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A B S T R A C T   

Responses of the germination and growth of Ulva prolifera parthenogametes to gradients of temperature and light 
were evaluated. Results showed that U. prolifera parthenogametes could not germinate at 5 ◦C and 35 ◦C, and at 
all temperatures combined with dark conditions, but had high germination rates at the temperature of 15–25 ◦C 
and photosynthetically active radiation (PAR) of 80–160 μmol m–2 s–1. There was a significant interaction be
tween temperature and PAR on the growth rate of U. prolifera germlings germinated from parthenogametes 
(P < 0.001), which indicated that U. prolifera germlings achieved the highest growth rate at specific combinations 
of temperature and light. Growth rate of U. prolifera germlings germinated from parthenogametes was as high as 
93.5–99.2 % d− 1 at combined conditions of 22 ◦C and 26 ◦C with 100 μmol m− 2⋅s− 1 and 200 μmol m− 2⋅s− 1, 
respectively. Ulva prolifera parthenogametes survived over two months at the temperature of 3 ◦C, and germi
nated and grew when the temperature increased from 3 ◦C to 13 ◦C. Ulva prolifera thalli germinated from par
thenogametes maintained a relatively better state under the condition of 30 ◦C and 10 μmol m− 2⋅s− 1 compared 
with thalli cultured at 30 ◦C combined with PAR of 100 μmol m− 2⋅s− 1 and 200 μmol m− 2⋅s− 1, respectively. These 
results suggest that U. prolifera parthenogametes may largely contribute to green tides due to their high 
germination and growth rates, and their ability to survive over stressful environments in the southern Yellow Sea.   

1. Introduction 

Over the past four decades, green macroalgal blooms, referred to as 
green tides, have been occurring with an increasing frequency in coastal 
areas worldwide (Liu et al., 2013; Huo et al., 2016). These blooms are 
formed due to excessive growth of some green macroalgal species, 
driven mainly by eutrophication in the coastal waters (Hernández et al., 
1997; Valiela et al., 1997; Raffaelli et al., 1998; Samanta et al., 2019). 
These blooms negatively affect the ecology and economy of coastal 
environments (Fletcher, 1996; Morand and Merceron, 2005; Hiraoka 
et al., 2011). 

The world’s largest green macroalgal bloom, which was caused 
mainly by Ulva prolifera subsp. qingdaoensis J. Cui, W. Zhu & M. Hiraoka 
(Cui et al., 2018a), occurred during the summer of 2008 along the coast 
of the southern Yellow Sea of China. Since then, green macroalgal 
blooms have been an annual summer occurrence in the Yellow Sea (Liu 

et al., 2009 and 2013; Huo et al., 2016; Wu et al., 2018). It is now widely 
accepted that the green macroalgal blooms in the Yellow Sea arise from 
Ulva fouling the rafts used for Neopyropia aquaculture along the coast of 
Jiangsu Province, China (Liu et al., 2010; Zhang et al., 2014; Huo et al., 
2015; Wang et al., 2015; Wu et al., 2017). 

Ulva prolifera has a complex life history with multiple reproduction 
modes (Arasaki and Shihira, 1959; Bliding, 1963; Kapraun, 1970; Kim 
et al., 1991; Burrows, 1991; Hiraoka et al., 2003). These reproduction 
modes are considered important strategies for U. prolifera to form green 
tides (Wang et al., 2007; Lin et al., 2008; Ye et al., 2008; Zhang et al., 
2011a,b; Zhang et al., 2016; Cui et al., 2018a,b). Among the different 
reproduction modes, parthenogenesis is considered an important strat
egy in the Yellow Sea because biflagellate parthenogametes of 
U. prolifera can germinate into thalli directly without fusion (Hoxmark, 
1975; Philips, 1990; Wang et al., 2007; Ma et al., 2009). Parthenoga
metes are also considered to play an important role in the proliferation 
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of attached populations of U. prolifera and the subsequent formation of 
green tides (Liu et al., 2015). 

