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Review of algal phycosphere: structure and ecological function

WU Ke-Bi"?, ZHOU Jin’, CAI Zhong-Hua*
(1 School of Life Science, Tsinghua University, Beijing 100084, China; 2 Ocean Engineering Research Institute,
Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen 518055, China)

Abstract: The algal phycosphere is a microenvironment with a scaffolding made up of algal secretions, mainly
composed of diverse biotic and abiotic matter, including symbiotic microorganisms, extracellular polysaccharide,
proteins, nucleic acid, etc. While the algal phycosphere provides a niche for complex algal-bacteria interaction, it
also contributes to material cycling, energy flow, and information exchange. In addition to its role in forming a
unique ecological niche, the interactive relationship between algae and associated microorganisms underpins the
biogenic element cycle, as well as the carbon cycle. For example, the precipitation of algal exocellular
polysaccharides largely contributes to the carbon sink of the sediment. Furthermore, when under stress, the algal
phycosphere can function as a protective barrier for cells. Due to the characteristics of the algal phycosphere, it is of
great significance for research on ecological phenomena (such as algal bloom) and future ecological restoration
practices. This review summarizes the algal phycospheres characteristics, influencing factors, and functions in order
to offer a comprehensive understanding of its niche ecological position and a theoretical reference for advancement
to be made in the study of algae-based ecology.
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SEFEZHE. SEN. REBRAER, XIS
AL AR IGRRE . BURLA WL A AR e o)
(P 1a). FEBRIETEA = R IR B RE 5, B TR,
mAgEE R, WMETRRELTESE, FENKRIMAED
TEVES AR, fEgeRpiediE K. R HEEMN
G AE H 2 — R 5 A 35 3 o A0 i S A AR
lzﬁ [1,8,10,16-17]O

ANIFI B, GO SRR TR SR I I PR
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FERIRAZ TSR INRE . MIESFHE Erl gy 4 2K
(1) DATSE 20 B 70 6 B 2 5 EPS A 232 170 A4 e 1) 38 B B4
155 L (2) B R H R A IR Wk [ 43 WA 1 EPS
Fa JG ) 8 B 3R 153 224 5 (3) 22 4T i 38 1) TR A R W R
PEBRIAEE, U0AF BRI BN B AR AE R BT (4)
53 WA 325 W 5 8 41 5 5 MUK 4 (transparent exopolymer
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VIRENT G, XWE T bR 2520,
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ORI BDEGRYER B LA m R ek
#: (Synechococcus) TEP 73h « — 26T, 4=
= [#) TEP £ 12~238 ng Cleell, TTEL T4 4NN
REEUKALFR 5, BEEREE TEP P ik 400 ng Cleell™,
Rk, 7R BRPASE A AR A A& B BRI S B A 6.

T P2 AR A X il B P i PR A B A 35 R .
R S T AR I S AN AR e M, BERR 2 R AT £
H 5530 WA Bl T AERr A BRI AR o Tk IR 2R
(Dunaliella salina) 4y W 1) 5 Br 2 bl B A G802 1,
A B TR E AR AL N R 0 P i 1) 5 2 1k ™, et
RERFEE (Porphyridium) WIHFFCH RN, EEFRZ
SR U E AT FE T R g — R e B iR RIRIR
BN, MERRZ RN E g, X R T N
UK SEH DX AN AL AT S A FE R 5 R B Ay L 1Y
112 FABFEFR

RS E R ILREBERKA TSR ER. &
LRZHBEREKFRNEARKA K, £EEE
KAMEH s EmE WA ERZ —. RIFERABREIRE
AR FEE SR B 4 50 8 28 AR K DA B 38 B 2 55 485 4
A g, S AN 558 ) KN AR o A8 55 1) 4 s i
o WO S s FRIR M AR A ARk, AT o Rl v
bR EPS [ 73 Ak o 48 8 e IR B AR 2544

GECUR Y T 25 AR 55 15 2 of 38 B 285 14 72 A 2 i
Lupi 25 P2 R B, fEESLIBMHET, H6E AR %
R R 2 B B VR v RSN, i &1 Botryococcus
braunii UC 58 [ Fr EPS %5 FE 1A T ( # br EPS 4K
14 d J51X31 2.5 g/L). I{ELEEE Penium margaritaceum
g TR AR, B NH,CL A NHNO; X E NaNO; 1
NEIR, WELR|EIR P margaritaceum 1)1 o E &= 1
B/, (HEERR EPS 4 HIE N, BB A B,
Ai 25 VR, T Thalassiosira pseudonan £ 1/9 N-NO,~
Kb B P B 22 B I R, R IE A 3.8 pg/10°
cells, ZMH LT RAf HRALR 3 £ 1. UK I s
REHIPEE PRI R B . — MBI T, SRR
PSR EPS (Y50 W5, AT 3G K BBl "% Soanen
2t OV 7 O B AN [+ U L P 25 A4 N X403 Porphyri-
dium marinum FATEE5E, KWL N//P N 397 I, #EPR
EPS 277255 0.0622 mg/10° cells, KT N/P K
24.5 ISHR1E (0.0503 mg/10° cells).

G VR BB AR LU AT R e 3 B B A T P 2EL R v
Pk, Hernandez % ™ W LRI, mRRE IR A &
FO0 51 Bl 14 7 B2 ¥ (alkaline phosphatase, AP) 3 4,
T AE 0 JE AT P 3 1) 15 7R v R L IR Eh i & B 5 AP
EWERIONIEM . FUEHEN, 7T EEAEEM 2K AP

TEARNF AT RIEAER . 7R S8 1K,
FE R IA B A B A s R B A B N 5 AESEE TR
K3, TR PR, 5 PR PR R SR A
I PP T 4 52 2 TR = 3 IR (L-Leucine-p-nitroanilide,
LAP). AP E&EEE, XN bR 57 A 2 1 4%
W B R A B

