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Systems-wide analysis revealed shared and
unique responses to moderate and acute
high temperatures in the green alga
Chlamydomonas reinhardtii
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Different intensities of high temperatures affect the growth of photosynthetic cells in nature. To
elucidate the underlying mechanisms, we cultivated the unicellular green alga Chlamydomonas
reinhardtii under highly controlled photobioreactor conditions and revealed systems-
wide shared and unique responses to 24-hour moderate (35°C) and acute (40°C)
high temperatures and subsequent recovery at 25°C. We identified previously overlooked
unique elements in response to moderate high temperature. Heat at 35°C transiently arrested
the cell cycle followed by partial synchronization, up-regulated transcripts/proteins involved
in gluconeogenesis/glyoxylate-cycle for carbon uptake and promoted growth. But 40°C
disrupted cell division and growth. Both high temperatures induced photoprotection, while
40°C distorted thylakoid/pyrenoid ultrastructure, affected the carbon concentrating mechan-
ism, and decreased photosynthetic efficiency. We demonstrated increased transcript/protein
correlation during both heat treatments and hypothesize reduced post-transcriptional regula-
tion during heat may help efficiently coordinate thermotolerance mechanisms. During recovery
after both heat treatments, especially 40°C, transcripts/proteins related to DNA synthesis
increased while those involved in photosynthetic light reactions decreased. We propose down-
regulating photosynthetic light reactions during DNA replication benefits cell cycle resumption
by reducing ROS production. Our results provide potential targets to increase thermotolerance
in algae and crops.

"Donald Danforth Plant Science Center, St. Louis, Missouri 63132, USA. 2 Plant and Microbial Biosciences Program, Division of Biology and Biomedical
Sciences, Washington University in Saint Louis, St. Louis, Missouri 63130, USA. 3TU Kaiserslautern, Kaiserslautern 67663, Germany. 4 The Rockefeller
University, New York, New York 10065, USA. 5 University of Missouri-Columbia, Columbia, Missouri 65211, USA. SPresent address: Plant and Microbial
Biosciences Program, Division of Biology and Biomedical Sciences, Washington University in Saint Louis, St. Louis, Missouri 63130, USA. ‘These authors
contributed equally: Ningning Zhang, Erin M. Mattoon. ®email: rzhang@danforthcenter.org

COMMUNICATIONS BIOLOGY | (2022)5:460 | https://doi.org/10.1038/542003-022-03359-z | www.nature.com/commsbio 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-03359-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-03359-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-03359-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-03359-z&domain=pdf
http://orcid.org/0000-0001-5411-0473
http://orcid.org/0000-0001-5411-0473
http://orcid.org/0000-0001-5411-0473
http://orcid.org/0000-0001-5411-0473
http://orcid.org/0000-0001-5411-0473
http://orcid.org/0000-0003-4203-1596
http://orcid.org/0000-0003-4203-1596
http://orcid.org/0000-0003-4203-1596
http://orcid.org/0000-0003-4203-1596
http://orcid.org/0000-0003-4203-1596
http://orcid.org/0000-0002-1095-7418
http://orcid.org/0000-0002-1095-7418
http://orcid.org/0000-0002-1095-7418
http://orcid.org/0000-0002-1095-7418
http://orcid.org/0000-0002-1095-7418
http://orcid.org/0000-0002-5471-7395
http://orcid.org/0000-0002-5471-7395
http://orcid.org/0000-0002-5471-7395
http://orcid.org/0000-0002-5471-7395
http://orcid.org/0000-0002-5471-7395
http://orcid.org/0000-0001-6872-0483
http://orcid.org/0000-0001-6872-0483
http://orcid.org/0000-0001-6872-0483
http://orcid.org/0000-0001-6872-0483
http://orcid.org/0000-0001-6872-0483
http://orcid.org/0000-0002-4860-7800
http://orcid.org/0000-0002-4860-7800
http://orcid.org/0000-0002-4860-7800
http://orcid.org/0000-0002-4860-7800
http://orcid.org/0000-0002-4860-7800
mailto:rzhang@danforthcenter.org
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03359-z

