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Abstract
Annual large-scale green tides in the Yellow Sea initially appeared in the Subei Shoal, Jiangsu Province, with Ulva 
prolifera identified as the dominant species. Molecular identification of Ulva species has been a key focus during 
green tide monitoring. In this study, we used the chloroplast gene tufA (encoding elongation factor Tu) as a 
molecular marker to assess species composition and frequency across 11 Ulva populations. These were sampled 
from three coastal sites in Jiangsu and Shandong Provinces at six time points, totaling 420 biologically identified 
Ulva individuals. Additionally, the sporulation features of Ulva spp., which are directly linked to biomass variation, 
were examined to understand why U. prolifera dominates these blooms. (1) TufA proved to be a highly accurate 
and unambiguous molecular marker for Ulva species identification. We found that propagules in the coastal waters 
of Yancheng, Jiangsu, consisted mainly of Ulva aragoensis and U. prolifera, whereas floating biomass sampled during 
green tides in Shandong was predominantly U. prolifera. (2) A lower sporulation ratio in U. prolifera compared to 
U. aragoensis affects their relative proportions in floating biomass. This contributes to U. prolifera becoming the 
dominant floating species during the annual large-scale green tides in the Yellow Sea.
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Background
Green tides are large-scale blooms of floating green mac-
roalgae, primarily composed of Ulva species (Hayden et 
al., 2003; [1]). In China, massive floating green tides have 
occurred annually in the Yellow Sea for over 15 years. 
Phylogenetic analyses of floating samples have identified 
the dominant species as the filamentous Ulva prolifera 
(Müller) J. Agardh [2, 3]. Satellite data from multiple 
sources suggest that these green tides first appear on the 
Subei Shoal off the northern Jiangsu coast and then drift 
northward, driven by seasonal winds and surface cur-
rents [4, 5].

In the scenario of the initial floating Ulva biomass 
outbreak on the Subei Shoal, Pyropia aquaculture rafts 
(comprising nets and ropes) have been identified as a 
common initial substrate. Ulva propagules in the water 
column attach to these rafts and grow into thalli [6]. Once 
established, these “epiphytic” green algae rapidly increase 
in biomass. The thin, tubular filamentous thalli can then 
detach due to factors such as strong water movement, 
spontaneous sporulation and the cleaning process during 
raft recycling. Consequently, the initial floating Ulva bio-
mass is formed at this location. Nonetheless, attachment 
to Pyropia rafts is not considered essential for green tide 
initiation, given that Ulva propagules in the water col-
umn are also capable of developing directly into floating 
biomass [6].

The Radial Submarine Sand Ridges (RSSR) feature a 
unique geographical structure known as the Subei Shoal, 
where a benthic muddy beach spanning hundreds of 
square kilometers is exposed during low tide [7]. This dis-
tinctive environment provides all essential conditions for 
green tide outbreaks: seawater enriched with nutrients 
from terrestrial agriculture and freshwater crab aquacul-
ture via riverine inputs [5], ample solid substrate, exten-
sive offshore Pyropia aquaculture nets stretching up to 

10 miles, and the perennial presence of the green bloom-
forming species U. prolifera in both water and sediments 
[8].

Among the plausible explanations for the spatiotem-
poral patterns of these outbreaks, a fundamental issue 
remains unresolved. Why is U. prolifera almost exclu-
sively identified in the floating biomass that reaches 
Shandong coast after drifting over a thousand kilo-
meters? Where do other filamentous Ulva species go? 
Furthermore, Ulva thalli lose viable biomass when 
sporulation occurs [9]. The remaining vegetative bases 
will regenerate in a semilunar rhythm [10, 11]. Hiraoka 
et al., (2021) emphasized that inhibiting biomass alloca-
tion to sporulation is crucial for Ulva to form large-scale 
blooms. This raises a pivotal question: what are the spor-
ulation features of the major Ulva species on the Subei 
Shoal? Answering this will provide critical new evidence 
for understanding the mechanisms behind the domi-
nance of U. prolifera in the Yellow Sea’s green tides.

To address these questions, we conducted two field 
excursions at the Subei Shoal in 2019, collecting water, 
sediment and algal samples along the drift path. For 
accurate species identification, the chloroplast gene tufA 
(encoding elongation factor Tu) was used as a molecular 
marker [12–14]. The tufA gene has been demonstrated 
to be more suitable for differentiating Ulva species than 
other common markers, such as the nuclear-encoded 
rDNA internal transcribed spacer (ITS) region or the 
ribulose 1,5-bisphosphate carboxylase gene (rbcL), which 
sometimes provide insufficient resolution within this 
genus [15, 16]. Concurrent individual culture experi-
ments were conducted to characterize the sporulation 
features of the isolated algae.