ANTR] ) SR VA B2 A B AT, 0 3 PR PR 55 118 R/
WL ZHEAE ARG R, H, &40
(12 Ak () B AR R 42 LA o A 58 A 2
113 HEE

FEBRIR 5 A2 5 A0 7K A rh 45 UKL AN 48 A 70 Joft 2
ik R 2 R b RY o 5 KPR R B G T BRI BE
25 2 36 0 EPS (143 W4 (B 16)™7, il i, Chen
S DS R R I, RS IARIAT F FL AT R B EPS
AJ LA 2578 55 71 1 FLer Y TiO, Ry, FRAEEATY
R K AR ZEL ., H CuO ki 4b 3 /N ER i
Chlorella pyrenoidosa, F.3%Px EPS JE & & RACFEH
K 4 %, X =fMMIa#E (Phaeodactylum tricornutum)
MR R DL, B3R EE R Ca®. Mg™ RIS e it i
R ) 20k, 5 R PR o 1) R B0 4 T ) S
ORGP S0, AR A R o 2 2 e e e A
B E 1 B, JEBR EPS {117 76 BE A] DA i % 8
BN AR E S B RN EEH, B
A LI s EPS BEES A0 G PR 1 5 S8 3R H 1 Bt
. BRI B R S S YR B
B, TR 4B R R I
1.2 £=¥REE
1.2.1  BEEF0ERr e 1

ANEFEZE A I B R EPS R FI B AR 2 5,
Hixee s 7 B — @ MMRe e (B o). BUFLIR
¥ (D. tertiolecta) N, HE LR (nuclear magnetic
resonance, NMR) 73 #7145 R B 7R, & ) #E PR EPS N
FH ) BEAL R [R) 2 0, 45445 ELEEVE R ARALL, T8
T B 4% (1-4)-a-D- 77 505 ©Y, 1 F& H 3% Cryptheco-
dinium cohnii 73 WA IR B3 EPS A ARG (1A 2 ——
0-D-(1-3)- L JE ML g 4 ik 5% 2 (a-D-(1-3)-hexopyra-
nosyl residues), X AFIR 0 HE 7L I A 5 2 98 PrRAA 1
g R I, FE A B Pleurochrysis carterae 4y
W BR EPS H, 2 FLHEIEBR (galactu-ronic acids)
GBS RN 20% . BT MEES, F—E
FRLEAS ] A B B 23k 1) £ s EPS A AN[A] . % A
E#E Chaetoceros affinis M5, s HAEA K FE A
FEBRIR L R o B, AT S EE bR 2 0E 2 T 0
O, TR SR ARANA T 7 A SR B
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Microcystis sp. £ FE, e Z RS EDT
XTECHA, EEE RS 2 T SR, B Cro-
cosphaera 15X EAE K 43 WA ¥ 388 b EPS F TEP %
T o DTS

AN [543 R[] — o AN [ 2 K i B ) 98 s
WA 2 5, XAl e A T4 R AC TR A %,
Jia 8] AR Kt — 2D B LR BR IR R 1) 22 7
122 fiig#H

R PR B3 1R K /N 32 B (00E P 76 1 B D BE ) 5
W), 4TI ORIy, L s R A RIAAT N,
WIS REEPRIAEE, BT 2 (1 [RFE T i FE 45 14
RARYH O, AT R RE R B & (B 1o). MFR%E
¥ (Phaeocystis) BERMIRHUE E, EREHTHER
F i (Oxyrrhis marina) fFAERIIEOL T, HIMFEEPR 2
PEE) oy, ARFFEARTE NI HEA R EIG K, Hik
KPRBERE o X — ik —J7 AR A M A, S —
FTE A S PR R s e P,
1.2.3  4HGEREE BRI 1

PEBRI G AL OB S AR M B S A s ],
PR E T REERMMAEY, efl—JrmA
FBEEI I AE R AT, RIS EATIE N R4 it
Yk RAMAERKREYR, (A U, g
TR P R BRI 55 1 DR /NG 1A 5 25 DT R 3R
(K 1a). B TEDAS thaT L= L5k EPS, E
NSRSy UEZ i P CIFIAR L 31782 S P i G 27/ 1t )
EPS F #5540+, WHAKEKR{E S (quorum
sensing, QS) 7, LM I H 1c),
filhn, K WIR AR FE LR QS 71N T AV
. #% H/NERE Chlorella sorokiniana (W35 5%, Refd
YRR 2.25 %5, BEPR EPS tpE 2 80 © &k
PESL A T AR R ERAT R (Sulfitobacter) 383 73 WA 1]
Wk -3- 2% (indole-3-acetic acid) [ HFREFEAI 0 2L, I
B BB bR B i 17 QS 15 5 T LA 45 2%
G- UWAH EPS B 2, R T 40 1 i A A AE IR R
AL geah, BWFREBL, WAEYIN QS R4ith
REsZm R A B Th e, W4l QS MEEFE T &
227 R W I8 2% (N-acylhomoserine lactones, AHLs) fit
R HE/NERIEE Chlorella vulgaris 135 bR 75 77 R 2 B2 1R
b T b T JRAT T =, Wang S5 U A R,
BEBRA Bacillus anthracischan 7= 1] QS {5 REfiL it
XLV 7 Gambierdiscus spp. - K7 7=, Rambo
& U2 g 9 1, VPR Rhodobacteraceae F1 Flavo-
bacteriaceae £ W Gambierdiscus carolinianus BFr

B e 3 AR UL K 4 A 3 (0 45 B R FERRARAE

2 CRBRIMEHIINEE(E2)

21 WESUREESMNES

e o P 55 2 P 35 TR 0 ik 1Y) 25 W A T ) S T 4
Hy, ZHERSRIAMBE T RERE = R E YR, 2
BRI BAE D9 A= e i SR AR RE R DR REIE N AR g 11t
R I IE It RGHIBRIEIS . VIBARUNE TEA R
ARG S EANG TR VI, B3 i A
I b X3, BB B ) 20 (4 KR ) g v )
L RAENY, BEBOCEA N DS 1
Ji, NTIAE B PRI BT SR R, A SR AR PR B R
FEBEPRIA B R N . R, PR - W - 2

