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ARTICLE INFO ABSTRACT
Editor: Julian Blasco Marine heatwaves (MHWs) are affecting the survival of macroalgae. However, little is known regarding how the im-
pacts of MHWs are regulated by nitrogen availability. In this study, we investigated the physiological and genetic re-
Keywon?s: sponses of a green-tide macroalga Ulva intestinalis Linnaeus and a commercially cultivated macroalga Gracilariopsis
S[reen ;des lemaneiformis (Bory) E.Y. Dawson, Acleto & Foldvik under different nitrate conditions to simulated MHWSs. Under ni-
M:ir::e f::maves trogen limited conditions (LN), heatwaves did not significantly affect biomass or Fv/Fm of U. intestinalis although it led
Nitrogen to an earlier biomass decline due to more reproduction events, and meanwhile an upregulation in genes related to TCA
Photosynthesis cycle and oxidative phosphorylation was detected, supporting sporulation. Under nitrogen replete conditions (HN),

Seaweed cultivation heatwaves did not change biomass, Fv/Fm or photosynthetic pigments but reduced reproduction rate along with insig-
nificant change of oxidative phosphorylation and TCA cycle related genes. Meanwhile, genes related to photosynthesis
and glutathione metabolism were upregulated. Regarding G. lemaneiformis, heatwaves reduced its Fv/Fm and photo-
synthetic pigments content, leading to bleaching and death, and photosynthesis-related genes were also downregu-
lated at LN. Fv/Fm was improved and photosynthesis-related genes were up-regulated by the combination of
nitrogen enrichment and heatwaves, whereas G. lemaneiformis remained bleached and died by day 12. Therefore,
U. intestinalis could survive heatwaves through shifting to micropropagules at LN and protecting its photosynthesis
at HN. In contrast, G. lemaneiformis died of bleaching when suffering heatwaves regardless of nitrogen availability.
These findings suggest that in future oceans with eutrophication and MHWs, the harmful alga U. intestinalis may
have more advantages over the economic alga G. lemaneiformis.
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1. Introduction

Marine heatwaves are considered to be prolonged extreme oceanic
warm events for five or more days, which are warmer than the 90th percen-
tile of average temperatures over the past 30 years (Hobday et al., 2016;
Frolicher et al., 2018). Driven mainly by global warming, the global aver-
age duration and frequency of MHWs have increased by 17% and 34%, re-
spectively, over the past 90 years (1925-2016) (Oliver et al., 2018).
Furthermore, current climate models predict an increased MHWs intensity
and duration in the future (Holbrook et al., 2020). MHWSs were significantly
correlated to the succession in the organisms, population and species levels,
playing a crucial role in driving ecosystem structure (Oliver et al., 2019;
Gao et al., 2021). For instance, MHWs cause coral bleaching and local ex-
tinction of mangrove and kelp forests, imposing negative impacts on inver-
tebrates, fishes, seabirds and marine mammals (Smale, 2019; Feng et al.,
2022). These events demonstrate the massive damage of MHWS to marine
ecosystems.

Nitrogen as an essential component of numerous macromolecules, such
as proteins, enzymes, nucleic acids, chlorophyll, etc., is considered as one of
the most important environmental factors that influence physiological per-
formance of algae (Gao et al., 2018a; Roleda and Hurd, 2019). In natural
waters, nitrogen is usually the nutrient that most commonly limits growth
of seaweeds (macroalgae) (Roleda and Hurd, 2019). Therefore, nitrogen
enrichment usually stimulates photosynthesis and growth of seaweeds
(Gao et al., 2018b; Traugott et al., 2020). In addition, previous studies
have demonstrated that the resilience of seaweeds to environmental stress,
such as ocean acidification and UVR, could be regulated by nitrogen avail-
ability in seawater (Cabello-Pasini et al., 2011; Gao et al., 2019). The nitro-
gen levels in coastal waters show a dramatic variation. It could be 6 pmol
L™ ! in the coastal waters in North Sea (Gao et al., 2017a) and be as high
as 600 pmol L™ ! in the pond where seaweeds were cultivated (Nelson
et al., 2001), which may lead to differential responses of local seaweeds
to environmental stress. Seaweeds are some of the most productive primary
producers worldwide (Steneck et al., 2003). They supply basic materials
and energy for other consumers, playing an essential role in nutrient
cycle, sediment stabilization and carbon sequestration in coastal ecosys-
tems (Krause-Jensen et al., 2016; Gouvéa et al., 2020). Kelp forests provide
complex biogenic habitats for a range of other marine plants and animals
(Sogard and Able, 1991), and are nurseries for a variety of juvenile fishes
(Christie et al., 2009). The commercial value of macroalgae cannot be
overlooked either, as they yield a range of commercially important prod-
ucts such as nutraceuticals, pharmaceuticals and food for humans and ani-
mals (Holdt and Kraan, 2011). However, the distribution, structure and
productivity of seaweeds are under threat from MHWSs over past years.
MHWs have caused localized mortality events and substantial loss of can-
opy seaweeds (Smale et al., 2013; Wernberg et al., 2016; Thomsen et al.,
2019). Between 2014 and 2016, extreme MHWs resulted in unprecedented
losses of Bull kelp (Nereocystis luetkeana) forests along 350 km of coastline
in northern California, and the previous extensive giant kelp forests have
not recovered till now (McPherson et al., 2021). Meanwhile, some species
are showing opposite responses to MHWs. The recruitment of the invasive
kelp Undaria pinnatifida and green Ulva spp. in the South Island of New
Zealand was promoted by MHWs (Thomsen et al., 2019). Furthermore, sim-
ulated summer MHWs hindered the growth rates of native seaweeds (Fucus
serratus and Chondrus crispus) while promoted the growth of Sargassum
muticum (Gao et al., 2021). Thus, different species of macroalgae and
their fate will be affected differently by marine heatwaves.

Ulva species have become the problematic agents of global green tide
events (Smetacek and Zingone, 2013) due to their fast growth rates and ro-
bust capacities to acclimate to environmental changes (Gao et al., 2017a).
Massive green macroalgal blooms have occurred in Europe (Denmark, the
Netherlands, France and the UK), Asia (China, Japan and Korea), North
America and Australia (Choi et al., 2010; Kim and Se-Kwon, 2011). Since
2007, Ulva blooms have occurred continuously along the Yellow Sea
coast and erupted every spring for the next 15 years. The average distribu-
tion area and the cover area of green tides in China were reported to be
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37,000 km? and 450 km?, respectively, which caused huge economic losses
to the local government (Wang and Wu, 2021). Ulva negatively affects
coastal ecosystems via rapidly expanding and depleting oxygen in the
water column and benthic environment when decomposing (Lomstein
etal., 2006). Green tides can also interfere with coastal nitrogen and carbon
cycles and microplastic distribution (Zhang et al., 2019; Feng et al., 2020).

