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FEE BRI B RS BT | PR T 3 AR I AT DI BEA DI WAL B, FESIR E AT, AR B R TR Tk,
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Growth and reproduction of the green macroalga Ulva prolifera

ZHANG Bixin, WANG Jianzhu, WANG Yifu, WANG Liang, SHEN Songdong "
School of Biology and Basic Medical Sciences, Soochow University, Suzhou 215123, China

Abstract; The aims of this study were to investigate the growth and reproductive strategies of Ulva prolifera that contribute
to its omnipresence and annual blooms. In addition, the influence of the position in the alga, length and integrity, on
growth, sporulation, regeneration and development of Ulva species was investigated. Growth, regeneration, and
reproduction of segments and tissues of U. prolifera were studied systematically by shallow liquid cultivation under
laboratory conditions. The results, observed with an inverted microscope, showed that the basal and mid segments could
generate thizoids at lower ends, while the upper ends developed into branches. However, the upper ends of small basal
segments could generate rhizoids instead of branches. We concluded that the polarity of regeneration is not absolute, and
1. 00 mm in length was critical to maintain polarity of regeneration. A number of cells in the basal tissue developed into
sporangia. We also observed that the basal tissues could form rhizoids without thalli, or thalli without rhizoids. Similar to
the basal segments, about 70% of mid segments generated rhizoids at their lower ends, and leaf—shaped branches at their
upper ends. Many cells of mid segments transformed into sporangia. Cells in most mid tissues either died or developed into
sporangia. Only 36% of mid tissues generated rhizoids and branches. Many basal and mid segments formed an air chamber,
which is one of characteristics of rapid growth. Cells in the apical segments had an ability to produce and release spores.
The lower ends of the apical segments had a tendency to generate rhizoids at the early stage of culture, but they
disintegrated quickly because of the production and release of spores. The apical tissues of U. prolifera dispersed quickly,

some cells transformed into sporangia, and others died. The spores released from segments and tissues could germinate into
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seedlings immediately. Cells of small pieces of tissue could germinate directly into filamentous fronds. The results of data
analysis indicated that growth rates were closely related to the initial length and the position in the thallus from which they
came. The regeneration rate of segments and tissues was related to their position in the thallus and the integrality of the
thallus. That is, growth and regeneration of Ulva segments had polarity. There were significant differences in regeneration
rates between segments or tissues from the same position in the thallus. For basal segments, except for 1. 00 mm basal
segments, with an increase in initial length, growth rate declined and tended to slow at 20. 00 mm. Similarly, an increase
in initial length at mid segment, resulted in a decrease in growth rate. Unlike basal segments, the growth rate of the mid

segments declined and tended to slow at 5.00 mm.

Key Words: green tides; polarity; regeneration; reproduction; Ulva prolifera

W& (Ulva prolifera) , ¥ 44 Enteromorpha proliferam , PEREDIR IR PREA0M, STk 1 — 2 m, RS
52 em; A R, ZAKOREER, B XA ASACAR K, T2 2045 T R AT R
AR, S RS S| & SO R 2 E BRI G S LA R & T LIS A,
WA A S A e R T KA D T SRR & AL G R AL, H R A 7 o 4
FEAH: WA AR I DGRIE A JE DU B R R ML . Lin S50 0 & b R i 0 5 L o s 2 REdE A
KB B R — SR W AN TR AR, B AN B Ry SRR DGR IR AR EERE
IOV,

Dan 2245 i & R BT E /N R B e85 35 nT 3R A AR B 4NN . Dan S0KEHF & U1 BERE 37 & 90 3 1R 58
UE IR AL T AR | Lee St 4i38 T HWFE A FRA EAR ML) BRI IR 4530 o8 5 2 U — 2 K/ B
PHATE SR IIER , A THRBLE A S Pl A BB Be R B A — S B Y TR IR T 7 2
BRI A & BB, Rl s TR AR A PR AR R T A B — T
TEVIBNYIRE 25 T & B B S 0 A KA B R, DU D e B v D R AR 0 s 45 05 T A 3, 3
— 5 ) B AR R ML
1 #R5F*