W 2 MR G IS TEIR RS, RAES AR
GURFIR I E AL

TEAFIFEAD R AR IS AL A, A WA T 4k
AR AP Z TR R . MEEPRI ISRAKE, #Ehr
HIEEAT B (Flavobacterium) FIXIRAT B (Roseobacter)
GEIRE .. ERFCELFERE (Phaeocystis globose)
B8 (Thalassiosira rotula) J& I BIRA #H I EUREZ,
P} 22 4 A 3 (Leptocylindrus danicus) J& il 3B
R R HAK S " B BT I (Novosph-
ingobium) FL/NELIEH (Rhodopirellula) 7& = fi 15
TR (P, tricornutum) FERF T RE , 0w FH 5L T
(Methylophaga) RS T (Dyadobacter) &+t [ 2
SRR AT P TEARER AR, SRR R
SER o BETR LI R AE AU SR BN LA, AN Tk 5 v
Herh AT B P R A B, X ATRER T A
[F) 58 R (R UL B 455 71 1) D ~F 1) 22 4 R F A6 150 (poly-
saccharide utilization loci, PULs) = 5345 5%, Kk, 4
FEBR 2 WEBE AR AR R AR AR, R 2 RE 1A
177 ) o i A D P A B 8 o 22 W A, BB 4
TR 4 R A X6 I 8 5 A AR 4L, 7Y

P T T 858 Tl A 3 A 5 e B S ) SR A R =R R AR
AT DURR IR B, A T 1) AR A LA AN
AL 7RI PR E BB IR KR, AT
FERMREMPEA K. Hf, AR LA
FM AR BN S FRPI BT, A AR R e 1) 3 T B
FEPRIR AT ARAL U, JRAE R AR, TR
PRIAES R T KRR AE YR, REENE
. BRRRRRELR IR TR0 T
22 EEEFMEMRIER

TEBEPRIA B A AR, BEEE (RS 2 o
PITAEIR, IIEP A 5 b B f A B 28 %
FLIE M 52 3 R FE A B PR PR B s SR B e, B
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Ecological niche
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E2 EPRIMEETIRE

(R =R 7 A N A I 73 AW V@2 S A
ZHEAGER TR, 9 R LS 1)
UK 22). R B RO AN — RS PR, —
B A KGBERE WA B, AT LU K A e PR IR
HH ) 22 BESR IR VA 5 53— o2 wfE LB s 2
B, HR AT DU R K e 7 A= ) B0 R B SRR (1) 41
B WFRRIL, BRI NE I R AR R R
FEPRBEBE Z A A . YK B RS
WS, B MRS 2 RE S AR A, A TR
PR R AR A, B B ORI AL 70 i 2
TFE, AR B FON L 2 0 1 K A AR N (external
hydrolysis), Rt 4h 5 3R 85 b T Ath 43k A= P R F i AH
KA EIEBNIE N, P2 A Y (public goods) 1
B, Kinsey % ™ 5@ 7 3 Ak A He A KA
SRR KR B AN PR G (EL R o- A EE R B-
HEREE R, o R A ) AR, KT
i Leptocylindrus 1 Phaeocystis K%, o- Fl B- F
PR R VE 1 5 2 WE I 2 AR BE RO, R bR
ZWE PR FE RGNS, BEE RG B R TR R . RIS
Birho- #i € WEEBE. B- M AIMEH AR, mERAE
R R 2 5 2 HLBRIE A ER B 2, ik
AL A B BTE S BV BRI
FEBRI B G5 T, &M A YY) UAE B

Wi s T A ke R B, nged 2.
AR AR S PR A 5 R A 5 A A e 1
R, EEBRINERET O a0 PR A R B R
BRI IR S IR, NEAKITH (K 2a).
2% 3% Chlamydomonas reinhardtii W) bx 34 55 HH AF1E
Y R B2 R A B, 1 e P B B R
YA L 4EE R BI2 4ERFBMIER £ K ©. B E
B, MEBRANEA e U B R e AR KR . R
TR EEATF B (Sulfitobacter) RENGAR 1 328 A K W5 ok 2,
T (IAA) e 2R, M BA LA &
VIR BT 7 fEPRIAEIT, R4 PRGN
B A WA (dissolved organic nitrogen, DON) 43
N AL, ERR R R A A B rT DARI R AR
0,, WL NOY, TEA A AL B BR 5 %K
PR PRI SR T, SR E R AR S S
LI e ARk . DRk, SEERRERSEAE oW o AL e ()
HAr, BT T 0 A 8 1 R e s =R 1,
FEPRIA BB B B R MY BT 2R, A B T4
FEKARY P sE . AEBREIARE I, AT A 4ERE KR
SR AR A A TR

R PRI P 2w IR X MR P T ol AR
FERAEREE Y. TR R E SRR R T A
Y& Bl AR (Bio-flocs techenology), i A\ NN
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AR ERZ B S, WE TEFEREAGK
A g A, R HG v P A 1 AN 5 A e
I FEA T PR AR ER R 1, KR
AR, 1ZECNAEAIRTREN A . 075
TR EFREANA, FEI TR RIFKR, 2%
F7 5 3k P o Ul o TR 51 R R S S e )

2.3 HEANEAEAVINEIE R

FEPRIAEERR 1 B E S AR AL IE BRI
AR R A KA IREE S, X T R 1) PR AP
ER, ke A gl 2 40, HEle 1
B, EORIERE B4R R AR, e PR
S %) e, T A A ) B AV 12

bR S A S EIRE SR, XA RS
PR IER B A B K EE, TR PRI B R 3 BF
BRI U™ AR 272 AR R PR IR BE 1 R ) 77 A 25
S, IS EEPR EPS /= 8] DMAIL. /NEKWEE Chlorella
vulgaris. FHEMEE (Scenedesmus obliquus) 7 %] 5
B. braunii. /\NBRJE Chlorella sp. BWY-1 FIR A= 2L Bk
¥ (Haematococcus pluvialis) 7=+ 3 br EPS B 8E 1143
54 86.60%. 27.65%. 32.74%- 67.89% F1 50.92%",
FEBRIFIE AT DL o g Jo ] 25 (A) ) B RS, R ke B fR
MR IhRE, BI040 B X PR B 1 0& N 7 (environmental
adaptability)**( & 2b).