crop yields and algal biofuel production!2. Global

warming increases the intensity, duration, and frequency
of high temperatures above the optimal range for plant growth.
It is projected that for every degree Celsius mean global tem-
perature increases, the yields of major crop species will decrease
by 3% ~ 8%!3. Photosynthetic organisms experience different
intensities of high temperatures in field conditions. Many crop
species have threshold temperatures between 25 and 40°C, above
which reduced growth is observed; most heat stress experiments
have been conducted at acutely high temperatures near 42°C or
above?. Plants frequently experience sustained moderate high
temperatures around 35°C in nature, however these conditions
have been largely understudied”. The acute high temperature at
or above 40°C is more damaging but usually less frequent
or shorter-lasting than the moderate high temperature in the
field. We hypothesize that plants can acclimate to moderate high
temperature but have reduced acclimation capacity to acute
high temperature. Additionally, we propose that different levels
of high temperatures induce shared and unique responses in
photosynthetic cells. Understanding how photosynthetic cells
respond to and recover from different intensities of high tem-
peratures is imperative for improving crop thermotolerance®.

High temperatures are known to have a wide variety of impacts
on photosynthetic cells. Heat-increased membrane fluidity has
been proposed to activate membrane-localized mechanosensitive
ion channels leading to increased intracellular calcium con-
centrations, which may cause signaling cascades to activate heat
shock transcription factors (HSFs)7~. HSFs act in the nucleus to
increase transcription of genes involved in heat response, e.g.,
heat shock proteins (HSPs)10-12, A recent work proposed that the
accumulating cytosolic unfolded proteins, rather than changes in
membrane fluidity, trigger the expression of HSPs in green
algae!3. Furthermore, high temperatures can decrease the stability
of RNAs and alter the transcriptomic landscape of cells under
heat stress!4. Additionally, high temperature can cause damage
to photosynthetic electron transport chains, reducing photo-
synthetic efficiency!>~1%, and leading to increased reactive oxygen
species (ROS) accumulation®2%-21, Heat-induced ROS production
increases DNA damage and the need for DNA repair pathways,
although the mechanisms of these processes are poorly
understood!%22. In contrast to the extensive research on the
effects during heat, how photosynthetic cells recover from heat is
less studied!0.

Algae have great potential for biofuel production and biopro-
duct accumulation, but the knowledge surrounding mechanisms
of algal heat responses are largely limited as compared to land
plants'®. Outdoor algal ponds frequently experience supra-
optimal temperatures at or above 35°C during summer time?3,
but how algal cells respond to moderate high temperatures
remains largely understudied. Many previous algal heat experi-
ments were conducted in flasks incubated in hot water baths (at
or above 42°C) with sharp temperature switches, e.g., by resus-
pending centrifuged cells in prewarmed medium to initiate the
heat treatments!>18, The previous research was valuable for
paving the road to understand algal heat responses. Nevertheless,
high temperatures in nature, especially in aquatic environments,
often increase gradually and the rate of temperature increase may
affect heat responses®. Acute high temperature at 39°C or 42°C
results in algal cell cycle arrest!8-24-26, Long-term experiments at
moderate high temperatures that do not lead to a sustained cell
cycle arrest cannot be conducted in flasks because cultures grow
into stationary phase, causing nutrient and light limitation and
therefore complicating analyses. Consequently, investigating
algal heat responses under well-controlled conditions in pho-
tobioreactors (PBRs) with turbidostatic modes can mimic the

I I igh temperatures occur frequently in nature and impair

heating speed in nature and reduce compounding factors dur-
ing high-temperature treatments, improving our understanding
of algal heat responses.