The genus Gracilarioids is distributed worldwide, from the equator to
high latitudes (Oliveira and Ragan, 1994). In the 1970s, Ryther and co-
workers demonstrated that species of Gracilarioids are some of the most pro-
ductive algae in the world for their capacity to achieve high yields while
producing commercially precious extracts (Capo et al., 1999). Up till
now, as an important source of agar extracted worldwide, Gracilarioids is
of great economic importance (Sambhwani et al., 2022). It is widely culti-
vated in Japan, Southeast Asia, Hawaii and the Caribbean, which is used
in a variety of applications including food, medicine and cosmetics
(Torres et al., 2019). In China, Gracilarioids production reached 348,085
tons (dry weight), and the area under cultivation was 9388 ha in 2019
(China Fishery Statistical Yearbook, 2020).

Although there are some studies that demonstrate the impacts of MHWSs
on macroalgae, our understanding on how MHWs affect bloom-forming
and economically important macroalgae is still scarce particularly com-
bined with nitrogen availability. We hypothesize that increased nitrogen
availability can alleviate the negative effects of MHWs on macroalgae
since nitrogen is one of the most important factors regulating responses of
macroalgae to environmental stress (Werner et al., 2016; Gouvéa et al.,
2017). In this study, Ulva intestinalis Linnaeus and Gracilariopsis
lemaneiformis (Bory) E.Y. Dawson, Acleto & Foldvik are chosen to test this
hypothesis and investigate the combined effects of MHWSs and nitrogen
on bloom-forming and economically important macroalgae.

2. Materials and methods
2.1. Seaweeds collection and identification

Around 100 g of U. intestinalis Linnaeus and 200 g of G. lemaneiformis
(Bory) E.Y. Dawson, Acleto & Foldvik were respectively collected from
the intertidal reaches of Xiamen (118.04°E, 24.26°N) and the seaweed
farm of Ningde (119.31°E, 26.39°N), Fujian province of China in April
2021. The seawater temperatures at sampling locations were 19.7 °C for
Xiamen and 19.2 °C for Ningde. The in situ nutrient levels were 5 pmol
L~ nitrate and 0.3 pmol L™ ! phosphate for Xiamen, and 23 pmol L™ ? ni-
trate and 1.5 pmol L™ ! phosphate for Ningde. The daily light doses that sea-
weeds could receive were 0.9 MJ m~ 2 for Xiamen and 0.8 MJ m™~ 2 for
Ningde.

The plants were haphazardly selected and delivered to the lab in a cool
container (4-6 °C). Debris and epiphytes were gently removed with filtered
natural seawater.

Before the experiment, two species of macroalgae were both pre-
incubated for one month at 20 = 1 °C with an irradiance of 80 pmol pho-
tons m~2s~ ! and a 12 h:12 h (light/dark) cycle. The temperature and
light dose were close to the conditions at the sampling site. ITS sequence
of U. intestinalis was retrieved from GenBank and compared to the se-
quences obtained in the present study. To search for highly similar se-
quences in the National Center for Biotechnology Information (NCBI)
database, BLAST (Basic Local Alignment Search Tool, http://ncbi.nlm.nih.
gov/blast) was used to analyze the nucleotide sequences. Ulva intestinalis
clone 6XM-1 KT802949.1 was found to be highly matched (99.69%) to
the Ulva species used in this study. The nucleotide sequence of
U. intestinalis in this study was uploaded to GenBank with the accession
number of ON350969.

2.2. Heatwaves scenarios
The MHW definition given by Hobday et al. (2016) was used in this

study: a heatwave is described as an exceedance of the 90th percentile of
the region's seasonal temperature, for at least 5 consecutive days.
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Heatwaves scenarios were created using regional data and current classifi-
cations (Li et al., 2019; Yao et al., 2020). As such, the ‘control’ ambient tem-
perature (20 °C) and ‘heatwave’ temperature (23 °C) were identified to test
the effects of heatwaves on the physiological response of two macroalgae.
The study ran for 4 weeks (Nepper-Davidsen et al., 2019). On day 0, the
temperature was kept at the same level as the previous day (20 °C). From
days 1 to 6, the temperature within each heatwave system was increased
by 0.5 °C per day (Winters et al., 2011) until the experimental temperature
(23 °C) had been achieved (temperature-rising period). Once the experi-
mental temperature was achieved, heatwaves were maintained until day
12 (7 days in total, temperature-maintaining period). From days 13 to 18,
temperatures were reduced at a rate of 0.5 °C per day until control temper-
ature was reached (temperature-decreasing period). At the end of the
heatwaves treatment, the macroalgae were left to recover for a week
(7 days in total, recovery period). For the culture of G. lemaneiformis, it
was ended by day 12 because heatwaves treatments led to the bleaching
and complete death of thalli.

2.3. Experimental design

After one month of acclimation period at 20 °C with the last week of
nitrogen-limited incubation using natural seawater, eleven U. intestinalis
fronds of 10 cm in length were selected and placed into 1 L polycarbonate
flasks (0.6 gL~ 1), each filled with 1 L of filtered natural seawater. The thalli
were cultured under the treatment conditions in combinations of two tem-
perature (20, 23 °C; coded as HW ~ and HW ", respectively) and nitrate (8,
200 pmol L™%; coded as low nitrate, LN and high nitrate, HN respectively)
levels. Under nitrate-limited and replete conditions, the effects of
heatwaves were investigated using a fully crossed factorial design. The ni-
trate concentration of natural seawater (8 pmol L™ Y and temperature
(20 °C) were set as the control condition. The phosphorus concentration
was set as 50 umol L~ ! to obviate phosphorus limitation. Three replicate
flasks were run for each treatment. The light intensities (80 pmol photons
m~2s Y witha photoperiod of 12 h:12 h (light/dark) were set via intelli-
gent illumination incubators. Flasks were shaken twice every day and
seawater was renewed every 3 days. Same experimental design was used
for G. lemaneiformis (1 g L™ 1).

2.4. Measurement of biomass and chlorophyll fluorescence of photosystem II
(PSID

After removing surface water by gently blotting the fronds with tissue
paper, the fresh weight was determined by weighing using a balance
(BSA1248S, Sartorius, Germany) every 2 days (Li et al., 2019). When record-
ing fresh weight, the removed biomass for different analyses (e.g. Fv/Fm;
pigment content; RNA extraction) was considered. As an effective indicator,
the maximal photochemical efficiency of PSII (Fv/Fm) can reflect the phys-
iological status and photosynthetic activity of algae exposed to environ-
mental stressors (Tan et al., 2019). Therefore, Fv/Fm of U. intestinalis and
G. lemaneiformis was measured with a pulse amplitude modulation (PAM)
fluorometer (MC-PAM, Walz, Germany) on days 0, 6, 12, 18 and 24 during
the experiment. The saturating pulse was set to 2500 pmol photons m ™2
s~ 1(105s). Before each measurement, a sample of 2-3 cm in length was ran-
domly cut from every flask to measure. To ensure that all PSII reaction cen-
ters were fully oxidized, samples of macroalgae were dark-acclimated for
20 min for all measurements (Li et al., 2019).