Methods
Sample collection
Sediment (silty sand, 100 g/sample) and green algae sam-
ples were collected from Pyropia aquaculture nets dur-
ing low tide in Yancheng, a major cultivation zone (Figs. 1 
and 2A). Seawater samples (500 mL/sample) were col-
lected across a 1,000 m2 area at the same site during high 
tide. Rope samples were also cut from the nets during low 
tide. Floating Ulva samples were collected after the Pyro-
pia rafts had been retrieved at the end of the production 
season (Fig. 2B). At the sampling site, seawater tempera-
tures ranged from 12 ℃ to 21 ℃, with a photoperiod of 
12.5 to 14  h during the sampling period. Additionally, 
seawater samples were collected from the Qingdao coast 
prior to the appearance of floating biomass. Floating Ulva 
samples were obtained from the Qingdao coast (twice) 
and the Rongcheng coast (once) during the 2019 green 
tide outbreak in Shandong Province (Fig.  2C, D). All 
samples were transported to the laboratory in cool boxes Fig. 1  Coastal sampling sites in the Yellow Sea, China. Sampling locations: 

Rongcheng (RC), Qingdao (QD), Yancheng (YC). Solid dots denote sam-
pling points on the Yancheng coast
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within 48  h. Detailed sampling information, including 
dates, is provided in Table 1.

Quantification of Ulva propagules in sediment, seawater 
and on nets
Ropes collected from Pyropia aquaculture nets were 
rinsed with sterilized natural seawater to remove epi-
phytes and impurities. For quantification, a standard 
wet weight of 5 g from each sediment sample or a 10-cm 
segment of net rope was individually placed into a glass 

beaker containing 1 L of 1/4 PES (Provasoli’s enriched 
seawater, [17]). The 1/4 PES medium consisted of steril-
ized seawater supplemented with the following nutrients 
(final concentrations): NaNO3 17.5 mg L− 1, NaH2PO4 
2.5 mg L− 1, Na2EDTA 1.1 mg L− 1, CoCl2·6H2O 3.0 µg 
L− 1, FeC6H5O7·5H2O 10 mg L− 1, CuSO4·5H2O 2.5 µg 
L− 1, MnCl2 44.5 µg L− 1, ZnSO4·4H2O 5.8 µg L− 1. The 
cultures were constantly aerated. Seawater samples (500 
mL in plastic wide-neck bottles) were enriched with 1/4 
PES medium. To suppress potential diatom overgrowth, 
GeO2 was added to a final concentration of 2 mg L− 1. 
All beakers and bottles were maintained at 20 °C under 
fluorescent white light at 100 µmol photons m− 2 s− 1 and 
a 12:12 h (light: dark) photoperiod in a GXZ intelligent 
light incubator (Jiangnan Co. Limited, Ningbo, China). 
After three weeks of culture, Ulva thalli grown from the 
samples were carefully removed from the beakers and 
bottles one by one with tweezers and counted. Selected 
Ulva thalli were transferred to 40-mL glass bottles for 
sporulation assays. The remaining thalli were transferred 
to larger beakers and maintained separately by source 
population.

DNA extraction, PCR and sequencing
Ulva thalli were cultured until a size sufficient for DNA 
extraction. Individual thalli were then rinsed with ster-
ilized seawater and dried with absorbent paper. Leaf 
tissue samples were placed in 2-mL tubes, air-dried at 
room temperature for 48 hours, and stored at -20°C until 
analysis. Genomic DNA was extracted using the DNeasy 
Plant Mini Kit (Qiagen, Hilden, Germany) according to 
the manufacturer’s protocol. DNA concentration and 
quality were assessed by electrophoresis on a 1% aga-
rose gel. The chloroplast-encoded tufA gene (813 bp) was 
amplified by polymerase chain reaction (PCR) in a 20-µL 
reaction volume using a T-gradient thermocycler (Bio-
metra, Göttingen, Germany). Each reaction contained 
10 µL of AmpliTaq Gold 360 Master Mix (Applied Bio-
systems, Foster City, USA), 0.5 µM of primers tufGF4 
(5’-GGNGCNGCNCAAATGGAYGG-3’) and tufAR 
(5’-CCTTCNCGAATMGCRAAWCGC-3’), and 5 ng 
of genomic DNA [16, 18]. The PCR program was as fol-
lows: initial denaturation at 94 °C for 4 min, 38 cycles of 
denaturation at 94 °C for 1 min, annealing at 55 °C for 
30 s, and extension at 72 °C for 1 min, followed by a final 
extension at 72 °C for 7 min [13]. PCR products were sep-
arated on 1% agarose gels, purified and then sequenced in 
both directions on an ABI 3730 XL automated sequencer. 
Sequences of the PCR products were verified according 
to overlaps of the forward and reverse sequences using 
BioEdit 7.1.9 (Hall, [19]).