1.1 MREIE

WFE R FTLIRME 7R 6 T D s 280 IR 00 X I S8 S 90 00 AR | 6 3 e AR 0 e B RS R AP AR eI, R
L2 )5 S BRI Sk ok, R A vKES I PRI S [l S 30 ==
1.2 STk
1.2.1 FEshAbHE

FE i A SR A PR gt TLals , P T IR ) SR W /K R T L 5 KA o B B 35 3 T I e 10 T /K (N
2.5 mmol/L.P 0.25 mmol/L) , /KL 24, FARZ T —BEm o] 0 52 R RO AT R4 75055, PRse e ko Jo A FE 40
TE R A R B A0 RPIRES R AF H B BRAR f e e ik, BRI 2 /K e 3 6, FH0.7% KI il B 3
i, FHAE KU RGO, B TR,

P& AR sr Ry 3 3 T AL, LR EEBL ( Basal segment, BS) MR E FH2.0 —3.0
em; TR EE B (Mid segment, MS) BT S FFAH 1.0 — 2.0 cm; v 3 Bt ( Apical segment, AS) A2k
K FH2.0 — 3.0 em,

1.2.2  BBEHESF

FEANFUR A A ImL/fL PES K5 923E | PES $hF 24, S92l HAM AR, B TR 5 I FH SR A IR g
30 min JFREALEE 30 min, K [ IRAOFEFRBBL(BS) EBEEEL (MS) FITHR 3 B (AS) 2318 1.0.2.0 5.0,
10.0.20.0 mm K JERREAR R B, 43 9FRiC 0 BS1, BS2, BS3, BS4, BS5;MS1, MS2, MS3, MS4, MS5;ASI,
AS2, AS3, AS4, ASS, FHR 3 Br/fLa ASHLAR, M OB E, fERE SRR B AR IO B Y T
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1.2.3 BRI s 57

W LR IR B (BS) , S EE Be (MS) Rl TR i 358 B (AS) 43 5l VI B/ N 23, 43 5l BRid A BT, MT,
AT, YIS/ NS (B 1 ) T DRk a4 L i e A R R ) P 25 %ot S B A 8495, ST 38 um (497
RIS BOE , H PES Mk L , FRH 76 wm BG4S 08, BOEWR ] PES FilE % 10 Hu/mL, WG 1 mL 2020
BIFW TSR PR SR, IS DS
1.2.4 BHREM

BRI/ e 24 B TGRS R4 (BRTE, LRH250G 1) hidgs , blis 35 &k 55 3R IR B (15£1) °C
JEREHREE 35—40 pmol-m™>s™") , JGEM 121 12D, 4R 1 WIEFREE,
1.2.5 SEROWEE B R HT

72 3 B W BT (1XT71, Olympus optical Co. Ltd, Tokyo, Japan) #E47 WA FIHA M

Fig7 30 d Je s BBk g, IR0 KA L, = L, x & KI5 KA (Growth rate, GR), = L, &
B ¢ 2K, L, PR Y B 45K B (Initial Length, IL) , w24 KR | BRAb 38 SPSS ST 4
(SPSS Statistics V17.0, SPSS Inc. , Chicago, USA) , H HSRXEL (In) Fe4ie il , A RIE A /L4,
WA LIGHEKFE(CGR) , T T-test LB, AT AR,
2 H#R
2.1 WEBCRASU & H e

FEARSLE R, FEVIBERINE SR, A (1% T050 3 B3 AR A 2 e L2 K 38 v 50 /R 3 38 1) 9 B R 201 40 e 0
E| T L FRIE AR, B WP e T3
2.1.1 FIEERMALHNEE

SEER BB T it ) 11 BT 0 40 AR A KA D) D g 4 A /N, Rl AR SR (1B 1), o
PO AR A seig ok, m AR K EAEYI DAL @A, SRR FEY] AR SRR i 28 (| 2) , ThiTE
AHCT.0 mm S DU KB B P SR B T AR I (18 3) , AR WA S B W s A1 B & B T Btk
PRI ERG , FH 110 e B3 2 B3 ok 40 43 2R R S B AR R A K, IRZ BB A SR L (& 4) .