2.5. Pigments content

Approximately 50 mg of fresh weight fronds were collected every 6 days
and frozen at — 20 °C until extraction. To assess the contents of chlorophyll
a (Chl a), chlorophyll b (Chl b) and carotenoids, samples were extracted in
2 mL 95% ethanol at 4 °C for 24 h in darkness. Contents of pigments were
estimated according to Alan and Wellburn (1994). The contents of Chl a,
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Chl b and carotenoids (mg-g~* FW) were determined by the following
equations:

Chla =13.36 x A665 — 519 x A649
Chl b = 27.43 x A549 —8.12 x A(,(,s

Carotenoids = (1000 x A470 — 2.05 x Chla — 114.8 x Chl b)/245

The content of phycobiliprotein, phycoerythrin (PE), was determined
according to (Beer and Eshel 1985). Samples were disrupted by grinding
with a metal grinder and extracted in 0.1 M PBS buffer, pH 6.8. The extract
was centrifuged and the absorbance of these extracts was measured at 455,
564 and 592 nm with an ultraviolet-visible spectrophotometer (TU-
1810DASPC, PERSEE, China) to calculate PE content. The content of PE
(mg-g~' FW) was determined by the following equation:

PE = [(Ases — Ason) — (Auss — Asp) x 0.2] x 0.12

2.6. Reproduction rate

Reproductive behaviors of U. intestinalis were accompanied by color
transformation and gametophytes release (Gao et al., 2017b). All these
transformations were verified by microscopy. Vegetative cells were green
initially, containing several granular chloroplasts. Pyriform gametes were
formed within the sporangia and subsequently liberated from the
sporangia. After discharging all gametes, the cells become empty. The thalli
transferred from green to yellow, and finally appeared white (Fig. 1).
Tetrasporophyte of G. lemaneiformis was used in this study and tetraspore
release had been found before this experiment (Fig. S1). The monitoring
of reproductive feature of G. lemaneiformis was based on Ye et al. (2006)
and Mi et al. (2017). The samples were checked daily. No reproduction
events were observed for G. lemaneiformis during the culture period
(Fig. S2). The ratio of individuals showing reproduction to the total individ-
uals was calculated as reproduction rate.

2.7. RNA extraction and cDNA libraries preparation

One hundred milligrams fresh samples of U. intestinalis (cultivated for 7
and 24 days) and G. lemaneiformis (cultivated for 6 days) were harvested
from each flask and dried with tissue paper. The G. lemaneiformis under
the heatwaves treatment began to die on day 12 and no samples were
taken at this time given possible RNA degradation. Each treatment included
three replicates. All these samples were frozen in liquid nitrogen, and stored
at —80 °C. Samples were sent to BGI Genomic Center (Shenzhen, China)
where RNA was extracted, purified and checked. Total RNA meeting qual-
ity standards was used to construct cDNA libraries through processes such
as RNA purification, mRNA isolation and fragmentation, double-stranded
cDNA synthesis, adapter ligation and enrichment (Peredo and Cardon,
2020). The constructed cDNA libraries were tested using an Agilent 2100
Bioanalyzer and then sequenced using the Illumina HiSeq™ 4000 platform
(Radecker et al., 2021).

2.8. De novo assembly and unigene annotation

After low-quality sequences were filtered out from raw reads obtained
by sequencing, adaptor sequences, fuzzy data, and clean reads were de
novo assembled by Trinity v2.0.6 and the transcripts were cluster into
unigenes by TGICL v2.0.6. Bowtie2 v2.2.5 was used to map the clean
reads to unigenes (Langmead and Salzberg, 2012), and the gene expression
levels were calculated with RSEM v1.2.8 (Dewey and Li, 2011).

The unigenes were aligned and annotated by the Basic Local Alignment
Search Tool (BLAST) v2.2.23 with the non-redundant nucleotide sequences
(NT), non-redundant protein sequences (NR), Kyoto Encyclopedia of Genes
and Genomes (KEGG), Cluster of Orthologous Groups of proteins (COG)
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Fig. 1. Light micrographs of U. intestinalis in the process of reproduction. (a) Thalli under LNHW* incubated for 6 days, (b) reproductive cells discharging gametes,
(c) sporangia (black arrow; white arrow means empty cells after discharge), and (d) discharged pyriform gametes. The scale bars represent 10 pm.

and Swissprot databases. Gene Ontology (GO) annotation was performed
after combining the Blast2GO v2.5.0 results with the NR annotations
(Conesa et al., 2005), and DIAMOND v0.8.31 was used to perform Plant Re-
sistance Gene Database (PRGdb) annotation (Buchfink et al., 2014). FDR <
0.001 and the absolute value of |log, Fold Change = 1| were counted as the
threshold to judge the significance of gene expression difference between
various treatment conditions. GO and KEGG functional enrichment analysis
of differentially expressed genes (DEGs) was performed using the phyper
function in R software. FDR correction was applied to the p-value, with g-
value < 0.05 were considered significantly enriched.

2.9. Statistical analysis

All data analyses in this study were expressed through replicates =
standard deviation and used the software SPSS v.26. Data under every
treatment was confirmed to a normal distribution (Shapiro-Wilk, P >
0.05), and the variances were equal (Levene's test, P > 0.05). The data for
reproduction rate under LNHW* after day 10 did not abide by a normal dis-
tribution because all samples reached a 100% of sporulation. In this case,
ANOVA, including repeated measures ANOVA, can still be used because
we have a balanced design (Keselman et al., 1996). Repeated measures
ANOVA was conducted to assess the effects of culture time on biomass,
Fv/Fm, Chl a, Chl b, carotenoids, PE, reproduction rate and C/N content be-
cause the same thalli were used for the measurements at different time
points (Gao et al., 2018c). Two-way ANOVA was conducted to assess the ef-
fects of nitrate and heatwaves on the parameters above. Least significant
difference (LSD) was conducted for post hoc investigation. A confidence in-
terval of 95% was set for all tests.

3. Results
3.1. Changes of biomass over time

Changes in biomass of U. intestinalis (Fig. 2a) and G. lemaneiformis
(Fig. 2b) under different nitrate and heatwaves conditions were recorded.
The biomass of U. intestinalis varied significantly with incubation time
under different conditions during 24 days of culture (Table S1) and there
was an interactive effect of culture time and nitrate (Table S1). During
the temperature-rising period, the biomass of U. intestinalis under LN
kept increasing while that under HN maintained stable. Across the
temperature-maintaining period, the biomass under LNHW* reached the
peak on day 10, while biomass under other treatments continued to in-
crease. During temperature-decreasing period, biomass at LNHW ™~ began
to decrease on day 16 while biomass at HN continued to increase until
the end of recovery period. For each time point, nitrate or heatwaves did
not significantly affect biomass except for day 12 where nitrate had a signif-
icant effect (Table S2).