To our knowledge, few studies have been conducted to determine the 
effects of environmental factors on the germination of Ulva prolifera 
parthenogametes and the subsequent growth of their germlings. Sousa 
et al. (2007) reported the influence of salinity, nutrients and light on the 
germination and growth of Ulva spores. Geng et al. (2015) conducted 
experiments on the germination of U. prolifera gametes on various 
substrates. Cui et al. (2015) reported the growth rate of U. prolifera 
germlings germinated from spores at different photosynthetically active 
radiation (PAR) and temperatures. Some researchers have reported the 
germination and growth of Ulva spores at different temperatures and 
PAR, however, the germination and subsequent growth of U. prolifera 
parthenogametes at variable temperatures and PAR are still unknown. 

It is hypothesized that Ulva prolifera parthenogametes exhibit high 
germination and growth rates at suitable combinations of light and 
temperature, which make them contribute more to green tides in the 
southern Yellow Sea. In this study, we present the results on the 
germination and growth of U. prolifera parthenogametes isolated from 
the Yellow Sea. The aims of this study were to evaluate the responses of 
the germination and growth of U. prolifera parthenogametes to gradients 
of light and temperature, and its survival mechanism under stressful 
environments in the Yellow Sea. 

2. Materials and methods 

2.1. Gametophytes of cultured Ulva prolifera 

Floating thalli of Ulva prolifera were collected from the coast of the 
Rudong sea area in the southern Yellow Sea, China on April 8, 2012 
(Zhang et al., 2013). After debris and epiphytes were removed from the 
surface of Ulva using a soft brush and rinsing the thalli with autoclaved 
seawater, the thalli were transferred to a 1000 mL flask containing 
800 mL Von Stosch’s Seawater Enrichment medium (Ott, 1965). To 
establish a single genetic strain, a single thallus of U. prolifera was 
separated based on its specific morphological features (Huo et al., 2013). 
Ulva prolifera was then cultured at a temperature range of 20–25 ◦C and 
photosynthetically active radiation (PAR) of 130–160 μmol m–2 s–1 with 
a photoperiod of 12 L:12D. Molecular confirmation of U. prolifera was 
established using a TiangenDNAsecure Plant Kit (Zhang et al., 2011a,b). 
Internal transcribed spacer (ITS) sequences and 5S ribosomal deoxy
ribonucleic acid (5S rDNA) spacer sequences were chosen for species 
identification (Huo et al., 2013). Phylogenetic analysis using ITS se
quences indicated that the strain used in the present study was clustered 
into the so-called “LPP complex” clade (including morphological species 
Ulva linza, U. prolifera and Ulva procera; Huo et al., 2016). Based on the 
sequence of the 5S rDNA spacer region, this strain was clustered together 
with known strains of U. prolifera, which can be clearly distinguished 
from U. linza. 

The gametophytes of Ulva prolifera were determined based on the 
type of zoids, which were examined by their size, number of flagella and 
phototactic characteristics (Hiraoka and Yoshida, 2010). Ulva prolifera 
parthenogametes, had two flagella. These zoids were significantly 
smaller than zoospores, which were quadriflagellate and exhibited 
positive phototaxis. Fig. 1 shows the biflagellate parthenogametes of 
U. prolifera, which were produced by gametophytes which germinated 
from unfertilized parthenogametes. 

2.2. Parthenogametes release 

Some of the Ulva prolifera gametophyte biomass was chopped into 
1.0–2.5 mm long pieces using a blender (Osterizer, Galaxie, USA). These 
small pieces were then rinsed with autoclaved seawater 2–3 times, 
transferred to a 1000 mL flask containing 800 mL VSE medium, and 
cultured at the same conditions described above for U. prolifera game
tophyte cultures. After 2–3 days, gametangia were formed from almost 

all of the cells of the thallus or from cut edges of large disks (Gao et al., 
2010). These small pieces of U. prolifera were filtered through a sieve 
(80 μm mesh size). After rinsing with sterile seawater, small pieces of 
U. prolifera were transferred to 250 mL flasks containing 150 mL of VSE 
medium and cultured under the same environmental conditions 
mentioned above. Within half an hour to one hour, a large number of 
parthenogametes were released simultaneously from U. prolifera 
gametangia. The abundance of U. prolifera parthenogametes was coun
ted using a hemocytometer and the parthenogametes were diluted into a 
series of densities depending on the needs of the experiments. 