100pm

E1 EEERTHERNERR B2 E&EELWmERMIRRE
Fig. 1 Rhizoids derived from the lower end of basal segment Fig. 2 Leaf-shape branch derived from upper end of basal

segment

AR WL RN A 33.22% HIFET AR AMMELAIE L T T2 (K 5) , 208 67.78% MALHIE R T
TEAR AN IRARLE T K B 2R BEAR (18] 6) o MR B — e ZUn] DUE BRI A T B ERAR (181 7)
a3 UR T IR BEA AR (14 8) o
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200um
B3 EMEERNWmRHAXERETRER B4 EHERPHNSE
Fig. 3 Rhizoid at both ends of the basal segment Fig. 4 Air chamber in the basal segment

5 EMELARMMERNTRTE 6 HMEMAAREEEMTER
Fig. 5 Sporangium formed from the cells of basal tissues Fig. 6 A new thallus with rhizoids developed from the basal tissue
7 EIMALRREEBNETRIRAEE 8 EMMELRREEHBLTBIRIEE
Fig. 7 The basal tissue developed rhizoids without thallus Fig. 8 The basal tissue developed thallus without rhizoids

2.1.2 HEEMAISUR K T
SRR, BRI U 1RO AN A 1 P A ) D A, IR B (7 9) .
S b B 6 P A R AT A A, AR B S (1 10) . AT 30% RS P )
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MMIFACE I T T2 (18 11)

B9 mERE R TR M RIR B 10 HERERE IR T R
Fig. 9 Rhizoids generated at lower end of mid segment Fig. 10 Leaf-shaped branches at upper end of mid segment

B HEEREANETE B 12 HERELABRPEIET A

Fig. 11 Sporangia derived from cells of mid segment Fig. 12 The died cells with residues inside of mid tissue

AR A 63.33% MALHIET- (K 12) sl E KB MA (K 13), HA 36.67% HH A4k
B T BARFIRAAR (E 14)
2.1.3 TimEEBMASRE T

003ty 8 BEAM 50 TE RN B A7, B8 BE N AL AT AR e vk oy 38, 785 3R R, B P ombl b %
) A LR AR KA 7= A AR I R A (181 15) R At By BRI BRI AR B A - ol 2 B8 T Ak, IO o Bt AN 4
SN AR 2B T 3 ([ 16) , WA MY — o diiseT:, SET- 41N R B R R X
Sy E BT LT AR EEARRIE (B 17)
2.2 WTER

ARSI R AR S B SUH R A IR — ) RUE ) TeANfEE (B 18) , HUHEE (&’ 19), isshhk
F1855 , B /Nt BRI AR T B MR, T A RE | B R T (1 20) , i ORER B — e O R BERE b
L, S AR, BT D R (E 21)
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E13 fEHALARERNHTRE

Fig. 13 Sporangia developed from the mid tissue cells

15 THRER FiH&Z B EANRIR

Fig. 15 Rhizoids generated at lower end of apical segment

2.3 BBEWEFRAK

000 B ) T8 AR A6 7, o BE AR A7
BIRARK LA R Y 2 450 BeA iR A K R
T AE—EE BN, HA KRS B MR GKEAR X
(K22),

TR EEE(BS) , B 1.0 mm AY¥ERL, BEE WA
KEEMRN, AR RIFE R, 16 20.0 mm AbFLAE
KR TRE, R, hifEB(MS) FE ¥ th K
PRI, AR RORFREE T, AN TR 2 e B i =
KFRLES5.0 mm LB THaE (K 22)

T-tests (P<0.05) Z5 R FBHFR A ] B L e B
ZHEAEKFE LR E. 1.0 mm BB 5 2.0,
5.0.10.0 mm F120. 0 mm ¥ B A KR 2ZFHNEE

14 PERE QIR ALY ST EEE
Fig. 14 A new thallus developed from the mid tissue

16 TunBRRMEENTERHETE

Fig. 16 The apical tissue cells transformed into sporangia

E17 TmALRRKE TN EBEREBNE %

Fig. 17 Protein nuclear in dead cells of mid tissue
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(T-test; P<0.001), 2.0 mm ¥EB43915 10.0 mm F120.0 mm PR A K %25 55 5 3 ( T-test; P<0.05), fH
F£5.0 mm B35 2.0.10.0 mm A1 20. 0 mm BB 2 R AL ZE (T-test; P>0.05), 10.0 mm BB
AR E 20.0 mm BEEMAE KR ZEF AR E (T-test; P>0.05) (£1),

