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Abstract
The experiment aimed to explore the possible life activities of Ulva compressa under different
environmental conditions, e.g., light intensity and temperature stress. Orthogonal experiment of three
temperature levels and three light intensity levels were designed, and there were a totally nine groups. The
transcriptome of U. compressa was studied in speci�c genes after RNA extraction, sequencing,
transcriptome assembly, annotation, and expression analysis. It was showed that U. compressa was
selectively expressed condition-speci�c genes under certain conditions, thereby maintaining related life
activities, which was different from the algae in the Yellow Sea green tide. Two categories of condition-
speci�c genes were divided according to the results, wherein one type of genes was more obviously
expressed under the in�uence of light, while the other one was obviously in�uenced by temperature. It
seemed that these changes might bene�t for U. compressa to temporarily increase the e�ciency of
photosynthesis and have more gene expression in terms of reproduction and nutrition, laying the
foundation for further exploration of its environmental adaptability different from other algae.

1 Introduction
Green tide is a widespread phenomenon of algal blooms in coastal areas, which seriously endangers the
marine ecological environment and causes immeasurable losses to offshore tourism, aquaculture, and
ecosystems(Xuelei, et al. 2021). A large number of indoor work and marine surveys have shown that the
formation of the green tide is caused by the drift, accumulation, and over-proliferation of macroalgae, and
the most representative macroalgae is Ulva Prolifera(Blomster, et al. 2002, Merceron, et al. 2007, Nelson,
et al. 2008).

It belongs to Chlorophyta, Cholophyceate, Ulvales, and Ulvaceae(Rengcheng, et al. 2018). At present, there
are more than 80 known species of prolifera in the world, mainly from marine products, and a few species
are distributed in brackish water or rivers, while there are 19 known species of prolifera in China, and the
main ones are related to Ulva. line, U. prolifera, U. compressa, Ulva �exuosa, and so on, some of them
appear in the green tide of the Yellow Sea in China all year round(Leliaert, et al. 2009, Liu, et al. 2013, Liu,
et al. 2012, Masini, et al. 1995). The identi�cation at the molecular level shows that the outbreak of green
algae in the South Yellow Sea �rst appeared in 2008. With time, the green tide constituent species
appeared in population succession during the �oating process(Xiaolin, et al. 2011). In general, U.
compressa, U. line, and U. �exuosa were in the early population, but �nally, U. prolifera developed into the
dominant species and the last surviving species of its growth rate advantage (Wang, et al. 2018).

Although it is not eye-catching during the green tide eruption and succession in the Yellow Sea, it is the
�rst prolifera species to publish the complete genome sequence. It has a lot of research data in
morphogenesis, environmental ecology, and molecular biology, and is one of the representative species of
Ulva. In terms of photosynthetic physiology, U. compressa is relatively resistant to low temperatures
(Yangyang, et al. 2010). And with the changes in seawater temperature and light intensity, high
temperature and high light intensity inhibit the growth of U. compressa, gradually eliminated in the green
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tide formation process(Wang, et al. 2018). In this paper, transcriptome data of U. compressa under
different growth conditions were analyzed to study the gene expression changes of U. compressa under
the in�uence of light intensity and temperature and to explore the molecular mechanism of adaptation of
U. compressa to changes in light and temperature environment.

2 Materials And Methods

2.1 Experimental materials and pre-culture
The material in this experiment was collected from the Qingdao sea area in July 2008 (East longitude:
120.19 degrees, North latitude: 36.04 degrees), selected healthy algae, clean the algae and remove
surface attachments, take the same mass (5g). The fresh-weight algae were divided into 9 groups (3
parallels in each group) for treatment and were cultured in 1.5L conical �ask with VSE medium. The
culture conditions in the light incubator were shown in Table 1. Because the optimum growth conditions
of E. platypus were: temperature 10 ± 1℃, 100µmol·m− 2s− 1, so B5 was the positive control group. During
the experiment, each group was exposed to light for 12 h, and the light cycle was L/D = 12:12 h.
Afterwards, the algae were sub-packaged, quick-frozen in liquid nitrogen, and stored at -80°C for
subsequent RNA extraction.

