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Abstract

The cytological characteristics of major green-tide-forming green algae Ulva
prolifera collected from Yellow Sea were studied through cutting segments,
long time low temperature or dark treatments. After being dried in the shade
and preserved at —20°C for 30 days, the U. prolifera was cultured at 4°C in
sterilized seawater under 40 pmol photons m™*s™" light intensity for 120 days,
results indicated that the plastid of U. prolifera continuously shrank with the
extension of treatment, and most cells turned white and died, only a small
amount of cells still contained a few of visible inclusions at the 120d of treat-
ment. Then those samples were transferred to 20°C and 40 pmol photons
m2s™' condition for recovery cultivation, after about 10 days, some recovery
cells were observed in the thallus, and those cells developed to young thallus
gradually and released germ cells almost in the same time. After about 60
days of recovery cultivation, the newly-grown green thallus broke through the
original dead thallus, and the germ cells also grew to new individual thallus.
Before dark treatment, the U. prolifera cells were filled with plastid, contained
visible starch grain and discernible cell outlines, while after 120 days of dark
treatment, the plastid shrank and degraded together with the disappearance
of cell inclusions, and the cell outlines also blurred, then those samples were
transferred to optimal culture conditions at 20°C in 40 pmol photons m™>s™
light intensity, and 15 days later, newly-grown cells appeared on the almost
dead thallus, these cells divided continuously and grew to young thallus, and
those newly-grown thallus also generated active germ cells, which developed
to new thallus that cytologically identical to the original thallus. Observation
of chopped tissue of U. prolifera cultivated at 20°C, 40 pmol m™>s™' showed
that the morphological upper part cells turned to germ cells first, those germ
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cells including gametophyte and sporophyte, which released later and grew to
new individual thallus. These findings provided cytological evidences for how
U. prolifera live through stress conditions such as low temperature, darkness,
and also useful for understanding the mechanism of the occurrence of green
tide.

Keywords

Ulva prolifera, Green Tide, Cytology, Temperature, Stress

1. Introduction

The green tide is a natural disaster caused by the explosive growth of some green
macroalga, in which Ulva is turned out to be the main species. There are varying
degrees of green tide outbreaks at the Yellow Sea of China since 2007, especially
the largest green tide occurred in Qingdao 2008. The green tide has negative ef-
fects on the sea ecological environment, such as competition for the nutrition
and oxygen which broke the ecological balance of other seaweeds and animals,
and also brought huge losses to coastal economy [1] [2] [3] [4]. Considering the
impact of green tide on human society and economy, ecologists attach great im-
portance to the study of the mechanism of green tide.

It is always a hot topic about the source of green tide. Many reports suggested
that the green tide forming algae U. prolifera was originated from the South
Yellow Sea [2] [5] [6], and believed there are seaweed mats in the Yellow Sea.
Investors also observed micro propagule in Yellow Sea, and found co-relationship
between the amount of micro propagule and the development of green tide [7].
While some reports proposed that the source of green tide may come from aq-
uaculture ponds [3], or probably originated from the coastal areas of the south-
west Yellow Sea [8], or from the somatic cells embedded in the sediment [9].

The outbreak of green tide is closely related to the environment, except the
direct relationship with eutrophication [10], the rise of seawater temperature in
spring is also a key factor for the floating of green algae [11]. Recent report indi-
cates floating green algae occurred in Yellow Sea area when the seawater tem-
perature rises to 12°C - 15°C [12]. In addition, light intensity also plays an im-
portant role in green algae floating through affecting photosynthesis and oxygen
evolution. The stress adaptation ability and special reproduction pattern of U.
prolifera made it to be the dominant species in green tide. U. prolifera can grow
fast by using the nutrition in seawater such as nitrogen, the highest daily growth
rate can reach up to 50% under optimal conditions [13]. U. prolifera can adapt
to dramatic changes in salinity, light intensity and dehydration [14] [15] [16]
[17]. There are various reproductive patterns of U. prolifera, including sexual
reproduction, asexual reproduction and vegetative proliferation [18]. The micro
propagule and thalli of U. prolifera may survive under low temperature or dark

conditions [9]. All those biological characteristics make U. prolifera the domi-
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nant species in the green tide.

Normally, the floating green macroalgae emerges around April, and then the
biomass increased greatly with the rapid growth of macroalgae especially U. pro-
lifera, and those algae began to degraded or sank into the sea around August.
The seawater temperature of the Yellow Sea decreased gradually from August.
Therefore, living through this low temperature period is crucial for the reoccur-
rence of green tide in the next year. Seaweed mats are considered to be the
source of floating green algae, which may be consisted of overwintering adult
plants [9], settled spores, or other microscopic forms of the life cycle that remain
dormant or survive with little growth until environmental conditions become
favorable [19] [20] [21], while little cytological research has done on the survival
and regeneration of green macroalgae in dark and low temperature. In this
study, we put the floating U. prolifera sample under low temperature, darkness
for a long period and transferred it to optimal condition, cytological characteris-
tics of sample were observed, in order to study how U. prolifera live through

stress conditions and discuss the relationship with the occurrence of green tide.