The unicellular green alga, Chlamydomonas reinhardtii
(Chlamydomonas throughout), is an excellent model to study
heat responses in photosynthetic cells for many reasons, includ-
ing its fully sequenced haploid genome, unicellular nature
allowing for homogenous treatments, generally smaller gene
families than land plants, and extensive genetic resources?’-32. At
the cellular level, Chlamydomonas has many similarities with
land plants, making it a powerful model organism to identify
novel elements with putative roles in heat tolerance with impli-
cations for crops!.

A previous transcriptome and lipidome-level analysis in
Chlamydomonas under acute high temperature (42°C) over
1 hour (h) revealed changes in lipid metabolism and increased
lipid saturation as one of the early heat responses?3. Additionally,
a proteome and metabolome-level analysis of acute high tem-
perature (42°C) for 24-h followed by 8-h recovery demonstrated
temporally resolved changes in proteins, metabolites, lipids, and
cytological parameters in Chlamydomonas!®. Both publications
contributed to the foundational knowledge of how Chlamydo-
monas responds to acute high temperature. However, a tempo-
rally resolved transcriptome analysis during and after heat over a
relatively long time is lacking and the correlation between tran-
scriptome, proteome, and physiological responses to different
intensities of high temperatures remains elusive. Integrating these
multiomics approaches with physiological measurements under
high-temperature conditions has great potential for improving
algal thermotolerance3*. Additionally, previous research showed
increased starch accumulation when Chlamydomonas cells
were switched from 30°C to 39°C heat, which is linked to cell
cycle arrest and the shift from energy usage for cell cycle
operation to chemical energy storage at 39°C?>26. However, the
effects of moderate high temperature on starch accumulation
remain elusive.

We investigated the response of wild-type Chlamydomonas
cells to moderate (35°C) or acute (40°C) high temperatures at
transcriptomic, proteomic, cytological, photosynthetic, and
ultrastructural levels over a 24-h heat followed by 48-h recovery
period in PBRs under well-controlled conditions. Our results
showed that some of the responses were shared between the two
treatments and the effects of 40°C were typically more extensive
than 35°C; however, 35°C induced a unique set of responses that
were absent under 40°C. Both 35 and 40°C induced starch
accumulation but due to distinct mechanisms. We showed that
35°C transiently inhibited cell cycle followed by synchronization
while 40°C halted the cell cycle completely. Heat at 40°C but not
35°C reduced photosynthetic efficiency, increased ROS produc-
tion, and altered chloroplast structures. Furthermore, with the
time-resolved paired transcriptome and proteome dataset, we
demonstrated increased transcript and protein correlation during
high temperature which was reduced during the recovery period.
Additionally, we revealed up-regulation of genes/proteins related
to DNA replication and down-regulation of those related to
photosynthetic light reactions during early recovery after both
heat treatments, suggesting potential crosstalk between these two
pathways when resuming the cell cycle. These data further our
understanding of algal heat responses and provide novel insights
to improve thermotolerance of algae and crops.

Results

Heat at 35°C increased algal growth while 40°C largely reduced
it. We cultivated Chlamydomonas cultures under well-
controlled conditions (light, temperature, air flow, and
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Fig. 1 Moderate (35°C) and acute (40°C) high temperatures had contrasting effects on the growth rates of Chlamydomonas cells. a Chlamydomonas
growth rate plateaued around 35°C but was largely reduced at 40°C. Chlamydomonas cells (CC-1690, 21gr, wildtype) were grown in photobioreactors

(PBRs) in Tris-acetate-phosphate (TAP) medium under turbidostatic conditions at different temperatures with a light intensity of 100 umol photons m=2 s—1
and constantly bubbling of air. Relative growth rates were calculated based on the cycling of ODggo, see Supplementary Fig. T and methods for details. ODggo
is proportional to total chlorophyll content in unit of ug chlorophyll mL~". Each temperature treatment was conducted in an individual PBR. Mean + SE, n=3
biological replicates. Statistical analyses were performed using two-tailed t-test assuming unequal variance by comparing treated samples with pre-heat or
30°C with 35°C (*, p < 0.05, the colors of asterisks match the treatment conditions). Not significant, ns. b Heat treatment at 35°C (brown) increased growth
rates while 40°C (red) reduced it. Algal cultures in separate PBRs were first acclimated at 25°C for 4 days before the temperature was switched to 35°C or
40°C for 24 h, followed by recovery at 25°C for 48 h. Algal cultures grown constantly at 25°C (black) served as controls, which demonstrated steady growth
without heat treatments. Three independent biological replicates for each condition were plotted. € PBR cultures with different treatments were sampled at a
series of time points to study heat responses at multiple levels. Symbol colors match the colors of the parameters assayed. b, ¢ The red shaded areas depict

the duration of high temperature.