Table 1
Experimental design of orthogonal

transcriptome of U. compressa under
temperature and light intensity stress

temperature

light intensity

30℃ 10℃ 4℃

400µmol·m− 2·s− 1 B1 B4 B7

100µmol·m− 2·s− 1 B2 B5 B8

20µmol·m− 2·s− 1 B3 B6 B9

2.2 Experimental method

2.2.1 RNA extraction and sequencing
Add DNase I to digest the DNA in the sample, then enrich the mRNA with magnetic beads containing
Oligo(dT), add the breaking reagent to the Thermomixer, and use the broken mRNA as a template to
synthesize the �rst cDNA, and then use the two-stranded synthesis system to further synthesize the
double-stranded cDNA. Then the kit was used for puri�cation and recovery, sticky end repair, adding A
base "A" to the cDNA3 'end, and connecting the connector. After selecting the fragment size, PCR
ampli�cation was carried out to construct the cDNA library. Agilent 2100 Bioanalyzer and ABI
StepOnePlus Real-Time PCR System were used to check the constructed cDNA. After quali�ed, Illumina
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HiSeq™ 2000 was used for double-terminal sequencing of the constructed cDNA library(Wang, et al.
2009).

2.2.2 Transcriptome assembly and annotation
The short reads were assembled using the software Trinity (http://trinityrnaseq.sourceforge.net/), and the
obtained sequence was unigene, using Tgicl (http://sourceforge.net/projects/tgicl/�les/tgicl%20v2.1/)
Remove redundancy and further complete the splicing. Secondly, cluster homologous transcripts to
obtain effective Unigenes. At the same time, parallel samples are sequenced, and the assembled
unigenes are further sequenced by sequence clustering software to remove redundancy. Additional
processing, and clustering of homologous transcripts, resulted in as long as possible non-redundant
unigenes, in which only unigene sequences with p-value < 0.05 and |Log2FoldChange|>1 were considered
signi�cantly different. The obtained unigene sequences were then functionally annotated (e-value < 
0.00001) through protein databases NR, Swiss-Prot, KEGG, and COG (http://blast.ncbi.nlm.ni-
h.gov/Blast.cgi).

2.2.3 Transcriptome expression annotation
The expression quantity of unigene is calculated by FPKM (Fragments Per KB Per Million Fragments). Its
calculation formula is:

FPKM =
106C

NL/103

2.1

Among them, FPKM(A) is the expression level of unigene A, C is the number of fragments uniquely
aligned to unigene A, N is the total number of fragments uniquely aligned to all unigenes, and L is the
number of bases of unigene A.

2.2.4 Homology alignment
Multiple sequence analysis was performed on the known unigene gene sequences with the same
function by DNAMAN software.

3 Results And Analysis

3.1 Transcriptome sequencing, assembly, and annotation
A total of 43,290,792,180 nt of data were generated by sequencing on the Illumina Hiseq2000 platform. A
total of 92,790 Unigenes were obtained by the assembly, with a total length of 158,854,805nt, an average
length of 1,712nt, and an N50 of 2,940nt. Annotating Unigene functions to NR, NT, Swiss-Prot, KEGG,
COG, and GO libraries are 51,884, 9,200, 35,580, 38,453, 32,981, 21,772, and the Unigenes on all
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annotations are 52,679 individual. A total of 5,519 SSRs. The statistical results of data processing are
shown in Table 2.

Table 2 The yield statistics of orthogonal transcriptome sequencing of U.
compressa under temperature and light intensity stress

 

Samples Total Raw
reads

Total clean
Reads

Total clean
Nucleotides(nt)

Q20
percentage(%)

GC
percentage(%)

B1 57,959,152 53,893,110 4,850,379,900 97.84 58.11

B2 59,233,936 55,278,410 4,975,056,900 97.82 57.97

B3 58,968,570 55,062,386 4,955,614,740 97.91 57.76

B4 56,196,420 52,125,072 4,691,256,480 97.71 56.87

B5 55,631,066 51,649,190 4,648,427,100 97.70 56.71

B6 57,876,244 54,744,178 4,926,976,020 98.31 58.11

B7 56,074,990 52,650,014 4,738,501,260 97.95 57.46

B8 58,358,300 54,159,594 4,874,363,460 98.20 57.60

B9 55,563,802 51,446,848 4,630,216,320 98.17 57.98

Note: 1. Total Reads and Total Nucleotides represent the number of �ltered reads and bases;