Table 1  Sampling information of 11 Ulva populations analyzed 
in this study
Sampling 
sites

Niches Codes Coordinates Dates No. of 
individuals

Yancheng, 
Jiangsu

Sediment YCSM1 33°12′N, 
121°7′E

2019-
04-04

50

Yancheng, 
Jiangsu

Seawater YCSW1 33°12′N, 
121°7′E

2019-
04-04

50

Yancheng, 
Jiangsu

Rope of 
rafts

YCPN1 33°12′N, 
121°7′E

2019-
04-04

57

Yancheng, 
Jiangsu

Pyropia 
net

YCPN2 33°12′N, 
121°7′E

2019-
04-04

25

Yancheng, 
Jiangsu

Sediment YCSM2 33°12′N, 
121°7′E

2019-
05-31

60

Yancheng, 
Jiangsu

Seawater YCSW2 33°12′N, 
121°7′E

2019-
05-31

61

Yancheng, 
Jiangsu

Floating YCF 33°12′N, 
121°7′E

2019-
05-31

50

Qingdao, 
Shandong

Floating QDF1 36°2′N, 
120°21′E

2019-
06-28

20

Qingdao, 
Shandong

Floating QDF2 36°3′N, 
120°20′E

2019-
07-12

17

Qingdao, 
Shandong

Seawater QDSW 36°2′N, 
120°21′E

2019-
05-09

15

Rongcheng, 
Shandong

Floating RCF 37°10′N, 
122°34′E

2019-
07-17

15

Fig. 2  Green tide development from source to outbreak areas. (A) Ben-
thic algal biomass on Pyropia rafts (Subei Shoal, Apr 4, 2019). (B) Floating 
Ulva mats after Pyropia harvest (Subei Shoal, May 31, 2019). (C) Floating 
biomass at the onset of the green tide (Qingdao coast, Jun 28, 2019). (D) 
Floating biomass during the outbreak (Rongcheng coast, Jul 17, 2019)
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Phylogenetic analysis for species identification
A total of 436 tufA sequences were used for phylogenetic 
analysis, comprising 420 newly obtained in this study and 
16 reference sequences downloaded from GenBank (​h​t​t​
p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/). All sequences were aligned 
using the Clustal W multiple sequence alignment pro-
gram [20], implemented in BioEdit 7.1.9 (Hall, [19]). A 
maximum likelihood (ML) phylogenetic tree (Tamura et 
al., 1993) was constructed using Mega X [21]. The analy-
sis employed the General Time Reversible (GTR) model 
with a Gamma distribution with invariant sites (G + I) 
to model rate variation among sites. Three Blidingia spp. 
sequences were set as the outgroup. Missing data were 
handled by complete deletion, and branch support was 
assessed with 1000 bootstrap replicates [22, 23].

Sporulation assay
Individual Ulva thalli from sediment (YCSM1) and sea-
water samples (YCSW1 and YCSW2) were selected 
post-quantification for sporulation assays. Each thal-
lus was placed into a separate 40-mL glass bottle. Indi-
viduals from a floating population (QDF1, Qingdao) were 
included as a control. All thalli were rinsed with sterilized 
natural seawater before cultivation. Cultures were main-
tained in sterilized PES at 20 °C under fluorescent white 
light at 100 µmol photons m− 2 s− 1 and a 12:12  h (light: 
dark) photoperiod in the GXZ intelligent light incuba-
tor. We selected a cultivation temperature of 20 °C, which 
represents a critical sporulation threshold for U. prolifera 

(Hiraoka et al., 2021), rather than replicating the in situ 
temperature range observed during sampling (12–21 ℃ 
from April to May). Although field temperatures increase 
through the green-tide season, the 20 ℃ threshold is bio-
logically more relevant for assessing sporulation poten-
tial. Similarly, while the natural photoperiod lengthened 
from 12.5 to 14 h during sampling, a fixed 12 :12 h (light: 
dark) cycle was used to represent a stable daily light 
phase and to account for weather-related reductions in 
actual field illumination. A constant light intensity of 100 
µmol photons m⁻² s⁻¹ was maintained as simulating natu-
ral fluctuations under controlled conditions is impracti-
cal. The sporulation rate (SR) was calculated using the 
equation SR (%) = (Ns/N) × 100, where Ns and N are the 
numbers of sporulated individuals and total individuals, 
respectively. Following the incubation period, all Ulva 
thalli were identified by tufA sequence analysis. The U. 
aragoensis and U. prolifera derived from sediment or sea-
water samples displayed highly uniform growth stages 
and physiological states, thus reducing individual varia-
tion and enhancing result reliability.