2.3. Germination of Ulva prolifera parthenogametes 

The density of the Ulva prolifera parthenogametes was diluted to 
1000 cells mL–1 using autoclaved seawater, and a 1 mL suspension was 
pipetted into a dish containing 20 mL VSE medium to the final density of 
50 cells per mL. All the experiments in this part had at least three rep
licates. The dishes were gently shook and cultured at different temper
atures and photosynthetically active radiation (PAR). For the 
temperature experiments, the gradients of temperature were set at 5, 10, 
15, 20, 25, 30 and 35 ◦C under a PAR of 100 μmol m–2 s–1 with a 
12 L:12D. For the PAR experiments, the gradients of PAR were set at 0, 
40, 80, 120, 160 and 200 μmol m–2 s–1 under a temperature of 20 ◦C with 
a 12 L:12 D. After 2–3 weeks, the germlings of U. prolifera, which were 
attached to the walls and bottoms of the glass beakers and had grown to 
a length of 1–5 cm, were counted. The germination rate was calculated 
using the following equation:  

G=Pn/Gn×100 %                                                                                  

where G represents the germination rate of parthenogametes, Pn rep
resents the quantity of young germlings, and Gn represents the quantity 
of initial Ulva prolifera parthenogametes, which was equal to 1000 cells. 

2.4. Growth of Ulva prolifera germlings germinated from 
parthenogametes 

The density of the Ulva prolifera parthenogametes was adjusted to 
2 × 106 cells mL–1 using sterile seawater, and a 0.2 mL suspension con
taining about 4 × 105cells of U. prolifera parthenogametes was pipetted 
onto glass coverslips (22 × 22 mm). All coverslips were placed into 
moisture chambers for over 24 h for the parthenogametes to settle down 
on coverslips, and then these coverslips were gently rinsed using auto
claved seawater to remove any parthenogametes, which had not 
attached to the coverslips (Yarish and Edwards, 1982). These coverslips 
were cultured in 100 × 80 mm Pyrex deep storage Petri dishes. Each 
deep well dish contained seven coverslips with 200 mL VSE medium. 

A total of 63 deep welled Pyrex dishes were placed on a crossed- 
gradient culture apparatus described by Yarish et al. (1979). A total of 
21 combinations of temperature (3, 8, 13, 18, 22, 26 and 30 ◦C; ±1 ◦C) 
and PAR (10, 100 and 200 μmol m− 2⋅s− 1) were used for each gradient 
plate experiment. Irradiance was supplied by high output deluxe 

Fig. 1. Biflagellate parthenogametes of Ulva prolifera, which were produced by 
gametophytes germinated from unfertilized parthenogametes. 
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cool-white fluorescent bulbs with a 12 L: 12 D photoperiod. On the 1 st, 
2nd, 3rd, 4th and 7th day after inoculation, one coverslip with settled 
parthenogametes was removed from each deep well dish. The coverslips 
from each experimental condition were randomly selected and 100 
randomly selected Ulva prolifera germlings were measured for length 
using a compound microscope. All the experiments in this part were 
done separately with at least three replicates. The growth rate was 
calculated according to the following equation:  

SGR = 100×(lnLi-lnLi-1)/t                                                                       

where SGR represents specific growth rate (% days–1), Li represents the 
length of Ulva prolifera thallus measured at time i, Li-1 represents the 
length of U. prolifera thallus measured at time i-1, and t represents days 
(d) between i and i-1. 