Regarding G. lemaneiformis biomass, culture time had an interactive ef-
fect with, nitrate (Table S1) or heatwaves (Table S1). Biomass of
G. lemaneiformis continued to increase during temperature-rising period,
and there was no significant difference among treatments. However, during
temperature-maintaining period, the biomass under LNHW * and HNHW *
both declined after reaching the peaks on day 6, and thalli gradually
bleached and completely died by the end of this phase while biomass
under HW™ did not show a significant decreasing trend. Although the bio-
mass under HNHW ™ appeared to decrease on day 12 compared to that
under LNHW , the difference was not statistically significant (Table S3),
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Fig. 2. Biomass changes of U. intestinalis (a) and G. lemaneiformis (b) grown under various nitrate levels (8 pmol L™ 1 LN; 200 pmol L™ ! HN) and heatwaves conditions during

culture periods. Grey bars represent incubation temperature.

thalli under HNHW ~ being not bleaching either. The experiment was thus
ended due to the death of G. lemaneiformis under two heatwaves treatments.

3.2. Photosynthesis comparisons between two macroalgae

The maximal photochemical efficiency of PSII (Fv/Fm) of two
macroalgae under various conditions was also measured (Fig. 3). There
were interactive effects of culture time with nitrate (Table S1) and culture
time with nitrate and heatwaves on Fv/Fm of U. intestinalis during 24 days
of culture (Table S1). The Fv/Fm of U. intestinalis under each treatment de-
creased with culture time, with LNHW ™ leading to the highest decreasing
rate, followed by LNHW~ and HNHW ~, and HNHW " resulting in the low-
est decreasing rate. On days 6, 12, and 18, heatwaves did not affect Fv/Fm
of U. intestinalis while HN increased it by 5.91-23.32% (Table S2 and
Fig. 3a). On day 24, nitrate and heatwaves showed an interactive effect;
heatwaves reduced Fv/Fm under LN, but did not significantly affect it
under HN (Table S2 and Fig. 3a). In terms of G. lemaneiformis (Fig. 3b), cul-
ture time and heatwaves had an interactive effect, with Fv/Fm under
heatwaves having a larger decrease with time (Table S1). Based on two-
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way ANOVA (Table S3), an interactive effect of nitrate and heatwaves
and a main effect of heatwaves were found on day 6; heatwaves reduced
Fv/Fm by 45.74% under LN while 27.54% at HN. On day 12, heatwaves re-
duced Fv/Fm by 66.95% and 35.87% under LN and HN, respectively.

3.3. Photosynthetic pigments content

The changes of photosynthetic pigments in U. intestinalis and
G. lemaneiformis grown under varying nitrate and heatwaves conditions
were showed in Fig. 4. There were interactive effects of culture time with
nitrate on Chl a (Table S1) and Chl b (Table S1) of U. intestinalis during
24 days of culture. The Chl a and Chl b of U. intestinalis under LN decreased
with culture time, while those under HN exhibited a steep increase on day 6
then decreased with culture time. Carotenoids content also varied with cul-
ture time (Table S1), with an increase on day 6 and then decreasing. Nitrate
was the main factor influencing pigments content of U. intestinalis dur-
ing the whole culture period. From days 6 to 24, HN increased the
contents of Chl a (35.92-67.07%), Chl b (31.78-62.92%) and caroten-
oids (39.03-59.21%) in U. intestinalis (Table S2 and Fig. 4a-c),

(b)o.8-
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Fig. 3. Maximal photochemical efficiency of PSII (Fv/Fm) of U. intestinalis (a) and G. lemaneiformis (b) grown under various nitrate levels (8 pmol L ™!, LN; 200 pmol L.}, HN)
and heatwaves conditions. Different letters above bars represent significant differences among treatments (P < 0.05).
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Fig. 4. Pigments contents of U. intestinalis (a, b, ¢) and G. lemaneiformis (d, e, f) grown under various nitrate levels (8 pmol L™1, LN; 200 pmol L~1, HN) and heatwaves
conditions. Carotenoids under LNHW* and PE under HW* on day 12 were undetectable for G. lemaneiformis. Different letters above bars represent significant differences

among treatments (P < 0.05).

forming greener thalli compared to LN (Fig. 5a), while these pigments
were not affected by heatwaves. In contrast, culture time interacted
with heatwaves on Chl a (Table S1), carotenoids (Table S1) and PE
(Table S1) of G. lemaneiformis during 12 days of culture. The contents
of Chl a, carotenoids and PE under heatwaves treatments decreased sig-
nificantly with culture time, while those without experiencing
heatwaves showed no (Chl a and PE) or a slight decrease (carotenoids).
Heatwaves were the principal factor that reduced the content of Chl a
(42.40%), carotenoids (66.77-85.03%), and PE (34.93-72.10%) respec-
tively on days 6, resulting in the bleaching of G. lemaneiformis (Fig. 5b).

HNHW

LNHW

(b)

On day 12, the carotenoids content under LNHW ™ and PE content under
HW™ were even undetectable.

3.4. Reproduction rate

The reproduction rate of U. intestinalis varied significantly with incuba-
tion time (Table S1); there were interactive effects of culture time and ni-
trate (Table S1), and culture time, nitrate and heatwaves (Table S1),
indicating the change patterns were inconsistent among different condi-
tions. By day 4, thalli under each condition showed reproduction feature

LNHW- HNHW-

HNHW*

LNHW*

Fig. 5. Color and morphological changes of U. intestinalis (a) and G. lemaneiformis (b) grown under various nitrate levels (8 pmol L™, LN; 200 umol L.~ !, HN) and heatwaves

conditions on day 12.
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Fig. 6. Reproduction rate of U. intestinalis grown under various nitrate levels (8 pmol
L', LN; 200 pmol L ™!, HN) and heatwaves conditions.

except for that under HNHW ~ (Fig. 6). By day 6, reproduction events of
thalli under HNHW ™ occurred. On days 6, 8 and 10, HN reduced while
heatwaves stimulated reproduction rate (Table S4). By day 12, thalli
under all conditions achieved maximum reproduction rates except for
LNHW ~. Thalli under LNHW* had the highest maximum reproduction
rate (100 + 0%), followed by HNHW* (55 + 7%) and LNHW ™ (48 +
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9%). By day 16, thalli under LNHW ™ reached the maximum reproduction
rate (73 + 13%). These results indicate that heatwaves shortened repro-
duction period and promoted the maximum reproduction rate, while HN al-
leviated the effects of the heatwaves on reproduction rate. In terms of
G. lemaneiformis, there were no reproduction events occurring during the
experiment.