nutrient availability with supplied carbon source, acetate) by
using turbidostatic mode based on ODgg in photobioreactors
(PBRs). ODgg, is proportional to total chlorophyll content in
the unit of pg chlorophyll mL~1. Fresh medium was added to
the culture automatically by a peristaltic pump when the ODggq
reached the defined maximum value to dilute the culture and
the pump was stopped when the ODggq dropped to the defined
minimum value (Supplementary Fig. 1a, b). Algal cultures then
grew at approximately exponential rate to the defined max-
imum ODggy value before the next dilution cycle. The turbi-
dostatic mode precisely controlled the growth condition. We
calculated the doubling time or relative growth rates (inverse of
the doubling time) based on the exponential growth phase. The
doubling time and relative growth rates we refer to throughout
are based on the increase of ODgg, or the total chlorophyll
per mL culture.

The relative growth rate of Chlamydomonas cells in PBRs
grown mixotrophically increased with higher temperature between

25°C and 30°C, plateaued at 35°C, and largely decreased at 40°C,
as compared to the control 25°C (Fig. 1a). Hence, we defined 35°C
as moderate high temperature and 40°C as the acute high
temperature under our experimental conditions. To investigate the
systems-wide responses of Chlamydomonas to moderate and
acute high temperatures, we acclimated algal cells in PBRs with
well-controlled conditions at constant 25°C, followed by 24-h heat
treatment at 35 or 40°C, and recovery at 25°C for 48 h (Fig. 1b,
Supplementary Fig. 1a-c). Temperature increases from 25 to 35 or
40°C took about 30 minutes (min), and neither heat treatment
affected cell viability (Supplementary Fig. 1d, e). In contrast, we
found that a sharp temperature switch without gradual tempera-
ture increases reduced cell viability (Supplementary Fig. 1f),
demonstrating heating speed affects thermotolerance. The tran-
script levels of selected circadian regulated genes, LHCAI3® and
TRXF2%, did not change significantly under constant 25°C
(Supplementary Fig. 1g, h), suggesting minimal circadian regula-
tion existed under our experimental conditions with turbidostatic
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control and constant light. Our observed changes during and after
heat were therefore most likely attributable to heat treatments.

Based on the rate of chlorophyll production, algal growth
increased during cultivation at 35°C and decreased at 40°C
compared to 25°C. The increased growth at 35°C was confirmed
by medium consumption rates and growth on plates (Supple-
mentary Fig. 2). We harvested the PBR cultures throughout the
time-course experiment for systems-wide analyses, including
transcriptomics, proteomics, cell physiology, photosynthetic
parameters, and cellular ultrastructure (Fig. 1c). RT-qPCR
analysis of select time points showed that both 35°C and 40°C
induced heat stress marker genes (HSP22A and HSP90A) and
HSFs, suggesting both heat treatments could induce heat
responses, although the induction amplitude was much larger
under 40°C than 35°C (up to 20-fold, Supplementary Fig. 3a-d).
RNA-seq data were verified by testing select genes with RT-
qPCR, with highly consistent results between the two methods
(Supplementary Fig. 3).