Ulva prolifera parthenogametes did not germinate and stayed as 
single cells at the temperature of 3 ◦C under all light conditions tested for 
up to 60 days. After 60 days, the temperature was increased from 3 ◦C to 
13 ◦C, and the number of thalli germinated from the parthenogametes 
were counted. At the temperature of 30 ◦C combined with all experi
mental light conditions, Ulva prolifera parthenogametes germinated and 
grew very fast. In order to evaluate the effects of high temperature on the 
U. prolifera thallus, the experimental time of all 30 ◦C groups was also 
designed to extend up to 60 days. Then, Ulva prolifera thalli were 
checked for thallus color, cell morphology, chloroplast structure and 
pyrenoids. The medium in these experiments was changed weekly. 

2.5. Data analysis 

All data concerning thallus length, germination rate of parthenoga
metes and growth rate of germlings were displayed as average ± stan
dard deviation. Tests of homogeneity of variance were conducted, and a 
one-way analysis of variance (ANOVA) was performed to test for dif
ferences in the germination rate of Ulva prolifera parthenogametes be
tween different experimental groups. The growth rate (% d− 1) data were 
transformed (log10x) before the analysis in order to obtain consecutive 
distributions, and a two-way ANOVA was performed to test the effects of 
temperature and PAR on the growth rate of the U. prolifera germlings 
germinated from parthenogametes at the end of experiment. Least sig
nificant difference (LSD) was used to make post hoc comparisons be
tween different groups. Differences were considered significant at P <
0.05. Statistical analyses were conducted using SPSS 19.0. 

3. Results 

3.1. Germination rate of Ulva prolifera parthenogametes 

Germination rate of the Ulva prolifera parthenogametes was greatly 
affected by temperature and PAR (Tables 1 and 2 in the supplemental 
material; Fig. 2). Ulva prolifera parthenogametes did not germinate at 
5 ◦C or 35 ◦C. The germination rate of the U. prolifera parthenogametes 
was 78.1 ± 1.6 % at 20 ◦C, which was not significantly different from 
that at 15 ◦C (76.3 ± 1.1 %, P = 0.066). However, the germination rate 
at 20 ◦C and 15 ◦C was significantly higher than those at the other 
temperatures tested (P < 0.001). The germination rate at 25 ◦C was 
69.7±1.6 %, which was higher than those at 10 ◦C and 30 ◦C (P < 0.001 
and P < 0.001, respectively). These results indicate that the suitable 
temperature range for the germination of U. prolifera parthenogametes is 
from 15 ◦C to 25 ◦C. 

The germination rate of Ulva prolifera parthenogametes was signifi
cantly different between all experimental light conditions (P < 0.001, 
Fig. 2B). Ulva prolifera parthenogametes did not germinate in dark 
conditions. The germination rate was only 11.6 ± 1.1 % at 
200 μmol m− 2⋅s− 1, which was significantly lower than those at other 
PAR conditions (P < 0.001). The germination rate increased from 59.3 ±
0.9 % to 88.1 ± 0.8 % when PAR increased from 40 to 120 

μmol⋅m− 2⋅s− 1. However, germination rate decreased to 64.5 ± 1.2 % at 
PAR of 160 μmol m− 2⋅s− 1. 

3.2. Growth rate of Ulva prolifera parthenogametes 

Ulva prolifera parthenogametes remained as single cells at 3 ◦C 
regardless of the PAR conditions (Figs. 3 and 4). When the temperature 
was at 8 ◦C–26 ◦C, the average thallus length of U. prolifera germlings 
increased sharply, especially at PAR of 100 μmol m− 2⋅s− 1 and 
200 μmol m− 2⋅s− 1 (Fig. 3). The growth rate of U. prolifera germlings 
germinated from parthenogametes was not significantly different be
tween 100 μmol m− 2⋅s− 1and 200 μmol m− 2⋅s− 1 within the temperature 
range of 8–30 ◦C (P > 0.05, Fig. 4). The growth rate of U. prolifera 
germlings was in the range of 93.5 %d− 1 to 99.2 %d-1 at the combined 
conditions of 22 or 26 ◦C with 100 or 200 μmol m− 2⋅s− 1, respectively, 
which was significantly higher than those at other experimental condi
tions (P ≤ 0.023, Fig. 4). When the PAR was 10 μmol m− 2⋅s− 1, the 
growth rate of U. prolifera germlings was in the range of 41.8 % d-1 to 
51.2 % d-1 at the temperature treatments from 13 ◦C to 30 ◦C, which was 
significantly lower than those at the PAR conditions of 
100 μmol m− 2⋅s− 1and 200 μmol m− 2⋅s− 1 (P < 0.001, Fig. 4). Two-way 
ANOVA analysis indicated that there was a significant interaction be
tween temperature and PAR on the growth rate of U. prolifera germlings 
at the end of experiment (Table 3 in the supplemental materials, 
P < 0.001). 