1. Q20 percentage indicates the proportion of bases with quality of not less than 20 after �ltering;
2. GC percentage indicates the ratio of bases G and C to the total number of bases after �ltering.
3. Total Clean Nucleotides = Total Clean Reads1 Read1 size + Total Clean Reads2 Read2 size

3.2 Transcriptome expression analysis
Through the analysis of the expression of the transcriptome of U. compressa, it was found that some of
the unigene genes were not expressed under B5 (normal conditions), but were only expressed under
special conditions, which were called condition-speci�c expression genes. In previous studies, the
analysis of differential genes was mostly performed, that is, under normal conditions, the expression of
genes of key enzymes of the organism was up-regulated or down-regulated in the treatment group, to �nd
out that there may be emerging biological processes. In previous studies, through transcriptome
sequencing analysis, the up-regulation or down-regulation of carotenoid-related genes in U. prolifera, it
was found that high temperature and low temperature can activate the synthesis of carotenoids, which
provides a reference for the analysis of other metabolic pathways(Yuan, et al. 2018); the up-regulation
and down-regulation of key enzyme genes in photosynthesis of U. line, and found the signi�cance of C4

pathway in CO2 assimilation(JianFang, et al. 2013); the up-regulation of genes in photosynthesis and
glycolysis in U. compressa. It was concluded that it may provide su�cient energy for long-term low-salt
tolerance(Xing, et al. 2021). In the analysis of transcriptome data in this paper, an interesting
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phenomenon was found. Among the many condition-speci�cally expressed genes, the expression levels
of some genes showed regular changes with temperature or light intensity. Through further functional
analysis of these condition-speci�c genes, it is possible to infer the biological processes that are taking
place in each group, which provides direction for understanding the molecular tolerance mechanism of U.
compressa under extreme conditions.

3.2.1 Genes that change with light intensity under extreme
temperature conditions
Such condition-speci�c expression genes can be expressed under extreme light intensity conditions, and
the expression level is always the largest in B1, the smallest in B3, and B7 > B9. The genes with known
functions are shown in Table 3. These genes are shown in Table 3. The functions expressed are mostly
anti-stress and signal transduction. For example, unigene17011_All is heat shock 70 kDa protein 6
(chloroplastic), unigene27131_All has the function of an uncharacterized protein, and unigene34085_All
is annotated as pro�lin-1, which can bind to actin, and it can be determined by the concentration of high
and low. Affects the structure of the cytoskeleton. unigene30740_All has the function of ran-binding
protein 1 homolog a, and unigene23679_All and unigene33974_All function as formin-like protein 14 and
formin-like protein 3, which can regulate cell activity. Others include short-chain dehydrogenase TIC 32
(chloroplastic), chlorophyll ab binding protein L1818 (chloroplastic), 3-isopropyl malate dehydratase,
serine/threonine-protein kinase SAPK10, 26S proteasome regulatory subunit 4 homolog B, etc. The
speci�c expression of these genes, by affecting the cytoskeleton and regulating activity, plays an
important role in the growth process of U. compressa, enabling it to temporarily adapt to extreme
conditions to survive for some time. This is also consistent with the mechanism of the adaptation to
salinity stress in the related literature(Xing, et al. 2021), but there is no report on condition-speci�c genes
for its tolerance.
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Table 3
Genes that changed with light intensity under extreme temperature conditions