A positive sporulation response was confirmed by two 
primary observations: (A) partial bleaching of the Ulva 
thallus, and (B) the appearance of new seedlings on the 
inner wall of the culture bottle after approximately two 
weeks (Fig.  3A, B). A third, supplementary criterion 
(C) involved the microscopic visualization of swarm-
ers within cells (Fig.  3C). This microscopic check was 
employed when bleaching alone was ambiguous and 
could not distinguish between sporulation and mechani-
cal damage.

Statistical analysis
Experiments were performed in triplicate. Results are 
expressed as the mean ± standard deviation (SD). Statisti-
cal analysis of sporulation data was performed using one-
way analysis of variance (ANOVA) using SPSS ver. 22.

Results
Quantification of Ulva propagules
After two weeks of incubation, Ulva seedlings were 
observed in all the sediment, seawater and Pyropia net 
samples collected along the Yancheng coast. Counts were 
conducted after an additional week of growth (Table 2). 
The maximum propagule density in sediments was 
observed on May 31, 2019, with 215 ± 103 individuals per 
5  g wet weight. In contrast, seawater samples reached 
their peak density earlier, on April 4, 2019, with 850 ± 230 
individuals per 500 mL. Large numbers of Ulva propa-
gules were also detected on the nets. Notably, seawater 
samples collected from Qingdao before the green tide 
outbreak already contained 714 ± 134 individuals per 500 
mL.

Fig. 3  Criteria for sporulation detection in Ulva. (A) Thallus bleaching; (B) 
Seedling emergence on bottle walls after 14 days; (C) Microscopic swarm-
er visualization. Sporulation confirmed if both A and B occur. C provides 
ancillary verification when bleaching is ambiguous
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Species composition and relative frequencies based on 
phylogenetic analyses
Phylogenetic analysis of the tufA dataset (~ 813  bp) 
assigned all 420 samples into four clades with high boot-
strap values (98–100%): U. prolifera (N = 166), U. ara-
goensis (N = 239), U. compressa (N = 14), and U. linza (U. 
procera) (N = 1) (Fig. 4; Table 3). U. aragoensis and U. pro-
lifera were the dominant species. U. compressa was pri-
marily detected in seawater samples from the Qingdao 
coast (12 of 15 individuals). A single sediment individual 
(YCSM2-17) was identified as U. linza (U. procera). The 
multiple sequence alignment confirmed that tufA pro-
vided high resolution for distinguishing these Ulva spe-
cies (Table S1).

Phylogenetic analysis of the tufA dataset identified four 
Ulva species among the 420 samples (Table  3). U. pro-
lifera was dominant (93.3–100%) in the floating popu-
lations collected during the algal bloom (YCF, QDF1, 
QDF2, and RCF). Among the populations derived from 
sediments, seawater and Pyropia nets on the Yancheng 
coast, U. aragoensis was the most abundant species. Nev-
ertheless, U. prolifera still constituted a substantial pro-
portion (34.0% and 54.1%) in Yancheng seawater samples. 
The individuals derived from the Qingdao seawater of the 
coast were predominantly U. compressa, with U. prolifera 
representing only 20%, a notably lower frequency than 
that of Yancheng seawater.

Evaluation of sporulation in sampled individuals
Sporulation experiments were conducted on U. ara-
goensis and U. prolifera, as they were the most abundant 
species in seawater and sediment samples. U. aragoensis 
exhibited a significantly higher sporulation percentage 
than U. prolifera in all populations tested (Table 4). The 
sporulation percentage for the floating U. prolifera popu-
lation was particularly low at 10%. Overall, the average 
sporulation rate was significantly lower in U. prolifera 
(40.9%) than in U. aragoensis (88.3%).

Discussion
Species composition and frequency in the study samples
Our quantitative and molecular analysis demon-
strated the abundance and species composition of Ulva 

propagules in sediments, coastal seawater, and Pyropia 
nets at the Subei Shoal, Jiangsu Province. Phylogenetic 
analysis based on tufA identified U. aragoensis and U. 
prolifera as the principal constituents, with U. aragoensis 
being dominant. In April, the algal community attached 
to the Pyropia rafts consisted mainly of Blidingia spp., 
with a minor presence of U. aragoensis.

Phylogenetic analysis confirmed that the floating pop-
ulations from Qingdao (two sites) and Rongcheng in 
Shandong Province were almost exclusively composed of 
U. prolifera. Similarly, the floating population from the 
Subei coast (Jiangsu) was also dominated by U. prolifera 
at a comparable proportion. This finding consistently 
supports the established conclusion that U. prolifera is 
the dominant floating species in Yellow Sea green tides 
[24].