18 AFEPRMHRKEHAET

Fig. 18 Zoospore released from sporangia

E 19 MEEENFRF
Fig. 19 Quadriflagellate zoospore

E20 ZHBFEEHWOIE 21 HBRERENNEFHETEIEE
Fig. 20 New thallus developed from motile spores Fig. 21 The remaining spores germinate in situ

T-tests (P<0.05) &5 RPIMA AR E R EEZRMARKRFEREE, 1.0 mm BES 55 2.0,
5.0.,10.0 mm LA} 20.0 mm BB AE KR 22 R 3 (T-test; P<0.001) 52.0 mm #EEH10.0 mm FEEAK
FX R W E (T-test; P<0.05), F120.0 mm PEEAKF2E R 2 (T-test; P<0.001) ;5.0 mm #EZ 10.0 mm
MBI KR 2255 B3 (T-test; P<0.05) , F120.0 mm 3B A4 K R 22 74 8 3% ( T-test; P<0.001) ;2.0 mm
FEEEAS.0 mm BB E KR LR AR E (T-test; P>0.05), 10.0 mm #EE5 20,0 mm BEAYE KR LEFERN
BFH(E2),

A EHC AN R 7 B B B AR KR 22 R . 1.0 mm 1 20. 0 mm J5 35035 B A= K 343 591 55 00 [ K
B AR B A KR 25 3 2 (T-test; P<0.05)32.0.5.0 mm 1 10. 0 mm FEFR 3 B AY A 1K 00 1] 5 40 R
FE ) Rl s B AR ROR 22 B D 3 (T-test; P<0.001) (3R 3),
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3 i S0

3.1 B N R o 70 N
FORWF IR TR A, R RETREMERE £ o

MU AT DT SR L SR A R e £ 40

WEBL RN U 7 AR, LSS R e 5 2 @3:/\\*—’—*‘~\\\\\H

B S O R A TR BB S Bt S 1o

AR AR D R B K R g s e o 50 100 50 200

S, X0 Lin S ROBF S8 A 80 — ik 5 I el engthimn

BB NS HIE S Pk F BRGSO | m2 SHEges) MR R (MS) £ KRG K E X RE
{ H IEIL:T{ zig‘j: g/ﬁ l:f:t ]ﬂg@’ @IJ T ﬁ /J\ ﬁ Bk E{J i) ﬁﬁ“ﬁ %Ig f': #: Fig.22 Relationship between growth rate and initial length of
Tﬂ&*ﬁo ﬁ%?ﬁéf&ﬁfﬁﬁjﬁ 1.0 mm w\*[;‘, ﬂ U&{% mid and basal segments

1.0 mmAE R B R R 58 M ) — N I AU B

R1 EBFRARKEERERENSELLX (T-test) FHR

Table 1 Results from the multiple comparison test ( 7-test) between growth rates of basal segments

BEEF IR ARFE BS1 BS2 BS3 BS4 BS5
IL/mm GR/% 3.662 7.277 5.398 3.844 2.415
1.00 BSI 3.662 -
2.00 BS2 7.277 SR —
5.00 BS3 5.398 g NS -
10.00 BS4 3.844 SR S NS —
20.00 BS5 2.415 g S NS NS -

L. J5H4 K JF Initial Length; GR: A K& Growth rate; BS: FLB#E B Basal segment; S; ZREE (% P<0.05; * * P<0.0l; = * * P<
0.001) ;NS, ZHAREHE (P >0.05)

R2 HEBARKEERERKEHSELLI (T-test) HR

Table 2 Results from the multiple comparison test ( 7-test) between growth rates of mid segments

BB R IR K HERR MS1 MS2 MS3 MS4 MS5
IL/mm GR/% 2.776 4.176 2.628 2.654 1.990
1.00 MS1 2.776 —
2.00 MS2 4.176 SR -
5.00 MS3 2.628 SR NS —
10.00 MS4 2.654 SR SR s -
20. 00 MS5 1.990 g Chi g NS —

S: ZRWE (* P<0.05; = % P<0.0l; = % % P<0.001);NS, Z2FAEE (P >0.05); MS; T#BHEE Mid egment