gene function annotation number Swissprot-
E-value

unigene5844_All wd repeat-containing protein LWD2 sp|Q38960|LWD2_ARATH 1.00E-18

unigene34958_All 4.00E-11

unigene20376_All vegetative cell wall protein gp1 sp|Q9FPQ6|GP1_CHLRE 1.00E-16

unigene20405_All 2.00E-06

unigene9924_All 3.00E-29

unigene13685_All 2.00E-19

unigene33653_All 9.00E-14

unigene27164_All 4.00E-12

unigene17011_All heat shock 70 kDa protein 6,
chloroplastic

sp|Q9STW6|HSP7F_ARATH 3.00E-82

unigene30541_All chlorophyll a-b binding protein
L1818, chloroplastic

sp|Q03965|L181_CHLMO 3.00E-51

unigene225_All 1.00E-49

unigene27131_All uncharacterized protein sp|P0C8Z0|Y8359_ORYSI 1.00E-06

unigene6266_All 40S ribosomal protein S12 sp|Q9XHS0|RS12_HORVU 1.00E-33

unigene34085_All pro�lin-1 sp|P49231|PROF1_PHAVU 8.00E-35

unigene30740_All ran-binding protein 1 homolog a sp|Q9LMK7|RBP1A_ARATH 8.00E-40

unigene23723_All dynein 8 kDa light chain, �agellar
outer arm

sp|Q39580|DYL1_CHLRE 5.00E-42

unigene13240_All 20 kDa chaperonin, chloroplastic sp|O65282|CH10C_ARATH 1.00E-41

unigene27075_All peptide methionine sulfoxide
reductase B2, chloroplastic

sp|Q9C5C8|MSRB2_ARATH 2.00E-39

unigene13846_All small ubiquitin-related modi�er 1 sp|P55857|SUMO1_ORYSJ 2.00E-17

unigene34046_All branched-chain-amino-acid
aminotransferase 5, chloroplastic

sp|Q9FYA6|BCAT5_ARATH 4.00E-86

unigene27210_All glutathione S-transferase Z2 sp|Q9ZVQ4|GSTZ2_ARATH 1.00E-12

unigene23679_All formin-like protein 14 sp|Q9C6S1|FH14_ARATH 4.00E-10

unigene10207_All short-chain dehydrogenase TIC 32,
chloroplastic

sp|A2RVM0|TIC32_ARATH 3.00E-49

unigene20031_All 3-isopropylmalate dehydratase sp|Q94AR8|LEUC_ARATH 0
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gene function annotation number Swissprot-
E-value

unigene30563_All serine/threonine-protein kinase
SAPK10

sp|Q75H77|SAPKA_ORYSJ 2.00E-50

unigene20380_All 26S proteasome regulatory subunit
4 homolog B

sp|Q9SL67|PRS4B_ARATH 0

unigene33974_All formin-like protein 3 sp|Q7G6K7|FH3_ORYSJ 5.00E-08

Among the genes that change with light intensity under extreme temperature conditions, there are more
genes related to the function of the Vegetative cell wall protein gp1, and there are 6 genes. Further
analysis of their homology found that the consistency was 30.71% in DNAMAN, and the homology was
30.71%. The sex is not high. unigene5844_All and unigene34958_All express the same function: wd
repeat-containing protein LWD2. The homology comparison found that the consistency is 50.95%. These
genes do not belong to one class, and may have formed different Categories; unigene30541_All and
unigene225_All are annotated as chlorophyll ab binding protein L1818 (chloroplastic), and the homology
comparison found that the consistency is 84.65%, the homology is high, and it may be a class of genes.

In addition to the above genes, there are still some genes with unknown functions that enable the growth
of E. prolifera under extreme conditions, including unigene30667_All, unigene27474_All,
unigene26919_All, unigene10018_All, unigene23770_All, unigene34014_All, unigene13559_All, etc.

The expression levels of these genes under high light intensity are higher than those under low light
intensity, which may be because the stress of high light intensity is more extreme for U. compressa, which
leads to the need for more gene expression levels to adapt to high light intensity stress, but it still needs
to be further proved by follow-up experiments.

3.2.2 Genes only expressed at high temperature
These genes were only expressed at high temperatures, that is, the samples were only expressed in B1,
B2, and B3. Most of these genes are related to stress resistance and signal transduction, and a few are
related to cell division and cell components. It can be seen that under high-temperature conditions, to
maintain the growth of U. compressa level. The genes with known functions are shown in Table 4.
Among them, the genes such as unigene35167_All and unigene36939_All are respectively formin-like
protein 5 and formin-like protein 20 according to the annotations, and they all have the function of
regulating cell activity; unigene26553_All, unigene28750_All, unigene46434_All, unigene9437_All, etc. All
genes have the function of vegetative cell wall protein gp1, thus constituting cell components. According
to the homology comparison, the consistency of these genes is only 22.96%, and the homology is not
high.