3.5. Summary of DEGs under various conditions

Differential expression genes (DEGs) were identified using the criteria
of +2 fold change (FC) in expression with g-value < 0.05 between treat-
ments. Although the treatments of nitrate and heatwaves resulted in
DEGs for both U. intestinalis and G. lemaneiformis, the distribution of the
DEGs differed between two macroalgae (Fig. 7a—d). For U. intestinalis, the
differential expression (DE) analysis using t-tests and g-value < 0.05 re-
vealed 59,377 DEGs between LNHW ~ and HNHW *, 893 DEGs between
LNHW ™ and LNHW *, and 12,910 DEGs between LNHW ~ and HNHW ~
on day 7 (temperature-maintaining period). At the end of the experiment
(day 24), there were 22,892 DEGs between LNHW ~ and HNHW *, with
only 609 DEGs between LNHW ~ and LNHW *, and 6,235 DEGs between
LNHW ™~ and HNHW ™ (Fig. 7a). Therefore, nitrate had a stronger effect
on U. intestinalis than heatwaves in terms of the number of DEGs, and the
combination of the heatwaves and nitrate resulted in more changes com-
pared to nitrate or heatwaves alone. Meanwhile, the transcriptional re-
sponse became weaker after the recovery period (Fig. 7b).

In terms of G. lemaneiformis, gene transcription only at the beginning of
temperature-maintaining period was measured because thalli under
heatwaves died by the end of this phase due to bleaching. On day 6, the
DE analysis revealed 161 DEGs between LNHW ~ and LNHW *, 62 DEGs be-
tween LNHW~ and HNHW ™, and 123 DEGs between LNHW ™~ and
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LNHW- vs LNHW*
; ‘ LNHW- vs HNHW*
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Fig. 7. Differentially expressed genes (DEGs) in U. intestinalis and G. lemaneiformis subjected to different treatments. (a) Venn diagram of the number of shared or unique
U. intestinalis DEGs under LNHW ~ vs HNHW ~, LNHW ~ vs LNHW * and LNHW ~ vs HNHW* on days 7 and 24. (b) Heatmap of the relative expression of U. intestinalis
genes under various treatments on days 7 and 24. (c) Venn diagram of the number of shared or unique G. lemaneiformis DEGs under LNHW ™~ vs HNHW ~, LNHW ~ vs
LNHW* and LNHW ~ vs HNHW * on day 6. (d) Heatmap of the relative expression of G. lemaneiformis genes following under various treatments on day 6.
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HNHW* (Fig. 7c). The heatwaves thus led to larger transcriptional re-
sponse compared to nitrate. The same pattern could be seen in the heatmap,
where LNHW ™~ and HNHW ~ gathered, with LNHW* and HNHW ™" being
in the same cluster (Fig. 7d).

3.6. Transcriptomic response of U. intestinalis to nitrate enrichment and
heatwaves

To clearly demonstrate how nitrate affected the transcriptome of
U. intestinalis, the two groups (LNHW ~ vs HNHW ™) were singled out for
comparison. Compared to the LNHW ™ group, the HNHW ™~ group had
4050 (1.38%) upregulated and 753 (0.26%) downregulated genes on day
7, and 2399 (0.27%) upregulated and 784 (0.81%) downregulated genes
on day 24 (Fig. 8a). To assess the biological significance of DEGs by
KEGG pathway enrichment analysis, a summary of pathways with signifi-
cant enrichment of DEGs between the LNHW ™~ and HNHW ™~ groups was
screened at g-value < 0.05 (Fig. 8b). The pathway enrichment analysis
showed that the photosynthesis-antenna proteins and photosynthesis
were the most significantly enriched pathways both on days 7 and 24 in
the DEGs (Fig. 8b). In photosynthesis, genes related to photosystem I
(PsaB, PsaE, PsaF, PsaG, PsaH, Psal, Psa0O), light-harvesting chlorophyll
protein (Lhcal, Lhca3, Lhca5, Lhcb1, Lhcb2, Lhcb4) and photosynthetic elec-
tron transport (PetE, PetF) were significantly upregulated 2.8-6.8 log, folds
on day 7 and 1.7-6.3 log, folds on day 24 by nitrate enrichment, respec-
tively (Fig. 8c). Another notable pathway is nitrogen and glutathione me-
tabolism. Genes involved in nitrogen transport pathway, such as Nrt, NR
and glnA were significantly downregulated 2.1-8.7 log, folds on day 7,
and genes related to the glutathione metabolism pathway (gdhA, GLT1,
gshA, GSR, TXNDC12, gpx, DHAR, G6PD, ODC1, argJ, argE, argD) were sig-
nificantly upregulated 2.7-9.7 log, folds on day 24 (Fig. 8d).

Two groups (LNHW ™~ vs LNHW *) respectively on days 7 and 24 were
compared to figure out the influence of heatwaves on transcriptomes of
U. intestinalis (Fig. 9a—d). Compared to the LNHW ™~ group, 603 (0.21%) up-
regulated and 52 (0.02%) downregulated genes were identified on day 7,
and 126 (0.04%) upregulated and 60 (0.02%) downregulated genes were
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identified on day 24 for the LNHW™ group (Fig. 9a). The number of
DEGs caused by heatwaves was less than that of DEGs caused by nitrate en-
richment, suggesting that nitrate had a stronger impact on U. intestinalis. For
KEGG enrichment pathway analysis, the citrate cycle (TCA cycle) and oxi-
dative phosphorylation were remarkable pathways affected by heatwaves
(Fig. 9b). Genes related to oxidative phosphorylation, such as NADH dehy-
drogenase (Ndufs4, Ndufs7, Ndufs8, Ndufvl, Ndufv2, Ndufabl, Ndufab12,
Ndufab9), succinate dehydrogenase/fumarate reductase (SDHC, SDHD,
SDHA, SDHB), cytochrome c reductase (ISP, Cyt 1, QCR6, QCR?7), cyto-
chrome c oxidase (COX6A, cox6B) and F-type ATPase (beta, gamma, delta,
epsilon, OSCP), were significantly upregulated 2.4-5.2 log, folds on day 7
(Fig. 9c). Meanwhile, genes involved in TCA cycle such as CS, ACO, IDh1,
OGDH were significantly upregulated 3.4-5.4 log, folds on day 7 (Fig. 9d).