Transcriptomic and proteomic analyses identified shared and
unique responses during and after 35°C and 40°C treatments.
Two-dimensional Uniform Manifold Approximation and Projec-
tion (UMAP) of Transcripts per Million (TPM) normalized RNA-
seq data resulted in three distinct clusters (Fig. 2a). The cluster
during heat had a temporally resolved pattern showing increasing
variance between 35°C and 40°C time points throughout the high
temperature treatment. The early recovery cluster consisted of 2-
and 4-h recovery samples after 35°C heat, as well as 2-, 4-, and 8-h
recovery samples after 40°C heat. Late recovery and pre-heat
samples clustered together, suggesting transcriptomes fully recov-
ered by 8-h following 35°C and 24-h following 40°C treatment.
UMAP of proteomics data results in two distinct clusters, separ-
ating the 35°C and 40°C treated samples and demonstrating
temporally resolved proteomes (Fig. 2b). However, the samples
during heat, early, and late recovery did not fall into their own
distinct clusters, consistent with resistance to rapid changes on the
protein level as compared with the transcript level. The proteome
recovered to pre-heat levels by the 48-h recovery after both 35°C
and 40°C.

We employed differential expression modeling to identify
differentially expressed genes (DEGs) that were overlappingly or
uniquely up- or down-regulated during and after 35°C or 40°C
heat treatments (Fig. 2¢, Supplementary Data 1). The greatest
number of DEGs were identified at 2- and 4-h recovery time
points of 40°C treatment, while investigating the distribution of
log,(fold-change) values for DEGs showed the greatest level of
up-regulation at 0.5-h and down-regulation at 16-h of heat at
40°C (Supplementary Fig. 4a). Overall, there were more DEGs at
most time points in the 40°C treatment as compared to the 35°C
treatment (Fig. 2c). Analysis of differentially accumulated
proteins (DAPs) that were overlappingly or uniquely up- or
down-regulated during or after 35°C and 40°C showed a
smoother distribution of expression pattern than transcriptomic
data (Fig. 2d, Supplementary Data 2). Increasing numbers of
DAPs were identified throughout the high-temperature period,
followed by a gradual reduction throughout the recovery period.
The distribution of log,(fold-change) for DAPs at each time point
also showed a smoother pattern than for transcriptome data
(Supplementary Fig. 4b). Through transcriptomic and proteomic
analyses, we identified shared and unique responses for the 35°C
and 40°C treatment groups (Supplementary Fig. 4c-f, Supple-
mentary Data 1 and 2).

The global transcriptome analysis revealed the three most
dominant transcriptional patterns during the two treatments
(Supplementary Fig. 5a, b). The first constraint (A1) divided the

transcripts into acclimation and de-acclimation phases; the
second constraint (A2) separated control from disturbed condi-
tions; the third constraint (A3) showed a more fluctuating fine
regulation. The amplitude difference between the treatments at
35°C and 40°C suggests an overall higher regulatory activity
during the 40°C than 35°C treatment. However, there were a set
of 108 genes uniquely upregulated during 35°C but not 40°C heat
(Supplementary Fig. 4c, Supplementary Data 1), including
GAPDH (involved in gluconeogenesis, glycolysis, and Calvin-
Benson Cycle), TALI (involved in pentose phosphate pathway),
COX15 (involved in mitochondrial assembly), and CAV4 (encoding
a putative calcium channel) (Supplementary Fig. 5c-f). Addition-
ally, when investigating the log,(fold-change) ratios of overlapping
up- or down-regulated genes in both treatment groups at the same
time point, we found that although many genes had higher
differential expression with 40°C than 35°C treatment, some genes
were more highly differentially expressed in the 35°C than the 40°C
treatment group (Supplementary Fig. 6, Supplementary Data 1).
Taken together, these results indicate that 35°C induces a unique set
of responses in Chlamydomonas that have not been previously
described.