There are also some genes directly related to resistance to external adverse environments. Among them,
unigene17608_All has the function of lectin OS = Ulva pertusa according to the annotation. The activity of
the protein was not affected within 30min at 30–70℃, which could protect U. compressa from
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temporarily adapting to high-temperature environment; unigene19720_All and unigene19717_All both
have the function of proline-rich receptor-like protein kinase PERK2, which acts as a protein kinase to
temporarily resist the in�uence of certain adverse environments. These genes all have different
expression levels under high temperatures, and they all help U. compressa to temporarily adapt to the
high-temperature environment from different angles. This may be a special gene formed in the long
evolutionary process, but in terms of growth rate, the growth rate of U. compressa was much lower than
that of other U. prolifera at high temperatures(Jianjun, et al. 2015). It is speculated that the condition-
speci�c gene expression mechanism of U. compressa may be different from the differential gene
mechanism of other U. prolifera, resulting in a slow growth rate. Therefore, U. compressa mostly
appeared in the early green tide of the Yellow Sea, and then with the increase of temperature, resulting in
a slow growth rate. U. compressa gradually lost its status of the dominant species(Wang, et al. 2018).

Table 4
Genes that were only expressed at high temperatures

gene function annotation number Swissprot-
E-value

unigene26553_All vegetative cell wall protein gp1 sp|Q9FPQ6|GP1_CHLRE 5.00E-20

unigene28750_All 5.00E-07

unigene46434_All 1.00E-14

unigene9437_All 4.00E-22

unigene35167_All formin-like protein 5 sp|Q84ZL0|FH5_ORYSJ 4.00E-10

unigene36939_All formin-like protein 20 sp|Q9FLQ7|FH20_ARATH 2.00E-08

unigene17608_All lectin OS = Ulva pertusa sp|Q6T6H8|LEC_ULVPE 6.00E-15

unigene19720_All proline-rich receptor-like protein
kinase PERK2

sp|Q9LK03|PERK2_ARATH 2.00E-07

unigene19717_All 5.00E-07

3.2.3 Genes that change with temperature under constant
light intensity
The expression level of such genes is not expressed in samples B4 and B5 but is expressed in B1, B2, B3,
B6, B7, B8, and B9. When the light intensity is constant, the expression level gradually decreases with the
decrease of temperature, that is, Under the same light intensity, to adapt to the change of temperature,
this kind of speci�c genes of U. compressa began to express and B1 > B7, B2 > B8, B3 > B6 > B9. Genes
with known functions are shown in Table 5. Such genes are mainly related to cellular components and
signal transduction, including unigene27211_All, unigene23849_All, unigene23949_All, unigene6286_All,
unigene888_All, unigene26935_All, unigene6099_All, unigene17243_All and unigene229_All. The
functions of these genes are related to vegetative cell wall protein gp1, which is involved in the formation
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of the cell wall. According to the homology comparison, it is found that the consistency is 34.39%, and
the homology is not high.

At the same time, the unigene30603_All and unigene10500_All genes are xyluloses 5-
phosphate/phosphate translocator, chloroplastic and secretory carrier-associated membrane protein 1
respectively according to their annotation functions, and both have the role of transport.

U. compressa can grow at low temperatures, and the growth rate is higher than other U. prolifera, but the
growth rate is lower than other U. prolifera at high temperatures. Therefore, the high expression level of
these genes may inhibit the growth of U. compressa, which makes U. compressa withdraw from the early
stage of the green tide.

