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(Liu et al, 2013) (Shimada et al, 2003)
(Largo et al, 2004) ,
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(Lyons
etal, 2014; Liu et al, 2020)
(Ulva)(Smetacek et al,

2013) (Chaetomorpha)(De Paula Silva ef al,
2008) (Cladophora)(De Paula Silva et al,
2013), (Fletcher, 1996;

Smetacek et al, 2013; Fort et al, 2020)

B

E > >

(Ulva
compressa)- (U. rigida) (Guidone et al,
2013) (Lee et al, 2019),

2015 (Song et al,
2019) 2007 ,
(2010) 2007 (U.
lactuca) ; Song  (2019)
2015
(Bryopsis plumosa) (U. prolifera),
rbel ,
20 60
1963 (1963)
“ ?? (Enteromorpha) 11 2015
(2015)
“ 7710 , °f 7 14 2020

Xie (2020) 6 U

simplex U. splitiana U. meridionalis

U. tepida

U. partita

U. chaugulli, s
U. shanxiensis (Chen et al,

2015)

Qingdaoensis (Cui et al, 2018)

( )

U. prolifera subsp.

(Hayden et al, 2003) ,
ITS rbeL  tufd (Gary et
al, 2010; Mudassar et al, 2016; Cui et al, 2018) R

>

2020 11

U. laetevirens,

B

1
1.1
2020 11 2
(121°24'59"E, 37°32'6"N, la)
11 , CNS00533
CNS00592—CNS00601
, /2 0.5%o
GeO, 50 pg/mL (50 pg/mL
, 66.6 pg/mL , 20 pg/mL ,
2.2 pg/mL , 100 pg/mL )(Shibl et al,
2020) ,24h
. 30 mL ,
/2 0.5%0 GeO, 50 pg/mL

> >

18 °C, 100—120 pmol photons/(m*s), L:D = 12 h:
12 h ;
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1.2 DNA
DNA DNA
(DP305, ) , DNA
Covaris 5220 ,
350 bp DNA ; A
PCR
NGS3K/Caliper real-time PCR (Qubit 3.0
fluorometer, Invitrogen)
Illumina
NovaSeq PE150 ( )
1.3 tufA
11 tufA
BWA v0.7.17 (Li et al, 2010) samtools

v1.9 (Li et al, 2009) SPAdes v3.14.0 (Bankevich et al,
2012) ,

U. laetevirens
MT179351 tufA 11

GenBank  fuf4 Clustal W
(Thompson et al, 1997),
Mega 7.0 (Kumar
et al,2016) Bootstrap 1 000
1.4
GetOrganelle (Jin et al, 2020)
SPAdes (3.10.1)(Bankevich et al, 2012),
seed NCBI MT179351
(Ulva rigida )(Fort et al, 2021)
BWA v0.7.17 MEM
(Li et
al, 2010), IGV v2.8.12
(Robinson et al, 2011) MFannot

(https://megasun.bch.umontreal.ca/RNAweasel/) ORF

finder (https://www.ncbi.nlm.nih.gov/orffinder)

1.5
CNS00533 U. laetevirens MT179351
U. rigida MT179352  U. australis MT179348
, circos-0.69 (Krzywinski
et al, 2009)
1.6
19 71

MAFFT( ) (Katoh et al, 2013),
PhyloSuite (Smith et al, 2008),
ModelFinder
(Kalyaanamoorthy et al, 2017), I1Q-TREE( )

(Trifinopoulos et

al, 2016), bootstrap 1 000 Lithodesmium

undulatum(KC509525) Odontella sinensis(Z67753)
2
21 2020 11
2020 11 2
( 1b)
(Mao et al, 2014)(  1c¢)
, 12
, tufA

( 1d) , 11 CNS00533
CNS00592—CNS00601 , U. rigida

U. laetevirens clade ;
NCBI , 11 tufA (1224 bp)
U. laetevirens (MT179351)(Fort et al, 2021)  tufAd

(1 224 bp) 100% 1 CNS00602 U.
australis clade S U.
australis MT160640 (Fort et al, 2021)