The species composition of Ulva propagules differed 
markedly between Qingdao and Yancheng coastal waters. 
In Qingdao, the propagules were dominated by U. com-
pressa, whereas U. prolifera constituted a significantly 
lower proportion compared to Yancheng. Although 
a temperature difference existed (Qingdao: 14  °C, 
Yancheng: 12–21 °C), this variation alone appears insuf-
ficient to explain compositional disparity. We propose 
that the Qingdao sampling site may represent a historical 
habitat for U. compressa, leading to the persistent pres-
ence of its propagules. Importantly, this regional differ-
ence does not affect our study’s rationale as propagules 
of the key bloom-forming species U. prolifera were pres-
ent at both locations. Whether and how these propagules 
contribute to floating biomass formation during green 
tides warrants further investigation.

Seed source and initial biomass of green tides in the yellow 
sea
Species of the genus Ulva, usually dominating the upper 
intertidal zone, are classic opportunistic algae. Their bio-
mass proliferates rapidly when seasonal temperature and 
light conditions become optimal, coinciding with peak 
nutrient availability in the surrounding waters [25]. These 
species exhibit a homomorphic alternation of genera-
tions, with both gametophytes and sporophytes releas-
ing gametes or spores in a semilunar rhythm, as first 

Table 2  Ulva individuals cultivated from three sample types
Populations Sampling dates Niches Number of Ulva individuals

Sample 1# Sample 2# Sample 3# Sample 4# Sample 5# Average
YCSM1 2019-04-04 Sediment 159 157 257 267 83 185 ± 77

YCSW1 2019-04-04 Seawater 678 899 574 943 1157 850 ± 230

YCPN1 2019-04-04 Rope of rafts 319 312 65 1123 - 455 ± 460

YCSM2 2019-05-31 Sediment 242 324 56 271 183 215 ± 103

YCSW2 2019-05-31 Seawater 275 207 271 162 121 207 ± 67

QDSW 2019-05-09 Seawater 922 737 586 605 722 714 ± 134
Source materials: 5 g sediment, 500 mL seawater, 10 cm Pyropia net rope
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Fig. 4  Phylogenetic tree of Ulva and Blidingia species based on tufA sequences. Population specific clades labeled as “groups” (e.g., YCF-group 1 
(N = 47/50)). Reference sequences include GenBank accession numbers. Numerals at internal nodes indicate bootstrap support (> 50%) from 1000 repli-
cates in maximum likelihood (ML) analysis. The sequences from this study are marked with asterisks (*). a Species complexes
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documented by Smith [9]. Sporulation frequency is gen-
erally higher in warmer summer months than in colder 
winters [11]. Once sporulated, up to 50% of the cells in 
vegetative thalli release spores or gametes, resulting in a 
direct loss of viable biomass. This efficient reproductive 
strategy has facilitated the expansion and near-global dis-
tribution of Ulva populations in coastal waters.

The unique geography of the RSSRs at the Subei Shoal 
provides an ideal habitat for cultivating the commer-
cially valuable red seaweed Pyropia yezoensis. Epiphytic 
green algae, which grow on the Pyropia aquaculture rafts 
(ropes and nets), are routinely removed during farming 
operations [26]. This discarded biomass has been identi-
fied as the primary initial inoculum for green tides in the 
region, ultimately developing into the large-scale blooms 
in the Yellow Sea [4]. Our detection of U. prolifera prop-
agules in all sediment and seawater samples from the 
Subei Shoal corroborates earlier findings from multiple 
studies ([27]; Pang et al., 2010; [28, 29]), further support-
ing the hypothesis that this area is a key “seed source” for 
U. prolifera outbreaks.

Reasons for the dominance of U. prolifera
If the floating U. prolifera biomass in the Yellow Sea 
sporulated at rates comparable to its benthic populations, 
the rapid accumulation of up to one million tons of bio-
mass over thousands of square kilometers within months 
would be unlikely. Our finding of a significantly low 
sporulation rate in U. prolifera derived from sediments 
and water supports this hypothesis. Morphological traits 
(dense branching) and sporulation characteristics of the 
studied U. prolifera align with those described for subsp. 
qingdaoensis [30]. Although we cannot rule out the pres-
ence of subsp. prolifera in some samples without molecu-
lar confirmation, this does not affect our core conclusion 
that U. prolifera exhibits a lower sporulation rate than U. 
aragoensis. Notably, the sporulation percentage was low-
est in the drifted population, probably because thalli with 
reduced or absent sporulation capacity are retained in 
the floating biomass more easily.