2. Materials and Methods

2.1. Collection and Culture of Ulva prolifera

The thalli were collected at the Yellow Sea from May to July 2016 (see Table 1),
and transported to the lab in a cool box (4°C - 6°C) within 4 h and then washed
out gently with sterilized seawater. Healthy thalli vegetative tissues were selected
for further experiment.

Low temperature treatment: U. prolifera sample first dried in the shade and
preserved at —20°C for 30 days, then put them in the triangular flasks with sterile

seawater and cultured at 4°C, 40 pmol photons m™

s7! light conditions, and the
sterile seawater was replaced every 2 days. Cytological observations of thalli were
performed every 3 days.

Dark treatment: U. prolifera sample were suspended in triangular flasks with
fresh sterile seawater at 4°C and placed in opaque boxes for culture. The sterile
seawater was replaced every 2 days. Cytological observations of thalli were per-
formed every 7 days.

Segments culture: the cytological upper part of healthy thallus were cutto 1 - 3

cm in length and put in culture dishes with fresh sterile seawater. The sterile

Table 1. Overview of collection site and time of Ulva proliféra sample.

No. Collection time Collection site
Yancheng Floating algae 2016-6-19 33°48'N121°20'E
Lianyugang Floating algae 2016-6-24 34°58'N119°48'E
Qingdao Floating algae 2016-7-24 36°03'N120°20'E
Dafeng Floating algae 2016-5-23 33°48'N121°10'E
Rudong Floating algae 2016-6-18 36°03'N120°22'E
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seawater was replaced every 2 days. Cytological observations of thalli were per-
formed every 2 days.

Renewing culture process: those thallus, after several days of low temperature
or dark treatment, were transferred to 20°C, 40 umol photons m™>s™" and 12L:12D
photoperiod condition, and the sterile seawater was replaced every 2 days. Cyto-

logical observations of thalli were performed every 2 days.

2.2, Cytology Observation

Cytology observations of U. prolifera were conducted using a light microscope
(Nikon 90i, Tokyo, Japan). Three triangular flasks with 3 - 5 strains of U. proli-
fera were selected at random from each treatment and cytological characteristics

of sample were observed.

3. Results

3.1 Cytology Characteristics of U. prolifera before and after Low
Temperature Treatment

Before 4°C treatment, the cells of U. prolifera collected from different time and
sites preserved at —20°C arranged closely, and the cells were quadrangular or
polygonal, the sizes of cells were different, the plastid occupied most part of the
cells, and the pyrenoids also visible (Figures 1(1)-1(10)). After 120 days of 4°C

temperature treatment, the cells changed obviously, most of cells losed green

Figure 1. Cytological characteristics of U. prolifera before and after low-temperature
treatment. (1-5): U. prolifera sample YF, LF, QF, DF, RF after preserved at —20°C for 30
days; (6-10): repeats of U. prolifera sample YF, LF, QF, DF, RF after preserved at —20°C
for 30 days; (11-15): U. prolifera sample YF, LF, QF, DF, RF after 120 days of 4°C treat-
ment; (16-20): repeats of U. prolifera sample YF, LF, QF, DF, RF after 120 days of 4°C
treatment. Bar = 10 um.
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and turned to white, the plastid degraded, the cell inclusions also disappeared
and only cell walls were visible, and samples collected from different sites showed
the same changes (Figures 1(11)-1(20)).

3.2. Cytological Characteristics of U. prolifera before and after
Dark Treatment

Before dark treatment, the cells cultured at 4°C showed clear outline, and the
plastid occupied most cells, and the vacuole and pyrenoids were visible (Figures
2(1)-2(5)); after 120 days of dark treatment, the shape of cell changed little, but
the green color of cells lightened obviously, and the plastid shrunk and began to
degrade, only occupied small part of cell (Figures 2(6)-2(10)); after 180 days of
dark treatment, the cell inclusions almost disappeared and the cell outlines be-

came indistinct under microscope (Figures 2(11)-2(15)).

3.3. Cytological Characteristics of Renewing Cultured U. prolifera
after Low Temperature Treatment

The plastid and cells outlines were clearly observed at the 1 day of low tempera-
ture treatment (Figure 3(1)). After 45 days of low temperature treatment, most
of the U. prolifera plastid degraded (Figure 3(2)). After 90 days of low temper-
ature treatment, the plastid of sample almost disappeared (Figure 3(3), Figure
3(4)).