Of the 3,960 heat-induced genes (HIGs, up-regulated in at least
one-time point of 35°C or 40°C), 2,754 were present in the JGI
InParanoid ortholog list37-38, We used these data to investigate
the conservation of Chlamydomonas HIGs with Volvox carteri
(Volvox), Arabidopsis thaliana (Arabidopsis), Oryza sativa (rice),
Triticum aestivum (wheat), Glycine max (soybean), Zea mays
(maize), Sorghum bicolor (sorghum), and Setaria viridis (Setaria).
For most plant species tested, approximately 1,000 Chlamydo-
monas HIGs have orthologs (Supplementary Fig. 5g). Between
Chlamydomonas and the model plant Arabidopsis, there are 509
HIGs with a one-to-one orthologous relationship (Supplementary
Fig. 5g, Supplementary Data 1).

In our transcriptome and proteome data, 44.7% of the
transcripts that met minimum read count cutoffs have MapMan
annotations, and 80.4% of proteins have MapMan annotations
(Supplementary Fig. 4g, 4h). MapMan functional enrichment
analysis of DEGs at each time point of the 35°C or 40°C
treatment showed that early induced shared responses to both
heat treatments included canonical heat response pathways,
protein folding, and lipid metabolism (Supplementary Table 1,
Supplementary Data 3). MapMan terms related to DNA
synthesis, cell motility, protein processing, and RNA regulation
were enriched in overlapping gene sets down-regulated during
most time points of both 35°Cand 40°C heat treatments. DNA
synthesis and repair MapMan terms were significantly enriched
in genes up-regulated in both 35°C and 40°C treated samples
during the 2- and 4-h recovery time points. MapMan terms
related to amino acid metabolism, mitochondrial electron
transport, and purine synthesis were enriched in gene sets
uniquely up-regulated during 35°C heat. Carbon fixation (e.g.,
carbon concentrating mechanism) and starch synthesis related
MapMan terms were significantly enriched in gene sets uniquely
up-regulated during 40°C heat. MapMan terms related to amino
acid metabolism and mitochondrial electron transport were
enriched in gene sets uniquely down-regulated during early heat
of 40°C, in contrast to 35°C.

Transcript/protein correlation increased during heat but
decreased during recovery. Investigation of Pearson correlation
coefficients between log,(fold-change) values for transcripts
and proteins grouped by MapMan functional categories revealed
higher positive correlation between transcriptome and
proteome during heat than recovery for both 35°C and 40°C
treatments (Fig. 2e, f, Supplementary Fig. 7). This indicates that
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Fig. 2 Transcriptomics and proteomics revealed distinct and dynamic responses during and after heat treatments of 35°C and 40°C. a Uniform
Manifold Approximation and Projection (UMAP) of Transcripts Per Million (TPM) normalized RNA-seq read counts and (b) UMAP of normalized
protein intensities. Each data point represents all normalized counts from a single sample. Stars and squares represent algal samples with heat
treatments of 35°C or 40°C, respectively. Different colors represent different time points. Brown and red arrows show the movement through time of
the 35°C and 40°C treated samples, respectively. ¢, d Number of unique or overlapping Differentially Expressed Genes (DEGs) and Differentially
Accumulated Proteins (DAPs) with heat treatment of 35°C or 40°C at different time points, respectively. Each time point has four bars: the first bar
represents genes up-regulated in 35°C, the second represents genes up-regulated in 40°C, the third represents genes down-regulated in 35°C, and
the fourth represents genes down-regulated in 40°C. The bottom portion of the stacked bars represents genes/proteins that are differentially
expressed in both treatment groups and the top portion represents genes that are uniquely differentially expressed in the given treatment group at
that time point. Significant differential expression in transcriptome data was defined as absolute values of log,(fold-change, FC) >1, false discovery
rate (FDR) < 0.05, and absolute difference of TPM normalized read counts between treatment and pre-heat control > 1. Significant differential
accumulation of proteins was defined by Dunnett's FWER < 0.05. e Analysis of correlation between transcripts and proteins revealed overall rising
positive correlation during the heat treatment and a decreasing correlation during recovery. The time points were subdivided into three heat