Although U. aragoensis is morphologically highly simi-
lar to U. prolifera [31], the two species can be clearly 
distinguished by eight-base-pair difference in the tufA 
gene, which provides better resolution than ITS or rbcL 
(Dafforn et al., 2019; [13]). Surprisingly, despite being a 

Table 3  Species composition and diversity across 11 Ulva populations. Data derived from 3 sampling sites via tufA phylogenetic 
analysis. Metrics include species composition, relative frequency, and diversity indices
Population 
codes

Sampling dates Number of 
individuals 
detected

Number of 
Ulva prolifera

Number of Ulva 
aragoensis

Number of Ulva 
compressa

Number of 
Ulva linza (Ulva 
procera)a

Ratio 
of Ulva 
prolifera 
(%)

YCSM1 2019-04-04 50 7 43 0 0 14.0

YCSW1 2019-04-04 50 17 33 0 0 34.0

YCPN1 2019-04-04 57 3 54 0 0 5.3

YCPN2 2019-04-04 25 0 25 0 0 0

YCSM2 2019-05-31 60 5 54 0 1 8.3

YCSW2 2019-05-31 61 33 28 0 0 54.1

YCF 2019-05-31 50 47 2 1 0 94.0

QDF1 2019-06-28 20 20 0 0 0 100.0

QDF2 2019-07-12 17 17 0 0 0 100.0

QDSW 2019-05-09 15 3 0 12 0 20.0

RCF 2019-07-17 15 14 0 1 0 93.3

Total 420 166 239 14 1 39.5
a Species complexes

Table 4  Sporulation rates in U. aragoensis and U. prolifera populations. Data are derived from one-month observations of populations 
YCSM1, YCSW1, YCSW2, and QDF1, presenting the total number of individuals and the proportion of sporulating specimens
Populations Number of U. 

aragoensis
Number of U. ara-
goensis releasing 
spores

Rate of U. ara-
goensis releasing 
spores (%)

Number of U. 
prolifera

Number of U. 
prolifera releasing 
spores

Rate of U. 
prolifera 
releasing 
spores (%)

YCSM1 43 37 86.0 7 3 42.9
YCSW1 33 26 78.8 17 8 47.1
YCSW2
QDF1

28
0

28
0

100.0
-

33
20

21
2

63.6
10.0

Average 88.3 ± 10.8a 40.9 ± 22.5b

Different superscript lowercase letters indicate statistically significant differences (p < 0.05)
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dominant species in Subei Shoal sediments and water 
samples, U. aragoensis was rarely detected in the local 
floating biomass. This is notable because U. aragoensis 
possesses key traits for a floating habit: a filamentous 
branched morphology, rapid growth under suitable con-
ditions, and a tubular thallus that can retain photosyn-
thetic oxygen for buoyancy. Its limited presence in the 
floating biomass may be explained by its higher sporula-
tion rate compared to U. prolifera.

In summary, the low sporulation trait of U. prolifera 
is key to its dominance in the drifting green tides of the 
Yellow Sea. However, the mechanism sustaining its large 
propagule population in Subei Shoal waters remains 
unclear. Alternative sources, such as inputs from adja-
cent animal aquaculture ponds, may also contribute [26]. 
These unresolved issues highlight directions for future 
research.

Conclusions
Chloroplast tufA marker analysis confirmed U. pro-
lifera as the dominant floating species in green tides. 
The occurrence of U. prolifera propagules in the sedi-
ments and coastal waters of the Subei Shoal further sup-
ports this area’s role as a seed source for the blooms. A 
key finding is the significantly lower sporulation rate in 
U. prolifera (40.9 ± 22.5%) compared to U. aragoensis 
(88.3 ± 10.8%). This suppressed sporulation minimizes 
biomass loss during dispersal, facilitating the rapid accu-
mulation of floating biomass. Thus, our results not only 
validate the tufA marker for Ulva identification, but also 
reveal that sporulation suppression is a critical adaptive 
trait underpinning the dominance of U. prolifera in the 
Yellow Sea green tides.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​
g​​/​​1​0​​.​1​1​​​8​6​​/​s​4​4​​3​7​7​-​​0​2​6​-​0​​0​0​0​8​-​y.

Supplementary Material 1: Table S1 TufA sequence divergence metrics for 
Ulva and Blidingia. Data for five representative Ulva individuals and one 
Blidingia spp. outgroup. Above diagonal: pairwise percentage identities. 
Below diagonal: sequence divergence.

Acknowledgements
The authors express gratitude to Wei Zhou and Chuanming Hu (Jiangsu 
Marine Fisheries Research Institute) for their field sampling assistance in 
Jiangsu Province.

Authors’ contributions
XW designed and executed the experiments, analyzed the data, and drafted 
the manuscript. TS, SS, and HW critically revised the manuscript. YS conducted 
sample collection. QL performed *Ulva* culture experiments. All authors read 
and approved the final manuscript.

Funding
This research was funded by the National Key Research and Development 
Program of China (2023YFD2400100), the R&D Project of Marine Science 
Research Institute of Shandong Province (2024SDMSRI0413), the Modern 
Agricultural Technology Industry System of Shandong Province (SDAIT-26), 

and the Major Scientific and Technological Innovation Project of Shandong 
Provincial Key Research and Development Program (2022LZGC004).