After 10 days of renewing cultivation, recovery cells were observed in the
original thallus (Figure 3(5)) and these cells divided continuously and formed
clusters later, these cells also increased gradually in volume (Figure 3(6)). 40

days after renewing cultuvation, the recovery cells developed to a string of cells

Figure 2. Cytological characteristics of U. proliferabefore and after dark treatment. (1-5):
characteristics of U. prolifera YF, LF, QF, DF, RF cells before dark treatment; (6-10): cha-
racteristics of U. prolifera YF, LF, QF, DF, RF cells after 120 days of dark treatment;
(11-15): characteristics of U. prolifera YF, LF, QF, DF, RF cells after 180 days of dark
treatment. Bar = 10 pum.
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Figure 3. Cytological characteristics of U. prolifera under low temperature treatment and
renewing culture. (1) Cells of U. prolifera after one-day low temperature treatment; (2)
the plastid degraded after 45 days of low temperature treatment; (3) the plastid disap-
peared after 90 days of low temperature treatment; (4) cell inclusions disappeared after
120 days of low temperature treatment; (5) recovery cells were observed after 10 days of
renewing culture; (6) the recovery cells divided rapidly and formed clusters after 40 days
of renewing culture; (7) the recovery cells divided continuously to be multiple cells after
50 days of renewing culture; (8) the cell strings extended apart from the old thallus after
60 days of renewing culture; (9) germ cells were released around the thallus; (10) germ
cells germinated; (11) young thallus grew from the original thallus after 65 day of renew-
ing culture; (12) young thallus grew from the bottom of the culture dishes. Bar = 10 pm in
(1-10), Bar = 200 pm in 11 and 12.

(Figure 3(6)). 60 days later, these multiple cells strings continued to grow and
extended apart from the original thallus (Figure 3(8)). During this process, a
large number of germ cells were observed around the original thallus (Figure
3(9)). The germ cells continue divided and grew to new individuals attaching on
the bottom of the culture dishes or on the original thallus (Figure 3(10), Figure
3(11)).

3.4. Cytological Characteristics of Renewing Cultured U. prolifera
after Dark Treatment

Most cells were dead after a long period of dark treatment (Figure 4(1)). After
15 days of renewing culture, the recovery cells were observed on the dead thallus
(Figure 4(2)). After 30 days of renewing culture, these cells gradually grew to
clusters (Figure 4(3)) which continued to grow. After 35 days of renewing cul-
ture, the newly-grown thallus developed from the dead thallus (Figure 4(4)).
Certain amounts of germ cells were generated around the thallus (Figure 4(5)),
which grew to be new thallus later. After 45-days of recovery culture, a large
number of new thallus were developed both from the dead thallus and the germ
cells, which were cytologically identical to the original thalli (Figure 4(11), Fig-
ure 4(12)).
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Figure 4. Cytological characteristics of renewing culture U. prolifera after dark treatment.
(1) Cells of U. prolifera after 180 days of dark treatment; (2) the recovery cells were ob-
served after 30 days of renewing culture; (3) the recovery cells divided to cell clusters after
40 days of renewing culture; (4) the recovery cells divided continuously to be multiple
cells after 50 days of renewing culture; (5) germ cells were released around the thallus;
(6-7) germ cells were germinated; (8) young thallus grew from the original thallus; (9-10)
new thallus kept growing; (11) new young thallus grew on the original thallus; (12) new
young thallus attached on the bottom of culture plat. Bar = 10 um in (1-7); Bar = 200 um
in (8-12).

3.5. Development of Chopped U. prolifera Tissue

In the process of chopped tissue cultivation, the cytological upper part of the
thallus generated germ cells first. The color of the chopped tissue changed from
green to yellow during the development of germ cells, and the cell arrangement
became irregular (Figures 5(2)-5(4)). After about 2 - 3 days culture, the germ
cells became mature, and moved rapidly within the sporangium, soon the germ
cells diffused continuously though the hole, and finally left empty sporangium
(Figure 5(7)). There were two kinds of germ cells, gametophyte and sporophyte,
and the only differece is gametophyte had two flagellum while the sporophyte
has four (Figure 5(7)). The germ cells were quite active when just released from
the sporangium, after about 0.5 h, they attached to suitable matrix and began to
germinate (Figure 5(8), Figure 5(9)). These attached germ cells started to de-
velop transparent protuberances after 3 days culture (Figure 5(10)). 5 days later,
the basal cells divided and elongated to be rhizoid (Figure 5(11)). 7 days later,
the apical cells started to divide (Figure 5(12)). The fascicled thallus divided both
longitudinally and transversely (Figures 5(13)-5(15)), and developed new thallus
attached on the bottom of the culture plat (Figure 5(16)).