Comparisons between two groups (LNHW ~ vs HNHW *) respectively
on days 7 and 24 were conducted to investigate the combined effects of ni-
trate and heatwaves (Fig. 10a—d). Compared to the LNHW ™ group, 20,619
(6.68%) upregulated and 9449 (3.06%) downregulated genes were identi-
fied in the HNHW™ group on day 7, and 10,854 (3.46%) upregulated and
2383 (0.76%) downregulated genes were identified on day 24 (Fig. 10a).
The outcome of KEGG pathway enrichment analysis was similar to nitrate
enrichment alone, which displayed that the photosynthesis-antenna pro-
teins and photosynthesis were the most significantly enriched pathways
both on days 7 and 24 (Fig. 10b). Genes related to photosynthesis were sig-
nificantly upregulated 2.3-7.8 log, folds on day 7 and 2.5-9.8 log, folds on
day 24, respectively (Fig. 10c). In the meantime, genes involved in nitrogen
transport pathway, such as Nrt and NR, were significantly downregulated
6.8-9.9 log- folds on day 7, and genes related to the glutathione metabo-
lism pathway (nirA, gdhA, ginA, GLU, GSR, gpx, DHAR, ODC1, argJ, argE,
argD, argB, argC, argF, arg, speE, IDHI) were significantly upregulated
4.7-8.8 log, fold on day 24 (Fig. 10d). The proportion and fold change of
DEGs were significantly increased under the combination of nitrate enrich-
ment and heatwaves compared to nitrate or heatwaves alone. Compared to
nitrogen enrichment alone, genes related to photosystem II (PsaB, PsaD,
PsaE, PsaF, PsaH, Psal, PsaO) were significantly upregulated and urea
cycle-related genes (argG, argH, argF, arg) were altered.
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Fig. 8. Differentially expressed genes (DEGs) between LNHW ™~ and HNHW ~ groups and related pathway for U. intestinalis. (a) Comparison of expression patterns of DEGs
identified between LNHW ~ and HNHW ~ groups on days 7 and 24. The red (right) and blue (left) dots represent up or downregulated DEGs respectively, and the grey
dots represent non-DEGs. (b) KEGG pathway enrichment analysis of DEGs. The vertical axis represents the pathway name and the horizontal axis is rich ratio. The figure
only shows the pathway whose g-value < 0.05. (c) Heatmap of genes related to photosynthesis. The color represents the difference in log, fold. (d) Changes in expression
of genes associated with the nitrogen and glutathione pathways. The red and blue color represents upregulation and downregulation, respectively.



M. Jiang et al.

(a)

(b)

Science of the Total Environment 840 (2022) 156591

- + E +
LN HW Vs LNHW 7 d LN HW Vs LN HW 24 d Valine, leucine and isoleucine degradation °
12 L] - . -log,, (q-value)
agosome
0.21% 0.02% - 0.04% 0.02% ¢ B
181 Carbon metabolism [ ] i 19
_ c
2 b Citrate cycle (TCA cycle) ° H :;
© i 8 9
g ‘W0 5 @ down Oxidative phosphorylation{ ® 8
K :,5’ ” stable N
4 f oup Ribosome {@ Gene number
=3 Wt ® »
=} ’ 4 : o _ =
- 5 ¥ * r Arachidonic acid metabolism % ® «
4y | 2 eod ¥ @ &
\'\».A. LI itk Folate biosynthesis % o=
0 0! Protein processing in endoplasmic reticulum [ ] 2
Z H B s 0 5 0o 5 10 000 001002 003 004
log, (fold change) log, (fold change) Rich ratio
(c) (d) I
Lipoamide-E +—— Dihydrolipoamide-E 6 _
L L
S
c Alanine «+— Pyruvate— Hydroxyet Acetyldihydro Acetyl-CoA 3 4
2 GPT PDHB hyl-ThPP | PDHB  lipoamide-E s 150
= A N DS S N @ 0
R R RO R P [NCSN Gitronc RGO
_g R A R R R R Glycerate-2P +—>Phosph lpyruvate Oxaloacetate.yr = = =~ ‘A Cis-Aconitate
-
: [l % M
[«] g
.g_ Glycerste-3p Malate . *, Isocitrate
O © g
o eo‘b eox\ ;_,OQ& 9& & 0‘*\ ooqﬁ’ ooe'-‘ Glycerate-1, 3P, FH ‘ " -
'ﬁ l:l c- 3 : - Fumarate| :Oxalosuccinate
i Glyceraldehyde-3P \ N
s L - SDHA v Bl
o (S L G Succinate" /2-Oxoglutarate
o S F &&6‘ & GQQ\\O & F:;ctotse-l, 6P, \» & OGDg
X .
Fructose-6P +— Glucose-6P +— Glucose Succinyl-CoA A “ 3-Carboxy-1-hydroxypropyl-ThPP
OGDH

dih

S-Succinyl-
ydrolipoamide-E

Fig. 9. Differentially expressed genes (DEGs) between LNHW ~ and LNHW ™ groups and related pathway for U. intestinalis. (a) Comparison of expression patterns of DEGs
identified between LNHW ~ and LNHW * groups on days 7 and 24 for U. intestinalis. The red (right) and blue (left) dots represent up or downregulated DEGs, and the
grey dots represent non-DEGs. (b) KEGG pathway enrichment analysis of DEGs. The vertical axis represents the pathway name and the horizontal axis is rich ratio. The
figure only shows the pathway whose g-value < 0.05. (c) Heatmap of genes related to oxidative phosphorylation on day 7. The color represents the difference in log,
fold. (d) Changes in expression of genes associated with the citrate cycle pathways on day 7.

(a)

(b)

LNHW-vs HNHW* 7 d LNHW-vs HNHW* 24 d Photosynthesis - antenna proteins .
%W Photosynthesis
| 40 ibasic aci i 2| Gene number
C5- Branched dibasic acid metabolism =
6.68% 3.06% 3.46% 0.76% RNA transport 7| @ 10
E
» = @ 2000
30 20 Ribosome [ ] : @ wo
2 Valine, leucine and isoleucine biosynthesis{ §§
© 2- Oxocarboxylic acid metabolism
3 -log,, (q-value)
T2 2 o down RNA polymerase { "
l;_ stable Photosynthesis - antenna proteins e lg B
S o up Photosynthesis { . H o
10 10 Nitrogen metabolism ES
mRNA surveillance pathway %
, RNA transport o :
0 5 0 5 10 ’ 0 5 0 5 10 15 02 G 06
log, (fold change) log, (fold change Rich ratio
// . ==
(C) (d) / Arginosu \
( ccinate 8
e =
argH 24d 4 (8
. ot s 0§
Photosynthetic B ;J 7 d I:l 24 d Citruline Arginine 4 8
electron transport e & e -8
Light- harvesting [ I [ N Shitamin te- Omithing speE GSH
i PP ES IS NI |
chlorophyll protein & @ & & ¢ RN - AL
P C )¢ H3) ER S DHAR
otosystem Y L &4 A 1
Y FEFTE S & «‘??Q"?e‘z" o‘z"'gq‘yoe?m - -
NADP+ N
Photosystem IT oS e S oy o H
P ¢ P oF oF P & & P T F & P Nitrate \ GSSG /
(extracellular) L NADPH /

Fig. 10. Differentially expressed genes (DEGs) between LNHW ~ and HNHW ™ groups and related pathway for U. intestinalis. (a) Comparison of expression patterns of DEGs
identified between LNHW ~ and HNHW * groups on days 7 and 24. The red (right) and blue (left) dots represent up or downregulated DEGs, and the grey dots represent non-
DEGs. (b) KEGG pathway enrichment analysis of DEGs. The vertical axis represents the pathway name and the horizontal axis is rich ratio. The figure only shows the pathway
whose g-value < 0.05. (c¢) Heatmap of genes related to photosynthesis. The color represents the difference in log, fold. (d) Changes in expression of genes associated with the
nitrogen and glutathione pathways.