3.3. Ulva prolifera parthenogametes and thalli after 60 days 

Results of the present study showed that the parthenogametes can 
remain as a single cell for over two months (Fig. 5). At 10 μmol m− 2⋅s− 1, 
the remaining amount of Ulva prolifera parthenogametes was higher 
than that at the other two PAR conditions after 60 days. The diameter of 
parthenogametes at 10 μmol m− 2⋅s− 1 was also bigger than those at other 
two PAR conditions (Fig. 5). After 60 days, when the parthenogametes 
cultured at 3 ◦C were moved to 13 ◦C, they started to germinate and 
grow into germlings within 3–4 days (Fig. 6). The average number of 
germlings was up to 6.8 ± 0.9 thalli mm− 2 at 10 μmol m− 2⋅s− 1, which 
was significantly higher than those at 100 μmol m− 2⋅s− 1 (0.2 ± 0.2 
thalli mm-2) and 200 μmol m− 2⋅s− 1 (0.02 ± 0.01 thalli mm-2), respec
tively (P < 0.001, Fig. 6). 

Ulva prolifera parthenogametes quickly germinated and grew into 
germlings within 7 days at 30 ◦C regardless of PAR (Figs. 3 and 4). When 
the U. prolifera germlings were continuously cultivated for 60 days, the 

Fig. 2. Germination rate of Ulva prolifera parthenogametes at different tem
perature (A, ◦C) and photosynthetically active radiation (PAR) (B, 
μmol⋅m− 2⋅s− 1) conditions (n = 3). 
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thallus at 10 μmol m− 2⋅s− 1 and 30 ◦C was dark green in color, with cells 
well arranged in a regular longitudinal pattern, and each cell had several 
chloroplasts and one pyrenoid (Fig. 7A). However, the thalli grown at 
other PAR conditions appeared to be seriously impacted by high PAR 
combined with high temperature (Fig. 7B and C). 

4. Discussion 

4.1. Contributions of Ulva prolifera parthenogametes to blooms 

The results of present study showed that Ulva prolifera parthenoga
metes could not germinate at 5 ◦C, but can survive over two months at 
3 ◦C as single cells regardless of PAR (10− 200 μmol m− 2⋅s− 1). It also 
indicated that the germination rate of U. prolifera parthenogametes was 
higher at 10 μmol m− 2⋅s− 1 compared with those at other PARs when 
these parthenogametes were transferred from 3 ◦C to 13 ◦C. Partheno
genesis is considered an important strategy to U. prolifera blooms in the 
southern Yellow Sea (Ma et al., 2009; Zhang et al., 2011a,b). Therefore, 
the capacity of U. prolifera parthenogametes to survive under low tem
peratures and low PAR, and to germinate quickly when temperature 
becomes preferable significantly contribute to the initial Ulva blooms in 
the southern Yellow Sea. During the winter months, the seawater tem
perature is lower than 5 ◦C in the southern Yellow Sea (Huo et al., 2015; 
Song et al., 2015a,b). The irradiance on the sea surface in the mid 
intertidal areas in Neopyropia J. Brodie & L.-E.Yang, aquaculture regions 
of the southern Yellow Sea was relatively high (Huo et al., 2013; Keesing 
et al., 2016). However, the high turbidity of seawater, which was mainly 
caused by large amounts of different-sized suspended particles, can 
reduce the radiation reaching parthenogametes. It was reported that 
U. prolifera parthenogametes appear to be mainly attached on the Neo
yropia rafts in the original area of green tides in the southern Yellow Sea 
(Huo et al., 2013, 2016). The U. prolifera parthenogametes which were 
attached to the rafts can be protected from relatively high irradiance, 
which is supported by the results of the present study. Therefore, 
U. prolifera parthenogametes can successfully survive over the cold 
winter period at the origin of the green tides in the southern Yellow Sea. 