TEEFRERHZ (nutrient depletion). 5 ¢EHE (high
light). % fb¥ (oxidants). ¥t (turbulent current) %5
FECT, s OB PR . DO PR IR B I B
FE RS 5, R iR T 2b). FEBRE S
T, BEEREIRGANEE B BA R BIAE], 4E R
IEAERKAESE, Hib TOLEEREERT, L
B = A AR Ak 2, 3K R E R 22 W IR WA 1t 1
il O EEBVERAE R, RGN A2, 4ni
M DUR I 2 ek i T A, RO R AN A E (1) L
B 7 RAREI I 2 . Sk, 2 E o v AL
FEAE EPS Zr i BIEER A S, X e — M T AR
T AZ R B AL B

LT 240 PR T 3 SR 9 B A 5 1 O /N R B 77 P
BUEARAE PR ST R, NI B E Rt . BRI R
T I NN P B ) B AR AL E A Sy, RS2
H ) 1) 3 55 . Cordoba-Castro % ® i 47 (19 4]
SRR, WAt Scendesmus EPS [ 43I AF
TELMEIC R . — e, BEEmImIEh L,
FEARMU R EPS WIS+ Tl I B PR EPS
PIVREE, nag 7 ARG B 77, IR 2 m 40 P &
FERRL /N K A SR e 5 SR 0 40 I A RS 7K I

JERRS, TSRS N R, IR E S5
Xt H £ 0 o

T35k, EPS )50 WA BT ERF 40 i B35 /K 2,
FER S A D K e O, ORI 1) 2 A
Steele %5 P R FREBESEAT SE00, @I AR SR PR
IN 3 R I (xanthan gum) B0 BRIA S, FF 7 LA
EREEE, W PRI BN R R R . A5 R
RN, B AE T U ) T A v BRI EE R AR
YEFFIRF RO EE e, dER S B ARG S 5 TR
FEHT 5 A LR BV MR T BRI 50%.
I, fEmERIAEE T, EPS /v iiA BT 40 g+ E
AFDIRAS . [FAEH, EMRIRIMAER N, 20 Wb b 2 hE
W — PR EOE N RE AL, AR, ]
R AGIEER Y,

TEREIARIK b, BRI I OR Y A AL AR ELAE
H AR /N 35 2R A DL G DR A4 BRS04 858 B o
Sazhin %5 "V 2 B, 8 Fr EPS (1)) Wb 5 Wi 2 2K 77 24
B AR RS, T M/ N R RGE, EPS 14
AR TR G T EOR G+, DT I8 A AR i) 3
KUAERTES T, PRl RE. DIRREEENH, FREE
T BIRAS AR 20 JH 1) R MY 3~8 pm, (HE fE TR
JLAh o WA KB 2 BEER T, B ORI 100 pm (1)
FREEJEAR . BFFCR N, REWEEAT NEE & et
ZEER AT, 6 T RE AR 3k EPS ¥ 43 i,
TERCEEAR, WA AT B R VR P2 fEIX
FEBERR AT, ARFEiR R A K, SHER S
A U,

TE SRR AR 1450\ 9 2 D T S P 855 11 B R
PRNE 2 —, TMEESR EPS [ AT B SRER 4 5= A4
AR, FEEAFECLT 3 51 - (1) 723 N RER 3
Ferb, PR RIEE, TRAKEE E R H T AEK
(R85 42 9 EPS 43 W B 41 1 5 (2) 16 759 )5 1,
N BRI = EPS,  [RIE R BE & IR AR A 1
(=2 B35 (3) Jr g R R AR A FA) Bl A7 AE B PR i
foltn, 55 ¥ g LK T R ) L 7 A % B R
Wl B, BB e . R ORI
KH EPS Ui fige, ok, HEDMERR EPS 1
Ir AR BE SRR AR A4 T Bl 5% B

FE BRI B IE N7 ORBR A8 7 59 B RN 6 PR R 1
( E 2b). 1L XS P B0 BE 8 Amphora A1 Enteromorpha
(A6 7 EAT T FUI AL, 3 ol 4 L i 4 AN [
P (1) 3 b EPS SR B 6 T Ui AR 3R 11 R & Bt 7
T 3G A% U AR D 2 1 B BB B . R ERE A
fi Enteromorpha a7 FEAE B K UTA R, (H



5 R, 4.

BEbrA BT A A S5 40 5 T RERIWE Tk fig 541

&, FAERERIK, firE—EiEt. M Amphora
BONEFEM RSV RIE, A1 REs2 3 —
SEFREEIBR S, MR 2 BB, 7P RE P Eg
Ko IXLCRE AN RE R 2 A BEAI L1 EPS 20 Wb
X, BT EPS MALZE, flr3iaEGETTRYTIR
T, AR TR, 2 SR I P I PR
Ko Bk, EPS BIORHA AT HE5 AN [FE B M
A W R 2 P07

2.4 TR ARRRIEIRHY STEK

B AR B E IR A" 71, BIRERR
TR B TR, IR R A F e K
TR, BR Tt B SRR, TR 2
BN E AR G T, NI RIE A R AR . EEPRIA
5% A& 1] ¥ P A HLBK (dissolved organic carbon, DOC)
UKL A HLA% (particulate organic carbon, POC) [f]
= EORYE, [ DOC M POC 2 [7] B A H 4% b 3K
ARG < HEBR 2 BE BE 9 A W g v DOC,
W BN AR e — 22 # 4k y POC, 11 TEP
(transparent exopolymer particles) ( & 2¢). KZ %%
PEREPR I N NG R, NI AES RG
RAEEN 1 ER, A REEPR 2 WE T A S8,
I TGN Ir sy, R a) T 4k AR AR P e ) B
A ®. TEP 7K il 251 B RS B
TR 5 R A ERA SR, TEP ffREs i L'E
EERPERIARRE S, SRR m P HEM
B WS w4 G0, TEP RADTRE,
TR T P —J7TH, W RERE N SR
RS &, N TR AEA L
V), AR AENYEEALEREEFRE, MR TR
PEIA 5 S —T7M, T PCRERNTORRY B —& 57
W7 R A I R DY R AR RS
Hph (B AR ), BN SRIE N, ME
ZIR R T A e S SRR T K B EPS, PR
WERIRY K, [FRFEREE RS, EEPR 2P
BE 2 DURE 2, IX NG LA I A 1) % LA B 2
ik, AR TR EAA AR A . KRB
AR KN, R ES, XEHIEAN
R ARARBEAEIREARE YY R, SRR ER BT T
I A I AN R R i A7 A R .