M. Jiang et al.

3.7. Transcriptomic response of G. lemaneiformis to nitrate enrichment and
heatwaves

Changes on transcripts of G. lemaneiformis under different treatments
were also analyzed to figure out the effect of each factor (Fig. 11a-f). How-
ever, the number of genes in G. lemaneiformis was much fewer than that of
U. intestinalis, which resulted in less information. Groups on day 6 were
compared to demonstrate the effects of nitrate (LNHW ™~ vs HNHW ),
heatwaves (LNHW ™~ vs LNHW ™) and their interactions (LNHW ~ vs
HNHW *). On day 6, 46 (0.06%) upregulated and 18 (0.15%) downregu-
lated genes were identified in the HNHW ™ group compared to the
LNHW ™ group (Fig. 11a), 77 (0.44%) upregulated and 86 (0.4%) downreg-
ulated genes were identified in the LNHW™ group compared to the
LNHW ™ group (Fig. 11b), and 81 (0.17%) upregulated and 44 (0.32%)
downregulated genes were identified in the HNHW* group compared to
the LNHW ™ group (Fig. 11c). The most distinctly changed pathway was
photosynthesis. The outcome of KEGG pathway enrichment analysis of ni-
trate enrichment alone displayed that secondary metabolite biosynthesis
like stibenoid, diarytanoid, gingerol and flavonoid were significantly im-
pacted (Fig. 11d). Genes related to photosystem II (PsbO, PsbQ, PsbU)
were significantly downregulated 1.7-2.4 log, folds under heatwaves treat-
ment on day 6 (Fig. 11e), but upregulated 4.9-5.6 log, folds under
heatwaves + nitrate treatment. Meanwhile, genes related to light-
harvesting chlorophyll protein (Lhcal, Lhca3, Lhca5, Lhcb1, Lhcb2, Lhcb4,

(a) (d)
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Lhcb5) were upregulated 4.7-7.6 log, folds under heatwaves + nitrate
treatment on day 6 (Fig. 11f).

4. Discussion
4.1. Response of U. intestinalis to heatwaves regulated by nitrate availability

Nitrogen enrichment can usually increase biomass and growth of
macroalgae, including Ulva spp. (Tyler et al., 2005; Gao et al., 2018a;
Traugott et al., 2020). However, different result was found in this study.
U. intestinalis cultured with LN showed continuous growth during first
8 days, forming numerous and slender algal branches, while the algae cul-
tured with HN possessed stable biomass and fewer and shorter algal
branches. One possible reason for this is the change of culture conditions.
The algae were cultured for one week using the natural seawater before
conducting the experiment. After experiencing this nitrogen-deficient pe-
riod (0-8 pmol L™ 1), the thalli prefer to synthesize the photosynthetic pro-
teins and pigments and reserve nutrients rather than grow when nutrients
are added (Kumari et al., 2014; Chen et al., 2019). Meanwhile, thalli cul-
tured under LN treatment could utilize stored nutrients to form more
branches for expanding the surface area in contact with seawater to absorb
more nutrients, which contributed to increased biomass (Ma et al., 2020).
However, this pattern varied with culture period. Thalli cultured with HN
began to grow after restoring while the biomass of thalli cultured with LN
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declined when nitrogen could not be supplied for a long time. In this study,
the Fv/Fm and photosynthetic pigments of U. intestinalis under HN treat-
ment increased, which is consistent with other findings in Ulva species
(Gordillo et al., 2001; Figueroa-Torres et al., 2017). Genes related to
nitrogen-transport (Nrt, NR) were significantly down-regulated and genes
related to photosynthesis were significantly up-regulated on day 7, suggest-
ing that Ulva no longer needed synthesizing abundant nitrogen-transport
proteins to take up nitrogen from the environment, but rather to enhance
photosynthesis in preparation for increased biomass. The biomass of
LNHW ™ treatment declined after reaching a maximum at day 16 while
that of HNHW ™ treatment declined from day 22, which supports the impor-
tant role of nitrogen in the growth of U. intestinalis. During the growth of
plant, free radicals are constantly produced by the metabolism of the organ-
ism, which leads to ageing and death (Yang and Gao, 2001). In this study,
the expression of key enzymes in the glutathione metabolic pathway of
U. intestinalis under HN environment was significantly changed. Glutathi-
one reductase (GSR) catalyzes the reduction of glutathione disulphide
(GSSG) to the sulphydryl form glutathione (GSH), which is a crucial mole-
cule in resisting oxidative stress and maintaining the intracellular reducing
environment (Vanacker, 2000; Deponte, 2013). This suggests that in an en-
vironment with sufficient nitrogen, U. intestinalis could synthesize increased
GSH to scavenge its free radical production, thereby enhancing its capacity
to address environmental stress. At the end of the experiment, the tissue ni-
trogen content was also significantly higher under HN than LN (Fig. S3).
The nitrogen content of U. intestinalis in this study falls in the range of
Ulva species reported in previous studies (Table S5).

It has been demonstrated that the MHWSs usually reduce macroalgae
biomass by negatively affecting photosynthesis (Rendina et al., 2019). In
the present study, MHWs also led to an earlier biomass decrease in
U. intestinalis. However, this decline was not due to the inhibition of photo-
synthesis since MHWs did not reduce Fv/Fm or photosynthetic pigments
significantly and genes related to photosynthesis had no prominent change
either throughout the experiment. MHWSs induced a higher reproduction
rate, which could be the critical reason that led to decreased biomass.
This phenomenon is supported by the result of transcripts. Genes related ox-
idative phosphorylation and TCA cycle-related genes were significantly up-
regulated, which are closely related to spore formation in Ulva species
(Wang et al., 2016; Park, 2020). Higher temperatures can usually induce re-
production events of Ulva species. For instance, U. rigida cultured at 18 °C
show noticeable reproduction events while it did not occur in thalli at
14 °C during 12 days of experiment (Gao et al., 2017a). The transformation
from vegetative cells to reproductive cells and then the formation of
micropropagules is a survival strategy for macroalgae to deal with environ-
mental stress (Gao et al., 2017b; Huo et al., 2021). Our results indicate that
Ulva species could respond to and survive MHWs through the shift of life
history stage.