Table 5
Genes that changed with temperature under constant light intensity

gene function annotation number Swissprot-
E-value

unigene27211_All vegetative cell wall protein gp1 sp|Q9FPQ6|GP1_CHLRE 1.00E-10

unigene23849_All 4.00E-20

unigene23949_All 2.00E-12

unigene6286_All 7.00E-06

unigene888_All 3.00E-10

unigene26935_All 4.00E-15

unigene6099_All 1.00E-07

unigene17243_All 2.00E-09

unigene229_All 2.00E-24

unigene30603_All xylulose 5-phosphate/phosphate
translocator, chloroplastic

sp|Q9LF61|XPT_ARATH 1.00E-83

unigene10500_All secretory carrier-associated
membrane protein 1

sp|Q8H5X5|SCAM1_ORYSJ 7.00E-39

3.3 Homology alignment of genes with the same function
expressed under different conditions
It can be seen from the above results that different speci�c genes expressed in U. compressa have the
same function under different conditions. Among them, there were 19 speci�c genes related to vegetative
cell wall protein GP1 function, with a consistency of 23.19%, all of which did not have homology. In the
evolution of U. compressa, these genes had undergone great changes.
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4 Discussion
Through laboratory culture conditions and transcriptome analysis, it was found that under the
stimulation of short-term light intensity and temperature, some genes of U. compressa, which is also
consistent with the results obtained(Yangyang, et al. 2010). Studies have shown that for U. prolifera, U.
�exuosa, and U. line, under the stimulation of short-term light intensity and temperature, the genes related
to photosynthesis will be signi�cantly up-regulated or down-regulated, and temperature changes have a
certain tolerance, and maximize the photosynthetic e�ciency in their respective ways(Masini, et al. 1995,
Tao, et al. 2017, Wenzhong, et al. 2009). In this study, the genes related to photosynthesis in U.
compressa are unigene30541_All and unigene225_All. According to the annotation, they both express the
function of chlorophyll ab binding protein L1818 (chloroplastic), and both are condition-speci�c genes
expressed at extreme temperatures. In DNAMAN software analysis, the consistency is 84.65%, with
homology. The accumulation of chlorophyll has great consistency with the change rate of chlorophyll ab-
binding gene expression, but it is not affected by light below the photosynthetic threshold(Hermsmeier, et
al. 1991), which is consistent with the fact that the content of chlorophyll ab does not change with light
intensity obtained in this experiment. The results were consistent. At the same time, increasing the
expression of two condition-speci�c expression genes with homology only at extreme temperatures was
bene�cial to increasing the rate of change in gene expression, thereby improving its ability to cope with
adverse environments.

In this study, genes related to the function of vegetative cell wall protein gp1 appeared frequently. Studies
have shown that when Chlamydomonas reinhardtii is cultured in a medium with alternating light and
dark cycles, the synthesis period of cell wall proteins is during cell division, and shortly after cells are
separated., and at this time, cells use 15% of their protein synthesis capacity to make cell wall
proteins(Lang and Chrispeels 1976). In 2003, Nicolas et al. found an Arabidopsis gene in the genomes of
Arabidopsis and rice as encoding a new type of cell wall protein. Phylogenetic analysis of the conserved
domain found that the protein encoded by this gene is in Before monocotyledonous and dicotyledonous
plants differentiate, there are two branches, one is "reproductive", which is speci�cally expressed in
Arabidopsis pollen; the other is "vegetative", which is expressed in spore organoids(Baumberger, et al.
2003). It can be seen that cell wall proteins may have a certain relationship with reproduction (division,
spore release). The expression of conditional speci�c genes related to cell wall proteins was different
under different conditions. unigene20376_All, unigene20405_All, unigene9924_All, unigene13685_All,
unigene33653_All and unigene27164_All were expressed under extreme light intensity. unigene26553_All,
unigene28750_All, unigene46434_All, and unigene9437_All were expressed at high temperatures.
According to DNAMAN sequence analysis, the homology of these speci�c genes was less than 50%.
However, according to the annotation, they all play a role in the formation of the cell wall. According to
the analysis of the image, it is found that these fragments with high homology are concentrated in the
middle of the gene fragment, and the length of the DNA sequence at both ends is different These speci�c
genes without homology may be more suitable for the growth and reproduction of U. compressa under
different conditions, which is consistent with the in-situ germination of U. compressa under related
stimuli(Steen 2004).
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The functions of other regular condition-speci�c genes are mostly related to resistance to stress. The
speci�c expression of these genes helped U. compressa to grow under extreme conditions. Compared
with the rise of other predominant species of U. prolifera, U. compressa was still in a weak position in
growth and development. From these regular changes, it can be seen that under unsuitable conditions,
most of the genes expressed by U. compressa are anti-stress and signal transduction speci�c genes to
maintain normal growth and development, which also con�rms the tolerance of U. compressa’s wide
range, and strong survivability(Wang, et al. 2018).

5 Conclusion
Through this study, it was found that there are indeed some changes in the expression of some condition-
speci�c genes under different growth conditions. Related genes, to cope with extreme temperature
changes, express two condition-speci�c expression genes with higher homology, that is, genes related to
cell wall proteins. Different condition-speci�c expression genes are expressed under different stresses so
that U. compressa can adapt to changes in the environment in terms of reproduction and nutrient supply
so that it can temporarily maintain normal growth and development. To further explore the condition-
speci�c genes of U. compressa. The relationship with environmental tolerance provides a reference.
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