Data availability
The datasets used and analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Tifeng Shan is an Associate Editor of Phycology Journal.

Received: 22 August 2025 / Revised: 12 February 2026 / Accepted: 13 
February 2026

References
1.	 Nelson TA, Karalon H, Nelson AV, Heather R, Ruth H, Alstyne KL, Van LB, 

Simunds DJ, Kerri F. Ecological and physiological controls of species composi-
tion in green macroalgal blooms. Ecology. 2008;89:1287–98.

2.	 Liu F, Pang SJ, Xu N, Shan TF, Sun S, Hu X, Yang JQ. Ulva diversity in the yellow 
sea during the large-scale green algal blooms in 2008–2009. Phycol Res. 
2010;58:270–9.

3.	 Zhang XW, Wang HX, Mao YZ, Liang CW, Zhuang ZM, Wang QY, Ye NH. 
Somatic cells serve as a potential propagule bank of Enteromorpha prolifera 
forming a green tide in the yellow Sea, China. J Appl Phycol. 2010;22:173–80.

4.	 Hu CM, Li DQ, Chen CS, Ge JZ, Muller-Karger FE, Liu JP, Yu F, He MX. On the 
recurrent Ulva prolifera blooms in the yellow sea and East China sea. J Geo-
phys Res. 2010;115:58–65.

5.	 Liu DY, Keesing JK, Xing QG, Shi P. World’s largest macroalgal bloom 
caused by expansion of seaweed aquaculture in China. Mar Pollut Bull. 
2009;58:888–95.

6.	 Han HB, Fan SL, Song W, Xiao J, Zhang X, Wang D. The contribution of 
attached Ulva prolifera on Pyropia aquaculture rafts to green tides in the yel-
low sea. Acta Oceanol Sin. 2020;39:101–6.

7.	 Chen J, Wang YG, Zhang RS, Lin X. Stability study on the Dongsha sand-
banks in submarine radial sand ridges field off Jiangsu Coast. Ocean Eng. 
2007;25:105–13.

8.	 Cui JJ, Zhang JH, Monotilla AP, Huo YZ, Shi JT, Zhao XH, Kang XY, He PM. 
Assessment of blooming Ulva macroalgae production potential in the yellow 
Sea, China. Phycologia. 2019;58:535–41.

9.	 Smith GM. On the reproduction of some Pacific Coast species of Ulva. Am J 
Bot. 1947;34:80–7.

10.	 Liu Q, Yu RC, Yan T, Zhang QC, Zhou MJ. Laboratory study on the life history 
of bloom-forming Ulva prolifera in the yellow sea. Estuar Coast Shelf S. 
2015;163:82–8.

11.	 Lüning K, Kadel P, Pang SJ. Control of reproduction rhythmicity by envi-
ronmental and endogenous signals in Ulva pseudocurvata (Chlorophyta). J 
Phycol. 2008;44:866–73.

12.	 Hayden HS, Waaland JR. Phylogenetic systematics of the Ulvaceae (Ulvales, 
Ulvophyceae) using Chloroplast and nuclear DNA sequences. J Phycol. 
2002;38:1200–12.

13.	 Steinhagen S, Karez R, Weinberger F. Cryptic, alien and lost species: molecular 
diversity of Ulva sensu Lato along the German Coasts of the North and Baltic 
seas. Eur J Phycol. 2019;54:466–83.

14.	 Tong Y, Xia L, Liu J, Zhao S, Sun Y, Wu T, Xia Z, Li S, Cao J, Zhang J. Distribution 
and identification of Ulva aragoensis(Ulvaceae, Chlorophyta), a constituent 
species of green tides in the Southern yellow Sea, based on molecular data. J 
Mar Sci Eng. 2022;10:1767.

15.	 Du GY, Wu FF, Mao YX, Guo SH, Xue HF, Bi GQ. DNA barcoding assessment of 
green macroalgae in coastal zone around Qingdao, China. J Ocean U China. 
2014;13(1):97–103.

https://doi.org/10.1186/s44377-026-00008-y
https://doi.org/10.1186/s44377-026-00008-y


Page 9 of 9Wang et al. Phycology Journal             (2026) 2:3 

16.	 Saunders GW, Kucera H. An evaluation of rbcL, tufA, UPA, LSU and ITS as DNA 
barcode markers from the marine green macroalgae. Cryptogamie Algol. 
2010;31:487–528.

17.	 Provasoli L. Media and prospects for the cultivation of marine algae. In 
Cultures and Collections of Algae. Proceedings of the US-Japan Conference, 
Hakone. Japanese Society for Plant Physiology. September 1966. 1968;63–75.