®3 HERKEHEDIPARERERKENFARLEL X (T-test) R

Table 3 Results from the pair comparison test ( 7-test) between growth rates of mid and basal segments in same initial length

BB R R AR BS1 BS2 BS3 BS4 BS5
IL/mm GR/% 3.662 7.277 5.398 3.844 2.415
1.00 MS1 2.776 g
2.00 MS2 4.176 _ g
5.00 MS3 2.628 — — SR
10.00 MS4 2.654 — _ _ gee
20. 00 MS5 1.990 — — — - S+

S: ZREE (* P<0.05; =% P<0.0l; # * % P<0.001);NS; ZFAEE (P >0.05)
AR B kB 7 SORARARFN, A BB A R BRI T AR R B, WE
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) Tt 240 M X A B AR AR, ELAR R ) RS A T ROV AR, X PR 1 IR oty ) T SR U 5 AT
IS 4 L U] L8 A3 AT BB RN 22 20 4 B 7, X R RE ) S0 s 1) L e 55, U B sl ) A Ak #HE 2%
B 20 TR BRSO BE T, TS5 1 IR AR R L B B BB ) TR, R i B S N S
WU 1 A A B, R B RO ORI, S B B L e e A AR A B, i
ZH 2T ) A i AT DA ST B
3.2 WEEBNERAERK

BAE AT RS A A A R R AR BE e SR rh T A i B A G, BB, AR ORI B Y AR
FEARAURR , XA A BB, Y7E 2.0 mm AR KA KR, 2.0 mm AIVEREFE S IR K W RGE
KB KR T 2.0 mm BB AE KR LR TR, NI E SRR TN, 2.0 mm UL LK EL
B A K BRI 2 T AR B B B T o8/ )N | e B 1 A K S A S Dl A4 AE 20. 0 mm A P-4, T R AR B
FAERHAE 5.0 mm ZLRIEE T V28, 156 BH J3 e B 14 A 6 1 B 1R A8 4k L rp 0 i B o R iU, 55 A A TR
K BE (LI R B i AR K 5 B i H BSSMS, BB AR K SHE E —REEA W WA
3.3 W E B IS SR kL AT

Lin Z 8 S VIR 0. 25 em® KN A LSRG THE SR, SR T 2 /0 7 VBT AT 7=, s At
A ERE D 2SR WSS TR O B, R LA KR A A M B AN R R L, R
FEARPL DI BB BRI N2 )5, AR 22 i B A 2V He T PR SRR (9 K 5 RS T V46 7 1) R i T BRI BRI, 3
55 Dan 45 i PIRERE 3705 S 0 & A0 A8 A E B AN RO BP9 25 SR R — 3™ T R4 R & BRGAE i
B (U. linza) WEFAREA PAPEASERRE T, BOEUS AT LA 2 & B T8 BUHT A, o ml IR 28 0 B 4 1
B R BIEBUHAAR, AR A WAL B W &l F T A A B G , X 5 7 045 ) AR 445 R e — 3
fRH0) ) R T AR R Tt v] DA AT B AR B R RSO A AT FEARSE R R, B R R
T A S BRI S A W ARy AT A, T LA 4 A B Sy A T A e R L B ) B
Jr3X, SR RRAS P A Y R A

B TIRBER R AR S AR A0 R RS A B AR VM OE . Lin AU B R D R R A
P18 T DX e R 3 L 0y s 2R D B 7 A 2 R B A A A A AR AR S 6 L 2 31 A 45 R 4%
H OAT BIBFFERTIEE ORI R R 1) DB DR 2R A T A v AR K TR ) A 5 ) R > — 3 o3 A
TN BT E T T SR R A0 B BE - AR RN A= R, A3 AT (o i O Jie DL SRAS T 2 O IR
[Fi] s 2 LSV AR R P EE ORI, SR P AR B 19 A A J s B Pl i R i, AR A G [RIRE T LUE B
SMELERY , TTRER PR T BRI A 20 W 24, DT B/ IN RS () T8 07 0 5 5 TRV 5 S P 32 B A 2 i B A
SUBL A IE Bt nT AT R A, e s A 5 Ty 5 20 e DA R R R s A B 0 ) Ja T A A5 DA K 1) 2 4
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