The results of present study showed that Ulva prolifera parthenoga
metes have high germination rates and growth rates at suitable 

Fig. 3. Daily thallus length measurements of Ulva prolifera germlings germinated from parthenogametes at designated temperatures (◦C) and photosynthetically 
active radiation (PAR) (μmol⋅m− 2⋅s− 1) (n = 3). 

Fig. 4. Final thallus length (μm) and specific growth rate (% d− 1) of Ulva 
prolifera germlings germinated from parthenogametes at designed temperatures 
(◦C) and photosynthetically active radiation (PAR) (μmol⋅m− 2⋅s− 1) at the end of 
the experiment (n = 3). 
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temperatures combined with adequate PAR (Figs. 2,3). The surface 
seawater temperature gradually increased starting in March in the 
southern Yellow Sea (Huo et al., 2013, 2016), and from late May to 
August, ranged of 18 ◦C–28 ◦C during the period when green macroalgal 
blooms occurred (Huo et al., 2014). When temperatures became pref
erable, Ulva prolifera parthenogametes, which survived the cold winter 
season, can quickly germinate, grow rapidly and mature into gameto
phytes (Zhang et al., 2015). These mature U. prolifera vegetative thalli 
can contribute significantly to the initial stages of green tides during the 
Neopyropia harvest period in the southern Yellow Sea (Liu et al., 2010; 
Zhang et al., 2014; Wang et al., 2015). When annual U. prolifera blooms 
largely occurred from late May to August, the free-floating Ulva vege
tative thalli may have become the substrate for U. prolifera micro
propagules that were in the water column (Zhang et al., 2014). 

The results of present study showed that the mature gametophytes of 
U. prolifera germinated from parthenogametes could survive over two 
months at the temperature of 30 ◦C combined with low irradiance. When 

the seawater temperature increased to more than 28 ◦C during the 
period from July to August in the southern Yellow Sea, Ulva blooms 
generally disappeared (Huo et al., 2014). Even though most of Ulva 
biomass disappeared from the southern Yellow Sea, some attached Ulva 
biomass which resided in low PAR areas could have survived this period, 
such as in Neopyropia aquaculture regions. When the seawater temper
ature decreased to 20− 25 ◦C during the period from September to 
October in the southern Yellow Sea, the surviving mature U. prolifera 
gametophytes can recover and again contribute to the Ulva biomass in 
the in the following year. 

4.2. Germination and growth of Ulva prolifera parthenogametes 

It is certain that the germination of Ulva prolifera parthenogametes 
could be influenced by different environmental factors (Lotze et al., 
1999; Sousa et al., 2007; Agrawal, 2009). The present results clearly 
suggest that the germination of U. prolifera parthenogametes is affected 
by temperature and PAR. The highest germination rate of U. prolifera 
parthenogametes was obtained at 20 ◦C. Our results are in contrast to 
the germination rates of U. prolifera microscopic propagules reported by 
Song et al. (2015a,b) who reported that the germination rate of 
U. prolifera microscopic propagules maximized at 15 ◦C. Ulva prolifera 
parthenogametes did not germinate at 5 ◦C, which was in accordance 
with the results reported by Liu et al. (2012) and Song et al. (2015a,b). 
Germination of U. prolifera parthenogametes was not observed at 35 ◦C, 
which indicates that high temperatures are lethal to U. prolifera par
thenogametes. Highest germination rate of the parthenogametes was 
88.10 ± 0.80 % at 120 μmol m− 2⋅s− 1, which is similar to the results re
ported by Zhang et al. (2013). Ulva prolifera parthenogametes did not 
germinate in the dark environment, which was in accordance with the 
results reported by Liu et al. (2012) and Song et al. (2015a,b), however, 
Kolwalkar et al. (2007) reported that Ulva flexuosa spores could germi
nate in complete darkness. These results indicated that the demand for 
light for germination in various Ulva species is species-specific. In the 
southern Yellow Sea, salinity and pH varies from 27.5–30.9 and 
7.24–8.10, respectively (Huo et al., 2014, 2016), and nutrients are 
continuously supplied through the Yangtze River and other nearby 
rivers (Liu et al., 2013). These ranges of salinity, pH, and nutrient con
centrations are all suitable for U. prolifera parthenogametes to 