,  CNS00602 11
——U. laetevirens,
CNS00602 U. australis
2.2 U. laetevirens CNS00533
, U.
laetevirens U. rigida U. australis
4 CNS00533

CNS00392 CNS00396
, 4
CNS00533 ( 2 ,

CNS00398
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0.020

A green tide in Yantai coast and the morphological and molecular analysis of the causative species

;C. ; d. tufd
11 U. laetevirens
tRNA trnF (aaa) , U. rigida
trnR (ucu) ,
CNS00533  U. laetevirens (MT179351)
CNS00533

>

2.3 U. laetevirens CNS00533
CNS00533 3

U. laetevirens

>

CNS00533 (MW531676)

U. laetevirens

(MT179351) U. rigida (MT179352) U. australis
(MT179348) ( 3 ,
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( 3a)
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Fig.2 The chloroplast genome of U. laetevirens CNS00533 in the local green tide in Yantai

F1 WHEZPHH U. laetevirens CNS00533 51k 495 U. laetevirens(MT179351). U. rigida(MT179352). U.
australis(MT179348) By I SRR & R H4F1E
Tab.1 Characteristics of chloroplast genomes of U. laetevirens CNS00533 (MW531676), U. laetevirens (MT179351), U. rigida
(MT179352) and U. australis (MT179348)

U. laetevirens U. laetevirens U. rigida U. australis
CNS00533 MW531676 MT179351 MT179352 MT179348
(bp) 110 889 103 444 96 673 99 820
AT (%) 74.4 74.6 75.4 74.8
/ 71/0 71/0 71/0 71/0
/ tRNA 26/1 26/1 26/2 26/0
rRNA rri-rrs-rrn$ rri-rrs-rrn$ rrl-rrs-rrnS rrl-rrs-rrnS

Fort, 2020 Fort, 2020 Fort, 2020
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Fig.3 Synteny analysis of chloroplast genomes of U. laetevirens CNS00533 MW531676 vs. U. laetevirens MT179351 (a), U.
laetevirens CNS00533 MW531676 vs. U. rigida MT179352 (b), and U. laetevirens CNS00533 MW531676 vs. U. australis
MT179348 (c)

U. rigida ( 3b)
CNSO00533  U. australis
, 45
(inversion) ( 3¢ , U. australis
, CNS00533 trnF
(aaa) , CNS00533 U.

laetevirens

2.4 U. laetevirens CNS00533

U. laetevirens CNS00533
19
CNS00533 ,
(4 ,
Ulva

Ulva linza-

4 clade,

lactuca-ohnoi-laetevirens-rigida-gigantea

prolifera-flexuosa Ulva australis-fenestrata-

Ulva compressa

pseudorotundata
Ulva lactuca-ohnoi-laetevirens-

CNS00533

rigida-gigantea, U. laetevirens

s U. laetevirens Ulva
australis s ,
Hughey (2021)

2.5 U. laetevirens CNS00533
(tufA)
CNS00533
U. laetevirens CNS00533
DNA

U. laetevirens (MT179351)
U. laetevirens MT179351, CNS00533

(MW531676) 6 (

>
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Ulva lactuca KT882614
10 1lojolva lactuca MH730972
Ulva ohnoi AP018696
Ulva laetevirens MT179351
oﬁ’lva laetevirens MW531676
Ulva rigida MT179352
Ulva gigantea MT179350
Ulva sp. KP720616
Ulva linza KX058323
- LUiva prolifera KX342867
Ulva flexuosa KX579943
Ulva compressa MK069585
;ylva compressa MT916929
¢ Ulva compressa KX595275
Ulva compressa MK069584
Ulva australis LC507117
:lzlva australis MT179348
s | Ulva australis MN853875

Ulva fenestrata MT179349

Ulva pseudorotundata MT179353

P — Lithodesmium u'ndu/a'tum KC509525
L Odontella sinensis Z67753

100

0.2

4 U. laetevirens CNS00533

Fig.4 The phylogenetic tree based on concatenated amino acid sequences of chloroplast protein-coding genes of U. laetevirens
CNSO00533 and other Ulva species.
71 s Lithodesmium undulatum Odontella sinensis ;