TEP (7= 4 5t SR FZ AL I OG, K
TEP & B &M s R g mm g m, AT .
TEP,,, = o (Chl-a)" (TEP,,, #& LA J5 I AF b vf: &y
SKLAE TEP, WKEEHALE pg/L, Hrh Chla fAFnt
bz a, WREHRAE ng/L). X THFEERM S, i

SRS ENCIASC, Bk, BEEKEEM, b
HEHISS, TEP [)& BEAHX TP, X KEFE (Southern
Ocean) 4 M s TEP #EAT AL A A AL, TR
FE N 4 m ) X 3 TEP ¥R £ 5 &, “F 328 (102.3 +
40.4) ug XG eq/L, I H TEP (#8387 b 5 IR
3 g s/ B, X R EH TEP K& R kb 56 g
(R 554 5% PO TEP MU AZ s sem, 52K
LR, e 8B B . f AN AR i
T 53 WA WA WL/ INSSURL A AN 75 51 N A BIL R 2 4
REWEA N TEP (R, i3 SO E A BAE
FH 2R 25T R AR G R IR o 3 e gl oK e e vl 3 i Ji
LFYUER Ca™ ERIM BUE K INfEE, ik
TR B LB L R, A 8 — i Re B (0 98 o 31 155 1)
gk g 102103]

H AT, X BRAE I A 7T 2 R A FOGE,
B 22 00 H IR AR 1K) EPS X EVE AL S B G )
TR, AT DA A B TR S IR A R IR IR
EPS [ 73 WA E BRI h MAE R R D fEEE
FE X, JBEE IE L W B Dinophysis. Prorocentrum-.
Alexandrium <51 FEE FFH A T7 0, X DOC HIH
Fef 7 oTmk Y. FEIR MR R, R Rk v 4 WA K
=) DOC, i@ M= 1 FEAR 5 U, 4 f
N DAEAR T S 00RE T, 1 IR A AERRAC
Al it S EURE 2 BPS [y N R A R R R
(1) EPS Hff 51 0] G il H2 (L R s s 420
3 RE

T ERAERGE, BitC&2Bs 72770
Pk, ARG HCRYE, A ARk, DL TR,
X Ee{E BERAS A BT R AR I S 0 A A7 3 B ATL i A0
AR R, RIS AR T B bR 052 B R KH
X RAERIE . SR, BT REAEESR
S Z R Ao, — SRl ) AR SR S5 R
B, RSk ATE IR 77 IR HE LT 3 N5« (1)
FIFHBE PR PR A R A A ST, (k= 38 i 0 o 91
W, YRR TR A ST, P AR E TR R
FIH, TFRFHAESBERR o RN, KRS
(A2 D Re AN At AR 1) 2 TRV ST I 28 B, R R
AN R, FHLIZPIEE ALK
o (2) KIFIRAE T 7 77 S5 Bn 28 58 1 4 0
FMIhae. HArsEPRIAS R 2 ey B Rk, Xt
THREEM SRR FUE 2, TN T F Al B Rl 2
RGBT IREEIR, I anRs e i 3 DL A AT
KPR T ST RO = o X S RGBT T iR



542

G gEEd

33%:

B U ARFAE A AR B R B T e A BB . (3)
TR AT 50 8 B A B MR IR A4 T BRI 2R o 2 B
PREES AEFF IS I AN MR ARG 52« DR A R34
SRR ORYE R, [T 0 3 IR 2 A AT AR IR A4
B SEAFAFAERL AL . 1 AR — 38 Z M B R A Bl
T AT R RRUCAR B M 15, 8 AT O ol i B0 A A
AN 7 B2 A R B

[10]

(& £ X #
Falkowski PG. The role of phytoplankton photosynthesis
in global biogeochemical cycles. Photosynth Res, 1994,
39:235-58
Cahoon LB. The role of benthic microalgae in neritic
ecosystems. Oceanogr Mar Biol, 1999, 37: 47-86
Blake RE, Duffy JE. Changes in biodiversity and
environmental stressors influence community structure of
an experimental eelgrass Zostera marina system. Mar
Ecol Prog Ser, 2012, 470: 41-54
Alberti J, Cebrian J, Alvarez F, et al. Nutrient and
herbivore alterations cause uncoupled changes in producer
diversity, biomass and ecosystem function, but not in
overall multifunctionality. Sci Rep, 2017, 7: 2639
Heil CA, Chaston K, Jones A, et al. Benthic microalgae in
coral reef sediments of the southern Great Barrier Reef,
Australia. Coral Reefs, 2004, 23: 336-43
Ramanan R, Kang Z, Kim BH, et al. Phycosphere bacterial
diversity in green algae reveals an apparent similarity
across habitats. Algal Res, 2015, 8: 140-4
Seymour JR, Amin SA, Raina JB, et al. Zooming in on the
phycosphere: the ecological interface for phytoplankton-
bacteria relationships. Nat Microbiol, 2017, 2: 17065
Zhou J, Lao YM, Song JT, et al. Temporal heterogeneity
of microbial communities and metabolic activities during
a natural algal bloom. Water Res, 2020, 183: 116020
Liu L, Huang Q, Qin B. Characteristics and roles of
microcystis extracellular polymeric substances (EPS) in
cyanobacterial blooms: a short review. J Freshwat Ecol,
2018, 33: 183-93
Naoshige G, Tomohiko K, Osamu M, et al. Importance of
extracellular organic carbon production in the total
primary production by tidal-flat diatoms in comparison to
phytoplankton. Mar Ecol Prog Ser, 1999, 190: 289-95
Pierre G, Delattre C, Dubessay P, et al. What is in store for
EPS microalgae in the next decade? Molecules, 2019, 24:
4296
Xiao R, Zheng Y. Overview of microalgal extracellular
polymeric substances (EPS) and their applications.
Biotechnol Adv, 2016, 34: 1225-44
Flemming HC, Wingender J. The biofilm matrix. Nat Rev
Microbiol, 2010, 8: 623-33
Miihlenbruch M, Grossart HP, Eigemann F, et al. Mini-
review: phytoplankton-derived polysaccharides in the
marine environment and their interactions with heterotrophic
bacteria. Environ Microbiol, 2018, 20: 2671-85

[15]

[20]

(21]

[23]

[29]

[30]

Gaikwad M, Pawar Y, Dasgupta S, et al. Marine red alga
Porphyridium sp. as a source of sulfated polysaccharides
(SPs) for combating against COVID-19 [M]. Preprints,
2020, DOT: 10.13140/RG.2.2.35640.90883

Zhou J, Zhang BY, Yu K, et al. Functional profiles of
phycospheric microorganisms during a marine dinoflagellate
bloom. Water Res, 2020, 173: 115554

Singh R, Parihar P, Singh M, et al. Uncovering potential
applications of Cyanobacteria and algal metabolites in
biology, agriculture and medicine: current status and
future prospects. Front Microbiol, 2017, 8: 515