18.	 Famà P, Wysor B, Kooistra WHCF, Zuccarello GC. Molecular phylogeny of the 
genus Caulerpa (Caulerpales, Chlorophyta) inferred from Chloroplast tufA 
gene. J Phycol. 2002;38:1040–50.

19.	 Hall TA, BioEdit. A user-friendly biological sequence alignment program for 
windows 95/98/NT. Nucleic Acids Symp Ser. 1999;41:95–8.

20.	 Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity 
of progressive multiple sequence alignment through sequence weighting, 
position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 
1994;22:4673–80.

21.	 Kumar S, Stecher G, Li M, Knyaz C, Tamura K. (2018). MEGA X: molecular evolu-
tionary genetics analysis across computing platforms. Mol Biol Evol. 2018; 
35:1547–1549.

22.	 Carneiro VAR, Martins NT, Silva SLA, Barros-Barreto MB, Pereira SB, Cas-
sano V. Revealing the diversity of the genus Ulva (Ulvales, Chlorophyta) in 
southeastern Brazil, with a description of Ulva Kanagawae sp. nov. Phycologia. 
2023;62:407–20.

23.	 Hiraoka M, Ichihara K, Zhu WR, Shimada S, Oka N, Cui J, Tsubaki S, He PM. 
Examination of species delimitation of ambiguous DNA-based Ulva (Ulvo-
phyceae, Chlorophyta) clades by culturing and hybridisation. Phycologia. 
2017;56:517–32.

24.	 Sun S, Wang F, Li CL, Qin S, Zhou M. Emerging challenges: Massive green 
algae blooms in the Yellow Sea. Nat Proc. 2008.

25.	 Clifton KE. Mass spawning by green algae on coral reefs. Science. 
1997;275:1116–8.

26.	 Liu F, Pang SJ, Chopin T, Gao SQ, Shan TF, Zhao XB, Li J. Understanding the 
recurrent large-scale green tide in the yellow sea: Temporal and Spatial 

correlations between multiple geographical, aquacultural and biological 
factors. Mar Environ Res. 2013;83:38–47.

27.	 Jiang P, Wang JF, Cui YL, Li YX, Lin HZ, Qin S. Molecular phylogenetic analysis 
of attached Ulvaceae species and free-floating Enteromorpha from Qingdao 
Coasts in 2007. Chin J Oceanol Limn. 2008;26:276–9.

28.	 Shimada S, Nagano M, Hiraoka M, Ichihara K, Mineur F, Zhu WR. Phylogeo-
graphic analysis of the genus Ulva (Ulvales, Chlorophyta), including bloom 
sample in Qingdao, China. Coast Mar Sci. 2010;34:117–22.

29.	 Zhao J, Jiang P, Qin S, Liu XJ, Liu ZY, Lin HZ, Li FC, Chen HX, Wu CH. Genetic 
analyses of floating Ulva prolifera in the yellow sea suggest a unique ecotype. 
Estuar Coast Shelf S. 2015;163:96–102.

30.	 Cui JJ, Monotilla AP, Zhu WR, Takano Y, Shimada S, Ichihara K, Matsui T, He 
PM, Hiraoka M. Taxonomic reassessment of Ulva prolifera (Ulvophyceae, Chlo-
rophyta) based on specimens from the type locality and yellow sea green 
tides. Phycologia. 2018;57:692–704.

31.	 Guidone M, Thornber C, Wysor B, O’Kelly CJ. Molecular and morphological 
diversity of Narragansett Bay (RI, USA) Ulva (Ulvales, Chlorophyta) popula-
tions. J Phycol. 2013;49:979–95.

32	 Hiraoka M. Massive Ulva green tides caused by Inhibition of biomass alloca-
tion to sporulation. Plants. 2021;10:2482.

33	 Tamura K, Nei M. Estimation of the number of nucleotide substitutions in the 
control region of mitochondrial DNA in humans and chimpanzees. Mol Biol 
Evol‌. 1993;10:512–26.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Molecular phylogenetic analysis and exploration of the sporulation features of ﻿Ulva﻿ spp. in the yellow sea of China provide insight into ﻿Ulva prolifera﻿ being the dominant species in green tides
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Sample collection
	﻿Quantification of ﻿Ulva﻿ propagules in sediment, seawater and on nets
	﻿DNA extraction, PCR and sequencing
	﻿Phylogenetic analysis for species identification
	﻿Sporulation assay
	﻿Statistical analysis

	﻿Results
	﻿Quantification of ﻿Ulva﻿ propagules
	﻿Species composition and relative frequencies based on phylogenetic analyses
	﻿Evaluation of sporulation in sampled individuals

	﻿Discussion
	﻿Species composition and frequency in the study samples
	﻿Seed source and initial biomass of green tides in the yellow sea
	﻿Reasons for the dominance of ﻿U. prolifera﻿

	﻿Conclusions
	﻿References