4. Discussion

The green tide of Yellow Sea occured periodically, and the green algae started to
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Figure 5. The development of U. prolifera cells after chop treatment. (1) Vegetative cells;
(2) formation of gonocyte; (3, 4) formation of germ cells; (5) gametophyte; (6) sporo-
phyte; (7) the empty sporangium; (8-9) attachment of germ cells; (10) germination of
germ cells; (11-12) development of grem cells; (13) formation of new thallus; (14, 15) di-
vision of cells; (16) new thallus attached on the bottom of culture plat. Bar = 10 um in (1,
2,4,9, 10,11, 12, 13, 14, 15); Bar = 5 um in (5, 6, 7, 8); Bar = 200 um in (16).

float in about April every year, then grow and expand to large scale, finally de-
grade or sink into the sea in August [13] [22]. Therefore, the green algae live
though the low temperature of the autumn and winter in un-floating state and
explode again in next spring. It is generally acknowledged that the existence of
“algae library”, produced from settled spores, some microscopic organisms of
life cycle and other vegetative fragments maintaining dormant or surviving with
little growth, ensures the green tide periodically occurs under favorable envi-
ronmental conditions [19] [20] [21].

U. prolifera has a variety of reproductive pattern [18], observation of the mi-
cro propagules of U. prolifera in Yellow Sea indicated that quantite changed pe-
riodically, and showed close relationship with the forming of floating green algae
[23]. The micro propagules of U. prolifera perennially appeared in sea area of
the north of Jiangsu province [24] [25] [26], while it only presented with the
floating of green algae in sea area of Qingdao and almost disappeared in the end
of green tide in August [23] [27] considered that the rocks along the Qingdao
coast were more difficulty for U. prolifera to attach and grow compared with the
seaweed cultivation equipment from the south Yellow Sea. In addition, the sur-
face seawater temperature of Qingdao sea area in winter can reach as low as 2°C,
which is believed unfavorable for the growth of U. prolifera [5].

The south Yellow Sea, where many researchers believed to be the source of

green tide, is located in the entrance of the Yangtze River, the water of which
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brings adequate nutrition. Meanwhile, it forms unique geographical features
with little rocks along the shore, turbid seawater and low light transmittance,
where light is almost impossible to be detected under the surface of 1 m. The
germination and growth of micro propagules or somatic cells of U. prolifera de-
pend on the environmental conditions such as temperature and light [21] [28].
Our results also indicated that the thallus cells under stress conditions, such as
low temperature, darkness or chopping, can restore growth very well in 20°C
under 40 pmol photons m™s™' light intensity. Under natural conditions in
spring, the lighting conditions of the south Yellow Sea may be the limiting factor
for the germination of micro propagules and no large-scale green tide had been
reported in this sea area. Thus how do micro propagules of U. prolifera in the
south Yellow Sea grow in spring still need further study.

It had been reported that there are different ways about how U. prolifera
overwinters the unfavorable environment, including propagules and somatic cells
forms [9] [20] [21]. Schories (1995) proposed that the contribution of asexual
spores to the growth of Ulva in spring was negligible, but the real “source” was
those mature algae which mixed with sediments and passed the low temperature
stage of winter, Zhang et al. (2010) also supported this option. Our results also
showed that the mature thallus cells almost dead after a long period of low tem-
perature or darkness, but some cells recovered growth several days after trans-
ferred to optimal conditions, those cells grew to young thallus finally. While the
difference with the above reports was that a large number of germ cells, includ-
ing gametophyte and sporophyte, were developed and released from the recove-
ried cells. These germ cells were able to germinate and grow rapidly. So we pro-
pose that both the surviving cells and the germ cells may be the “seed” source for
the regrowth of floating U. prolifera at optimal conditions after long time of low

temperature and darkness.

5. Conclusions

1) Cultured at 4°C and 40 pmol photons m™>s™" light intensity for 120 days,
most cells of U. prolifera turned white and died; after being transferred to 20°C
and 40 pmol photons ms™', some recovery cells were observed in the thallus
after about 10 days, and those cells developed to young thallus gradually and re-
leased germ cells almost in the same time. After about 60 days of recovery culti-
vation, the newly-grown green thallus broke through the original dead thallus,
and the germ cells also grew to new individual thallus.

2) After 120 days of dark treatment, the plastid of U. prolifera shrank and de-
graded; after being transferred to optimal culture conditions at 20°C in 40 pumol
photons m™>s™" light intensity for 15 days, newly-grown cells appeared on the
almost dead thallus, these cells divided continuously and grew to young thallus,
and those newly-grown thallus also generated active germ cells.

3) Chopped tissue of U. prolifera cultivated at 20°C, 40 pmol-m>s™' showed

that the morphological upper part cells turned to germ cells first, those germ
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cells including gametophyte and sporophyte, which released later and grew to
new individual thallus.

These findings provided cytological evidences for how U. proliferalive through
stress conditions such as low temperature, darkness, and also useful for under-

standing the mechanism of the occurrence of green tide.
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