Passow U, Alldredge AL. Aggregation of a diatom bloom
in a mesocosm: the role of transparent exopolymer
particles (TEP). Deep Sea Res, 1995, 42: 99-109

Ai XX, Liang JR, Gao YH, et al. MALDI-TOF MS
analysis of the extracellular polysaccharides released by
the diatom Thalassiosira pseudonana under various
nutrient conditions. J Appl Phycol, 2015, 27: 673-84
Steele DJ, Franklin DJ, Underwood GJ. Protection of cells
from salinity stress by extracellular polymeric substances
in diatom biofilms. Biofouling, 2014, 30: 987-98

Mandal SK, Singh RP, Patel V. Isolation and characterization
of exopolysaccharide secreted by a toxic dinoflagellate,
Amphidinium carterae Hulburt 1957 and its probable role
in harmful algal blooms (HABs). Microb Ecol, 2011, 62:
518-27

Zhang S, Jiang Y, Chen CS, et al. Aggregation, dissolution,
and stability of quantum dots in marine environments:
importance of extracellular polymeric substances. Environ
Sci Technol, 2012, 46: 8764-72

Liu LZ, Huang Q, Qin BQ. Characteristics and roles of
Microcystis extracellular polymeric substances (EPS) in
cyanobacterial blooms: a short review. J Freshwat Ecol,
2018, 33: 183-93

Yang Y, Hu X, Zhang J, et al. Community level
physiological study of algicidal bacteria in the phycospheres
of Skeletonema costatum and Scrippsiella trochoidea.
Harmful Algae, 2013, 28: 88-96

TN RRTE AR TY BRSO A g e S [D]. 7
By rp RS, 2010

U, RAEE, 245 )AL R AR S R A
I 25 A S M R 2R R S, 2019, 50: 630-43
Dutz J, Breteler WCMK, Kramer G. Inhibition of copepod
feeding by exudates and transparent exopolymer particles
(TEP) derived from a Phaeocystis globosa dominated
phytoplankton community. Harmful Algae, 2005, 4: 929-
40

Villacorte LO, Ekowati Y, Winters H, et al. Characterisation
of transparent exopolymer particles (TEP) produced
during algal bloom: a membrane treatment perspective.
Desalin Water Treat, 2013, 51: 1021-33

Zamanillo M, Ortega-Retuerta E, Nunes S, et al.
Distribution of transparent exopolymer particles (TEP) in
distinct regions of the Southern Ocean. Sci Total Environ,
2019, 691: 736-48

Mari X, Rassoulzadegan F, Brussaard CP, et al. Dynamics
of transparent exopolymeric particles (TEP) production by



5

RRHE, &

BEbrA BT A A S5 40 5 T RERIWE Tk fig

543

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Phaeocystis globosa under N™ or P~ limitation: a
controlling factor of the retention/export balance. Humful
Algae, 2005, 4: 895-914

Schreier JE. Dynamics of bacteria and phytoplankton in
the surface ocean[M]//Cochran KJ, Bokuniewicz HJ,
Yager PL. Encyclopedia of Ocean Sciences (3 ed). Oxford:
Academic Press, 2019: 546-52

Jin H, Lao YM, Ying KZ, et al. Stringent response
regulates stress resistance in cyanobacterium Microcystis
aeruginosa. Front Microbiol, 2020, 11: 2803

Jain R. Polyunsaturated fatty acids and extracellular
polymeric substances from Thraustochytrid Protists[D].
Panaji: Goa University, 2005

Chen X, Han W, Wang G, et al. Application prospect of
polysaccharides in the development of anti-novel
coronavirus drugs and vaccines. Int J Biol Macromol,
2020, 164: 331-43

Rao KS, Suryaprakash V, Senthilkumar R, et al. Role of
immune dysregulation in increased mortality among a
specific subset of COVID-19 patients and immune-
enhancement strategies for combatting through nutritional
supplements. Front Immunol, 2020, 11: 1548

Ramanan R, Kim BH, Cho DH, et al. Algae-bacteria
interactions: evolution, ecology and emerging applications.
Biotechnol Adv, 2016, 34: 14-29

Li H, Li Z, Xiong S, et al. Pilot-scale isolation of bioactive
extracellular polymeric substances from cell-free media of
mass microalgal cultures using tangential-flow ultrafiltration.
Process Biochem, 2011, 46: 1104-9

Liu B, Eltanahy EE, Liu H, et al. Growth-promoting
bacteria double eicosapentaenoic acid yield in microalgae.
Bioresour Technol, 2020, 316: 123916

Cho DH, Ramanan R, Heo J, et al. Enhancing microalgal
biomass productivity by engineering a microalgal-bac-
terial community. Bioresour Technol, 2015, 175: 578-85
Lee C, Jeon MS, Kim JY, et al. Effects of an auxin-
producing symbiotic bacterium on cell growth of the
microalga Haematococcus pluvialis: elevation of cell
density and prolongation of exponential stage. Algal Res,
2019, 41: 101547

Manan H, Moh JHZ, Kasan N A, et al. Identification of
biofloc microscopic composition as the natural
bioremediation in zero water exchange of Pacific white
shrimp, Penaeus vannamei, culture in closed hatchery
system. Appl Water Sci, 2017, 7: 2437-46

Cai H, Jiang H, Krumholz LR, et al. Bacterial community
composition of size-fractioned aggregates within the
phycosphere of cyanobacterial blooms in a eutrophic
freshwater lake. PLoS One, 2014, 9: ¢102879

Cheng SY, Show PL, Lau BF, et al. New prospects for
modified algae in heavy metal adsorption. Trends
Biotechnol, 2019, 37: 1255-68

Chen J, Li H, Zhang Z, et al. DOC dynamics and bacterial
community succession during long-term degradation of
Ulva prolifera and their implications for the legacy effect
of green tides on refractory DOC pool in seawater. Water
Res, 2020, 185: 116268

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[57]

[58]

[59]

(61]

Medina-Cabrera EV, Rithmann B, Schmid J, et al.
Optimization of growth and EPS production in two
Porphyridum strains. Bioresource Technol Rep, 2020, 11:
100486

Bjerrisen PK. Phytoplankton exudation of organic matter:
why do healthy cells do it? Limnol Oceanogr, 1988, 33:
151-4