However, when U. intestinalis was cultured in the nitrate-replete condi-
tion, it could fully absorb nitrate for the synthesis of photosynthetic pro-
teins and GSH that was able to scavenge free radicals produced by
MHWSs. Meanwhile, the oxidative phosphorylation and TCA cycle pathways
were insignificantly changed, indicating that the thalli may reduce the
harm caused by heatwaves by scavenging intracellular free radicals and
thus the need of converting vegetative cells into spores to counteract the
heatwaves decreased. This explains why thalli cultured at HNHW™ had a
lower reproduction rate compared to that at LNHW *. As a local driver, ni-
trogen can modulate responses of macroalgae to high seawater tempera-
tures, ameliorating their negative impacts on physiological performance
such as growth and photosynthesis (Gao et al., 2017a; Fernandez et al.,
2020). However, the potential molecular mechanisms of nitrogen regula-
tion on MHWs remain unclear. Our study showed that genes related to glu-
tathione metabolism were significantly upregulated, and it is thus possible
that the elevated GSH caused by nitrogen metabolism is responsible for the
ability of macroalgae to withstand heatwaves under HN conditions. For
U. intestinalis, nitrogen had a positive effect, while heatwaves had a nega-
tive effect, and when the two were coupled, the effect of nitrogen domi-
nated and was able to counteract the negative effect of heatwaves. This
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pattern was also supported by the Venn diagram; the number of DEGs
under nitrogen treatment was much higher than that of under heatwaves.

4.2. Irretrievable death of G. lemaneiformis under heatwaves

Nitrate enrichment did not affect the biomass or Fv/Fm of
G. lemaneiformis, which is not entirely consistent with previous studies
(Duan et al., 2019; Ma et al., 2021). Nitrogen had a beneficial effect on
the growth and capacity for carbon sequestration of G. lemaneiformis
(Duan et al., 2019), and nitrogen enrichment enhanced the resistance
level to high temperature for G. blodgettii (Ma et al., 2021). One possible
reason is the differences in nitrogen utilization strategies of
G. lemaneiformis under different nitrogen levels. Compared to day 0, tissue
N content of LNHW ™ treatment on day 12 had an 80% reduction, while
that of HNHW ™~ exhibited no decrease (Fig. S3). Although biomass of
LNHW™ and HNHW™ both continued to increase during culture time, the
former could be considered to consume its own stored nitrogen under LN
condition, and the latter could utilize nitrogen from environment under
HN condition. During the relative short culture period (12 days), the com-
bination of consuming stored nitrogen and absorbing nitrogen from natural
seawater (LN) did not fall behind the high nitrogen supply (HN). A similar
result was also reported by Zhou et al. (2022). Under the influence of the
heatwaves, the biomass of G. lemaneiformis cultured at different nitrogen
conditions all reached a maximum at the end of temperature-rising period,
declined rapidly during temperature-maintaining period and died at the
end of temperature-maintaining period, indicating the fatal effect of
MHWs on G. lemaneiformis. Previous studies show that MHWs could lead
to the reduced cover of the dominant kelp in the west coast of Australia
(Wernberg et al., 2013) and complete loss (100%) of bull kelp Durvillaea
poha at Pile Bay in Lyttelton Harbor, the east coast of the South Island of
New Zealand (Thomsen et al., 2019). The present study shows that the bio-
mass loss of macroalgae may be caused by the harms of MHWs to photosyn-
thetic apparatus and pigments. Both Fv/Fm and photosynthetic pigments of
G. lemaneiformis were largely reduced when experiencing heatwaves. Fur-
thermore, genes related to photosynthesis were also significantly down-
regulated, indicating that the impacts of heatwaves involve both physiolog-
ical and molecular levels. Another reason that G. lemaneiformis could not
survive heatwaves can be attributed to the dominance of its vegetative
form in its life history. Thalli usually have lower resilience to high temper-
atures compared to micropropagules (Carney and Edwards, 2006).

In contrast to individual HN treatment, genes related to photosynthesis
in G. lemaneiformis under the combination of heatwaves and HN were sig-
nificantly up-regulated, showing that heatwaves urged photosynthetic pro-
tein synthesis when nitrogen is sufficient. However, from the Venn
diagram, the number of DEGs under heatwaves treatment was much
greater than that under nitrogen treatment, indicating that the negative ef-
fects of heatwaves may exceed the positive effects of nitrate enrichment.
Therefore, the thalli experiencing heatwaves died by day 12. It seems that
the shift from thalli to micropropagules for G. lemaneiformis is not as easy
as Ulva (Gao et al., 2010; Zhou et al., 2016) since reproduction events
were not found for G. lemaneiformis no matter nitrogen was limited or re-
plete, which closed the escape route of G. lemaneiformis via life history shift.

4.3. Implications of differential responses of two macroalgae

U. intestinalis could reserve nutrients when the condition is allowed and
take advantage of them to maintain stable growth rates when nutrients be-
come limited for a short term. In addition, U. intestinalis could counteract
nutrient limitation via the change of morphology. When suffering
heatwaves stress, U. intestinalis could transform vegetative cells into resis-
tant spores. Thus, U. intestinalis may be adapting to climate change and re-
lated extreme weather by shortening its life cycle. Shorter generation times
imply more opportunities to adapt phenotypically and genetically to cli-
mate change (Gao et al., 2017b). Meanwhile, when nutrients were replete,
U. intestinalis could utilize nutrients to counteract heatwaves in the form of
thalli and reduce the shift to micropropagules. To summarize, Ulva seems to
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be able to acclimate to different environmental conditions via morphologi-
cal, physiological and molecular modulation. The strong resilience to envi-
ronmental stress would increase the competitiveness of Ulva spp. against
other seaweeds, which may promote the outbreak of green tides caused
by Ulva spp. in the future.

On the other hand, the economic algae G. lemaneiformis, was prone to
bleaching and died under heatwaves. Although nitrogen enrichment sup-
ported thalli to counteract the negative effect of the heatwaves, the death
of the G. lemaneiformis could not be prevented ultimately. As previously
mentioned, along with the increasing ocean temperature, a gradual reduc-
tion in the competency of either reproduction, recruitment, or recruit sur-
vival was found in kelps (Wernberg et al., 2010). Combined with the
previous study, the findings in this study indicate that MHWSs may exert a
negative influence on seaweed cultivation. It has been presumed that
MHWs are impacting the structure of macroalgae, facilitating the thriving
of morphologically simple, ephemeral and opportunistic turfs (Gao et al.,
2021). Our study confirms this presumption and justifies this conclusion re-
gardless of nitrate conditions.

5. Conclusion

MHWs are impacting algal structure and primary production. The pres-
ent study investigated the combined effects of MHWs and nitrate availabil-
ity on a bloom-forming green macroalga U. intestinalis and an economically
important red macroalga G. lemaneiformis for the first time. U. intestinalis
formed more branches under nitrate limited conditions and transformed
from thalli to micropropagules to cope with MHWSs. When nitrate was re-
plete, thalli upregulated their antioxidant systems to counteract MHWSs
and downregulated the shift to micropropagules. These findings suggest
the diverse and flexible strategies of U. intestinalis to respond to changing
environments. On the other hand, G. lemaneiformis did not survive MHWs
even when nitrate was replete. This study indicates that Ulva spp. may re-
place cultivated macroalgae in the future context of climate change consid-
ering that they co-occur in seaweed farms. Strains of G. lemaneiformis that
are tolerant to high temperatures need to be bred to avoid or reduce the
loss of seaweed cultivation and inhibit the occurrence of green tides.
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