U. laetevirens CNS00533 MW531676

R2 MWAZPWM U. laetevirens CNS00533 MR {KEFE T LT U. laetevirens MT179351 #0 U. rigida MT179352 By

KREBANFIIGHIT
Tab.2 The long sequences in the chloroplast genome of U. laetevirens CNS00533 but not in U. laetevirens MT179351 or U. rigida

MT179352
/bp
1 21 550—22 605 1056 psbD
2 23 615—24 602 988 psbC
3 24 778—25 704 927 psbC
4 35832—37 130 1299 psbB
5 37 883—38 822 940 psbB
6 45 740—47 944 2205 aipB
7 417 79—44 142 2346 atpB
8 54 877—57 108 2232 orf506
9 66 132—67 019 888 orf128
10 82 733—83 495 763 rrl
2, 1—06), 1—2 kb 6 )
6 ( 3,5 1 1 0 CNS00533 MW531676 U. laetevirens
) CNS00533  U. rigida (MT179352) MT179351 99.8%
, CNS00533 , CNS00533 MW531676 U. rigida
10 ( 2 1—6 MT179352 DNA 93.1%
6 s 4 U. laetevirens

atpB  rrl 1 II 1 1 CNS00533 U. laetevirens (MT179351) U. rigida
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R3 WEZFHWH U laetevirens CNS00533. U. laetevirens (MT179351)F0 U. rigida (MT179352)A+4Z (R E F B K
N7 LN A
EFRHIER
Tab.3 The intron contents in chloroplast genomes of U. laetevirens CNS00533, U. laetevirens (MT179351) and U. rigida (MT179352)

ORF ORF
psbD 1055 [ orf215 647
987 I orf225 677
pebC 926 I 0;19 659
U lactevirens psbB 1298 1 orf352 1058
CNS00533 9 939 I orf221 665
MW331676 2363 11 orf572 1718
“4pB 2204 1 0rf526 1580
i 952 I orf209 629
762 1 orfl54 464
atpB 2383 I orf572 1718
UMZﬁ%VQ’;”S 3 . 952 I 0rf209 629
762 1 orfl54 464
NZIJT' 1’ ;g9i3d§’2 1 rrl 952 I 07209 629
(MT179352) « 3 , U. laetevirens
, U. rigida (MT179352) 1 1 ,
rrl ; U. laetevirens IMT179351) 1 ,
atpB II 2 rrl ,
I ; , CNS00533 7 1 ,
( psbD  psbC  psbB rrl ) 2 II , U. laetevirens
( atpB ), U. rigida  U. australis Batista (2018)
, CNS00533  U. rigida (MT179352) ITS rbeL U.
, laetevirens  U. rigida Steinhagen (2019b)
; CNS00533 U. laetevirens (MT179351) U. laetevirens  U. rigida
, Hughey  (2021) rbcL
U. laetevirens  U. australis
Lee (2019) ,
3 tufA rbeL ,
3.1 U. laetevirens U. rigida ,
, U. laetevirens U. laetevirens
U. rigida Fort (2021)
, 110 (single
, U. rigida nucleotide polymorphism, SNP) s
(Steinhagen ef al, 2019b) Sfriso U. rigida 6 clade, ITS  rbcL ,6
U. laetevirens (Sfriso, 2010) SNP-clade 6 , U. laetevirens
Sfriso (2010) U. laetevirens U. rigida, U. laetevirens U.
, , rigida R
(Taylor et al, 2001; Fu et al, 2008) s , Fort (2021) tufA  rbelL
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tufA
CNS00533, tufA , ( 1d)
CNS00533  U. laetevirens  U. rigida
clade , NCBI U.

laetevirens (MT179351)(Fort et al, 2021)  tufA4 (1
224 bp) 100% ,
( 4), CNS00533
U. laetevirens ,

>

CNS00533  U. laetevirens (MT179351)
U. rigida (MT179352)
, CNS00533 U. laetevirens
99.8%, U. rigida 93.1% Fort
(2021) 6
(single nucleotide variant, SNV) 391,
U. laetevirens 36 SNV
CNS00533 U. laetevirens
, 51 SNV ,
CNSO00533  U. laetevirens