Cherrier J, Valentine S, Hamill B, et al. Light-mediated
release of dissolved organic carbon by phytoplankton. J
Mar Syst, 2015, 147: 45-51

Callieri C, Sathicq MB, Cabello-Yeves PJ, et al. TEP
production under oxidative stress of the picocyanobacterium
Synechococcus. J Limnol, 2019, 78: 271-83

Mishra A, Kavita K, Jha B. Characterization of extracellular
polymeric substances produced by micro-algae Dunaliella
salina. Carbohydr Polym, 2011, 83: 852-7

Soanen N, Da Silva E, Gardarin C, et al. Improvement of
exopolysaccharide production by Porphyridium marinum.
Bioresour Technol, 2016, 213: 231-8

Stibal M, Sabacka M, Zarsky I. Biological processes on
glacier and ice sheet surfaces. Nat Geosci, 2012, 5: 771-4
Lupi FM, Fernandes HML, Tomé MM, et al. Influence of
nitrogen source and photoperiod on exopolysaccharide
synthesis by the microalga Botryococcus braunii UC 58.
Enzyme Microb Technol, 1994, 16: 546-50

Wang M, Kuo-Dahab WC, Dolan S, et al. Kinetics of
nutrient removal and expression of extracellular polymeric
substances of the microalgae, Chlorella sp. and Micractinium
sp., in wastewater treatment. Bioresour Technol, 2014,
154: 131-7

Domozych DS. Exopolymer production by the green alga
Penium margaritaceum: implications for biofilm residency.
Int J Plant Sci, 2007, 168: 763-74

Hernandez I, Niell FX, Whitton BA. Phosphatase activity
of benthic marine algae. An overview. J Appl Phycol,
2002, 14: 475-87

Song C, Cao X, Zhou Y, et al. Different pathways of
nitrogen and phosphorus regeneration mediated by
extracellular enzymes in temperate lakes under various
trophic state. Environ Sci Pollut Res, 2018, 25: 31603-315
Zhou K, Hu Y, Zhang L, et al. The role of exopolymeric
substances in the bioaccumulation and toxicity of Ag
nanoparticles to algae. Sci Rep, 2016, 6: 32998

Chen F, Xiao Z, Yue L, et al. Algae response to engineered
nanoparticles: current understanding, mechanisms and
implications. Environ Sci Nano, 2019, 6: 1026-42
Crawshaw J, O’meara T, Savage C, et al. Source of
organic detritus and bivalve biomass influences nitrogen
cycling and extracellular enzyme activity in estuary
sediments. Biogeochemistry, 2019, 145: 315-35
Shekharaiah PSC, Sanyal D, Dasgupta S, et al. Heavy
metal mitigation with special reference to bioremediation
by mixotrophic algae-bacterial protocooperation[M]//
Cellular and molecular phytotoxicity of heavy metals.
Cham: Springer International Publishing, 2020: 305-34
Goo BG, Baek G, Choi DJ, et al. Characterization of a
renewable extracellular polysaccharide from defatted



544

G gEEd

33%:

[62]

[63]

[64]

[65]

[66]

[68]

[69]

[70]

(73]

[74]

microalgae Dunaliella tertiolecta. Bioresour Technol,
2013, 129: 343-50

Swaaf' M, Grobben G, Eggink G, et al. Characterisation of
extracellular polysaccharides produced by Crypthecodinium
cohnii. Appl Microbiol Biotechnol, 2001, 57: 395-400
Decho AW, Gutierrez T. Microbial extracellular polymeric
substances (EPSs) in ocean systems. Front Microbiol,
2017, 8: 922

Krohn-Molt I, Alawi M, Forstner KU, et al. Insights into
microalga and bacteria interactions of selected phycosphere
biofilms using metagenomic, transcriptomic, and proteomic
approaches. Front Microbiol, 2017, 8: 1941

Miller MB, Bassler BL. Quorum sensing in bacteria. Annu
Rev Microbiol, 2001, 55: 165-99

Das S, Das S, Ghangrekar MM. Quorum-sensing mediated
signals: a promising multi-functional modulators for
separately enhancing algal yield and power generation in
microbial fuel cell. Bioresour Technol, 2019, 294: 122138
Amin S, Hmelo L, Van Tol H, et al. Interaction and
signalling between a cosmopolitan phytoplankton and
associated bacteria. Nature, 2015, 522: 98-101

Bassler BL. Small talk: cell-to-cell communication in
bacteria. Cell, 2002, 109: 421-4

Wyss SC. Design of a cross-domain quorum sensing
pathway for algae biofuel applications[D]. Athens: Ohio
University, 2013

Zhou D, Zhang C, Fu L, et al. Responses of the microalga
Chlorophyta sp. to bacterial quorum sensing molecules
(N-Acylhomoserine Lactones): aromatic protein-Induced
self-aggregation. Environ Sci Technol, 2017, 51: 3490-8
Wang B, Yao M, Zhou J, et al. Growth and toxin
production of Gambierdiscus spp. can be regulated by
quorum-sensing bacteria. Toxins, 2018, 10: 257

Rambo IM, Dombrowski N, Constant L, et al. Metabolic
relationships of uncultured bacteria associated with the
microalgae Gambierdiscus. Environ Microbiol, 2020, 22:
1764-83

Kimbrel JA, Samo TJ, Ward C, et al. Host selection and
stochastic effects influence bacterial community assembly
on the microalgal phycosphere. Algal Res, 2019, 40:
101489

Kriiger K, Chafee M, Ben Francis T, et al. In marine
Bacteroidetes the bulk of glycan degradation during algae
blooms is mediated by few clades using a restricted set of
genes. ISME J, 2019, 13: 2800-16

Li S, Winters H, Villacorte L, et al. Compositional
similarities and differences between transparent exopolymer
particles (TEPs) from two marine bacteria and two marine
algae: significance to surface biofouling. Mar Chem, 2015,
174: 131-40

Sazhin AF, Artigas LF, Nejstgaard JC, et al. The
colonization of two Phaeocystis species (Prymnesiophyceae)
by pennate diatoms and other protists: a significant
contribution to colony biomass[M]//van Leeuwe MA,
Stefels J, Belviso S. et al. Phaeocystis, major link in the
biogeochemical cycling of climate-relevant elements.
Dordrecht: Springer, 2007: 137-45

[77]

[78]

[79]

(80]

