechnologies, such as (meta) genomics, (meta) transcriptomics, (meta) proteomics,
and (meta) metabolomics.Third, cyanobacteria-heterotrophic bacteria interactions should be studied against the backdrop
of climate change using both ex situ (i.e., laboratory) and in sifu investigations to predict changes in marine microbial
community and its potential impact on biogeochemical cycling in oceans.

cyanobacteria, Prochlorococcus, heterotrophic bacteria, interaction, mutualism, commensalism

doi: 10.1360/TB-2020-1234

3848


https://doi.org/10.1360/TB-2020-1234

	海洋蓝细菌与异养细菌相互作用: 以原绿球藻为例
	1�� 原绿球藻基因组的特点
	2�� 异养细菌促进原绿球藻生长
	3�� 原绿球藻与异养细菌相互作用机制
	3.1�� 异养细菌去除原绿球藻的氧化压力
	3.2�� 异养细菌和原绿球藻之间资源供求关系

	4�� 原绿球藻-异养细菌关系的生态效应
	5�� 结论和展望