3.2 U. laetevirens

U. laetevirens
[MT179351 (Fort et al, 2021)

MW531676] )
71 27 tRNA 3 rRNA
( 2,3) Fort (2021)
U. laetevirens s
0.6 SNVs/kb
SNV ,
7 445 bp,
, 6
( 2,3
, NCBI

, U. compressa
, MK069584

[U. mutabilis U. compressa (Steinhagen et al,

2019a)] 10 , KX595275 4
, Metschnikowia
santaceciliae s cob
6 (Lee et al, 2020) U.
laetevirens s
3.3 U. laetevirens ( )
2021 | B )
29 ( , 2015; Xie et al,
2020), 11 )
U. australis U. chaugulli Ulva clathrata U.
compress U. flexuosa U. intestinalis U. linza U.
meridionalis  U. prolifera Ulva ridiga U. tepida

(Guidone et al, 2013; Smetacek et al, 2013; Gao et al,
2018; Golubkov et al, 2018; Xie et al, 2020)

U. laetevirens
1854

B

(Kirkendale et al, 2013; Mao et al, 2014,
Miladi et al, 2018; Lee et al, 2019; Fort et al, 2021)

, NCBI U. laetevirens
CNS00533 ITS Miao 8
““Ulva sp.”” ITS (KY446828 )
, U.
laetevirens
4
2020 11
U. laetevirens,
U.
laetevirens CNS00533 (MW531676),
U. laetevirens (MT179351)
tRNA rRNA
, 51 SNV ,
4 psbD  psbC
psbB  atpB 6 U. laetevirens

>
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COMPARATIVE CHLOROPLAST GENOME ANALYSIS OF NEW-GREEN TIDE
CAUSATIVE SPECIES IN CHINA: ULVA LAETEVIRENS

WANG Jing"*? ~ WANG Yi-Chao"*** ~WANG Hong-Shu" %73, LIU Feng"?*? ~CHEN Nan-Sheng" %
(1. CAS Key Laboratory of Marine Ecology and Environmental science, Institute of Oceanology, Chinese Academy of Sciences, Qingdao
266071, China; 2. Functional Laboratory for Marine Ecology and Environmental science, Pilot National Laboratory for Marine Science
and Technology (Qingdao), Qingdao 266237, China; 3. Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao 266071,
China; 4. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Green tides caused by Ulva species have occurred for many years in the world. Some of them are large in
scale across different ocean regions, while others are local. A green tide event occurred in early November, 2020 in the
No.1 Bathing Beach, Yantai, Shandong, East China was investigated. Twelve algae samples were randomly collected, of
which 11 were identified as Ulva laetevirens according to the molecular marker tuf4. The full-length chloroplast genome of
U. laetevirens CNS00533 was constructed. The genome is 110 889 bp in size, containing 71 protein coding genes, 27 tRNA
genes, and 3 rRNA genes (77l, rrn, and rrn5). The chloroplast genome of CNS00533 and the U. laetevirens MT179351
genome have high sequence identity (99.8%). They also have identical number of genes and perfect colinearity, and
showed substantial differences of genome between two U. laetevirens strains. The chloroplast genome of CNS00533 had
five type-1 introns and one type- I intron that are absent in the Irish strain, resulting in an increase of 7 kb in chloroplast
genome length difference in-between. In contrast, the chloroplast genome of CNS00533 and the U. rigida MT179352
chloroplast genome had low sequence identity (93.1%) and large number of long insertion/delection (ranging 763—2 346
bp). Large genomic differences were observed between the chloroplast genome of CNS00533 and U. australis (MT179348),
including an inversion that covered 45 genes. In the phylogenetic tree based on 71 protein coding genes of Ulva species,
CNS00533 and U. laetevirens MT179351 joined in one cluster, while U. rigida MT179352, and U. australis MT179348
were clearly in another clade, indicating that U. laetevirens, U. rigida, and U. australis are three different species of the
Ulva genera. Therefore, U. laetevierens was found to be a new green-tide causative species in China ocean regions. The
molecular evolution analysis of this species presented in this paper enriched our findings and shall help effective
monitoring green tides in coastal waters of China.

Key words local green tide; Ulva; chloroplast; molecular evolution