(81]

(85]

Xu H, Jiang H, Yu G, et al. Towards understanding the
role of extracellular polymeric substances in cyanobacterial
microcystis aggregation and mucilaginous bloom
formation. Chemosphere, 2014, 117: 815-22

Sichert A, Corzett CH, Schechter MS, et al. Verrucomicrobia
use hundreds of enzymes to digest the algal polysaccharide
fucoidan. Nat Microbiol, 2020, 5: 1026-39

Teeling H, Fuchs BM, Becher D, et al. Substrate-controlled
succession of marine bacterioplankton populations induced
by a phytoplankton bloom. Science, 2012, 336: 608-11
Teeling H, Fuchs BM, Bennke CM, et al. Recurring
patterns in bacterioplankton dynamics during coastal
spring algae blooms. eLife, 2016, 5: e11888

Cai H, Jiang H, Krumholz LR, et al. Bacterial community
composition of size-fractioned aggregates within the
phycosphere of cyanobacterial blooms in a eutrophic
freshwater lake. PLoS One, 2014, 9: ¢102879

Kinsey JD, Corradino G, Ziervogel K, et al. Formation of
chromophoric dissolved organic matter by bacterial
degradation of phytoplankton-derived aggregates. Front
Mar Sci, 2018, 4: 430

Wei Y, Liao SA, Wang AL. The effect of different carbon
sources on the nutritional composition, microbial community
and structure of bioflocs. Aquaculture, 2016, 465: 88-93
van der Ha D, Nachtergaele L, Kerckhof FM, et al.
Conversion of biogas to bioproducts by algae and methane
oxidizing bacteria. Environ Sci Technol, 2012, 46: 13425-
31

Wang H, Qi B, Jiang X, et al. Microalgal interstrains
differences in algal-bacterial biofloc formation during
liquid digestate treatment. Bioresour Technol, 2019, 289:
121741

Wang J, Jin W, Hou Y, et al. Chemical composition and
moisture-absorption/retention ability of polysaccharides
extracted from five algae. Int J Biol Macromol, 2013, 57:
26-9

Parker CL. The effects of environmental stressors on
biofilm formation of Chlorella Vulgaris[D]. Boone:
Appalachian State University, 2013

Saad EM, Longo AF, Chambers LR, et al. Understanding
marine dissolved organic matter production: compositional
insights from axenic cultures of Thalassiosira pseudonana.
Limnol, 2016, 61: 2222-33

Taylor JR, Stocker R. Trade-offs of chemotactic foraging
in turbulent water. Science, 2012, 338: 675.
Cordoba-Castro NM, Montenegro-Jaramillo AM, Prieto
RE, et al. Analysis of the effect of the interactions among
three processing variables for the production of
exopolysaccharides in the microalgae Scenedesmus
obliquus (UTEX 393). Vitae, 2012, 19: 60-9

Steele DJ, Franklin DJ, Underwood GlJ. Protection of cells
from salinity stress by extracellular polymeric substances
in diatom biofilms. Biofouling, 2014, 30: 987-98
Grattepanche JD, Breton E, Brylinski JM, et al. Succession
of primary producers and micrograzers in a coastal
ecosystem dominated by Phaeocystis globosa blooms. J
Plankton Res, 2010, 33: 37-50



5

RRHE, &

BEbrA BT A A S5 40 5 T RERIWE Tk fig

545

(93]

[94]

(93]

[96]

[97]

(98]

[99]

[100]

Wang ZH, Qi YZ, Yang YF. Cyst formation: an important
mechanism for the termination of Scrippsiella trochoidea
(Dinophyceae) bloom. J Plankton Res, 2007, 29: 209-18
WARIR, T %, WU, 5. JJ TR A EA R
BEORIR AR S 55330 P 1L oK BV R MG T . B Wi v
2447, 2004, 23: 453-7

FRRENE, MR, o5 e, Rl M4 2 Y ot
FOBERE. IR AL, 2019, 38: 139-45

Finlay JA, Callow ME, Ista LK, et al. The influence of
surface wettability on the adhesion strength of settled
spores of the green alga Enteromorpha and the diatom
Amphora. Integr Comp Biol, 2002, 42: 1116-22

Niemi A, Michel C, Hille K, et al. Protist assemblages in
winter sea ice: setting the stage for the spring ice algal
bloom. Polar Biol, 2011, 34: 1803-17

Arnosti C, Wietz M, Brinkhoff T, et al. The biogeochemistry
of marine polysaccharides: sources, inventories, and
bacterial drivers of the carbohydrate cycle. Ann Rev Mar
Sci, 2021, 13: 81-108

Mari X, Passow U, Migon C, et al. Transparent exopolymer
particles: effects on carbon cycling in the ocean. Prog
Oceanogr, 2017, 151: 13-37

Decho AW. Microbial exopolymer secretions in ocean
environments: their role(s) in food webs and marine

processes. Oceanogr Mar Biol Annu Rev, 1990, 28: 73-153

[101] F0690, kL3, 48, 55 Wi m Fo ik g
HAESE N MAELF, 2020, 31: 685-94

[102] Bar-Zeev E, Passow U, CastrilloN SR, et al. Transparent
exopolymer particles: from aquatic environments and
engineered systems to membrane biofouling. Environ Sci
Technol, 2015, 49: 691-707

[103] Cisternas-Novoa C, Lee C, Engel A. Transparent exopolymer
particles (TEP) and Coomassie stainable particles (CSP):
differences between their origin and vertical distributions
in the ocean. Mar Chem, 2015, 175: 56-71

[104] Burkholder JM, Glibert PM, Skelton HM. Mixotrophy, a
major mode of nutrition for harmful algal species in
eutrophic waters. Harmful Algae, 2008, 8: 77-93

[105] Maher DT, Eyre BD. Benthic fluxes of dissolved organic
carbon in three temperate Australian estuaries: implications
for global estimates of benthic DOC fluxes. J Geophys
Res, 2010, 115: G04039

[106] Delattre C, Pierre G, Laroche C, et al. Production, extraction
and characterization of microalgal and cyanobacterial
exopolysaccharides. Biotechnol Adv, 2016, 34: 1159-79

[107] Fu H, Uchimiya M, Gore J, et al. Ecological drivers of
bacterial community assembly in synthetic phycospheres.
Proc Natl Acad Sci USA, 2020, 117: 3656-62