Fig. 5. Parthenogametes of Ulva prolifera at 3 ◦C and 10 μmol m− 2⋅s− 1 (A), 100 μmol m− 2⋅s− 1 (B) and 200 μmol m− 2⋅s− 1 (C) after 60 days of cultivation.  

Fig. 6. Number of Ulva prolifera germlings (thalli mm− 2) germinated from 
parthenogametes when temperature increased from 3 ◦C to 13 ◦C at different 
photosynthetically active radiation (PAR) conditions (μmol⋅m− 2⋅s− 1) after 60 
days (n = 3). 

Fig. 7. Ulva prolifera thallus after 60 days of cultivation at 30 ◦C combined with photosynthetically active radiation (PAR) of 10 μmol m− 2⋅s− 1 (A), 100 μmol m− 2⋅s− 1 

(B) and 200 μmol m− 2⋅s− 1 (C). 
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germinate. 
The fate of Ulva microscopic propagules in darkness has been of in

terest to some researchers. It was found that only 35 % of Ulva flexuosa 
zoospores survived after 51 days in darkness (Kolwalkar et al., 2007). 
Santelices et al. (2002) report that zoospores of U. intestinalis and 
U. compressa were able to germinate in the dark at 15 ◦C. In the present 
study, U. prolifera parthenogametes survived for 60 days at 3 ◦C 
regardless of PAR. They were able to germinate and grow quickly when 
the temperature increased to 13 ◦C. These results suggest that low 
temperature is the key environmental factor that restricts the germina
tion of U. prolifera in this alga (Schories, 1995). It is interesting to note 
that the germination rate of U. prolifera parthenogametes was signifi
cantly higher at 10 μmol m− 2⋅s− 1 than those at other higher PAR con
ditions when the temperature increased to 13 ◦C. This result suggests 
that high PAR may negatively affect the survival of U. prolifera parthe
nogametes at 3 ◦C. Song et al. (2015a,b) reported that Ulva microscopic 
propagules did not germinate at 5 ◦C, but they did not report the effects 
of PAR on the survival of Ulva microscopic propagules under low tem
peratures. To our knowledge, there has not been any study on the effects 
of PAR on the survival of Ulva zooids (zoospores and gametes). 

After attachment on substrates, Ulva prolifera parthenogametes can 
rapidly germinate and grow under suitable environments. Our results 
showed that the maximum growth rate of U. prolifera germlings was 99.2 
%d− 1, which is higher than 78.9 % d− 1 and 74.5 % d− 1 reported by Tian 
et al. (2010) and Cui et al. (2015). The growth rate of U. prolifera 
germlings was 79.0 ± 2.3 %d− 1and 83.1 ± 2.4 %d− 1 at the temperature 
of 30 ◦C combined with the PAR of 100 and 200 μmol m− 2⋅s− 1, respec
tively, which indicated that these U. prolifera germlings have a high 
tolerance to high temperature. 

In summary, we report the responses of the germination and growth 
of Ulva prolifera parthenogametes to different combinations of temper
ature and PAR. The results of present study indicate that U. prolifera 
parthenogametes may largely contribute to green macroalgal blooms in 
the southern Yellow Sea due to their high germination and growth rates. 
The parthenogametes will make significant contributions to future green 
tide events since these micropropagules can survive winter conditions. 
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