(red labels) and three recovery (blue labels) windows for 35°C (left) and 40°C (right) treated samples. The density plots of Pearson correlation
coefficients between the fold-changes of transcripts and proteins are shown. X, Pearson correlation coefficient. Y, frequency density. Time points
during heat: O h, reach high temperature of 35°C or 40°C; 1h, heat at 35°C or 40°C for 1h, similar names for other time points during heat. Time
points during recovery: O h, reach control temperature of 25°C for recovery after heat; 2 h, recovery at 25°C for 2 h, similar names for other time
points during recovery. See Supplementary Fig. 7 for more information. f Scatter plots of all transcript-protein pairs at 35°C (left) and 40°C (right) for
the three heat time point bins shown in (e). X and Y, transcript and protein log,FC, compared with pre-heat, respectively. Transcript-protein pairs are
shown as gray dots. Best fit lines are shown in blue. The Pearson correlation coefficient is shown at the bottom right corner of each scatterplot.
Transcript-protein pairs belonging to MapMan functional categories with the highest Pearson correlation coefficient in the given time point bin are
shown in orange. See the interactive figures in Supplementary Data 9: transcripts/proteins correlation.
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transcriptional regulation dominates the heat period. Further
investigation of Pearson correlation coefficients for individual
MapMan terms showed that functional categories had varying
correlation values throughout the course of high temperatures
and recovery (Supplementary Data 4, 9). In early time points of
the 35°C treatment, the gluconeogenesis/glyoxylate-cycle func-
tional category had the highest correlation between transcripts
and proteins, followed by amino acid and lipid metabolism at
later heat time points (Fig. 2f). In early time points of the 40°C
treatment, the abiotic stress functional category had the highest
correlation between transcripts and proteins, followed by lipid
metabolism and redox pathways at later heat time points (Fig. 2f).
The proteins in the MapMan bin gluconeogenesis/glyoxylate
cycle increased during 35°C but decreased during 40°C, sug-
gesting elevated and reduced gluconeogenesis/glyoxylate-cycle
activity during 35°C and 40°C heat treatment, respectively
(Supplementary Fig. 8a-d). Isocitrate lyase (ICL1) is a key
enzyme of the glyoxylate cycle in Chlamydomonas®. The tran-
script, protein, as well as the correlation of ICL1 increased during
35°C heat but decreased during 40°C heat (Supplementary
Data 9,10, gluconeogenesis _ glyoxylate cycle.html). In Chlamy-
domonas, acetate uptake feeds into the glyoxylate cycle and glu-
coneogenesis for starch biosynthesis*?#1. Several proteins related
to acetate uptake/assimilation*142 were increased during 35°C
heat but deceased during 40°C heat (Supplementary Fig. 8e-h,
Supplementary Data 2). Our results suggested 35°C treatment
increased acetate uptake/assimilation and glyoxylate cycle and
gluconeogenesis pathways, which may be suppressed by the 40°C
treatment.

Network modeling of transcriptome and proteome revealed
expression patterns of key pathways during and after heat
treatments. To investigate common transcriptional expression
patterns throughout heat and recovery, we performed Weighted
Correlation Network Analysis (WGCNA) on TPM-normalized
RNA-seq data from 35°C and 40°C transcriptomes (Fig. 3a,
Supplementary Data 5). Most genes with known roles in heat
response belong to Transcriptomic Module 1 (TM1) with peak
expression at 0.5-h heat, including HSFs and many HSPs. TM1
is also significantly enriched for MapMan terms related to
protein folding, lipid metabolism, and starch synthesis. In total,
there are 628 genes associated with this module, about 62% of
which lack Chlamydomonas descriptions and 25% have no
ontology annotations, indicative of novel genes with putative
roles in heat response that have been previously undescribed.
TM2 has peak expression at 1-h heat and is significantly enri-
ched for MapMan terms relating to the TCA cycle and carbon
concentrating mechanism. TM3 has peak expression at the
beginning of both heat and recovery periods and is significantly
enriched for MapMan terms related to RNA regulation and
chromatin remodeling, highlighting the extensive alterations in
transcriptional regulation caused by changing temperatures.
TM4 contains 137 genes that have sustained increased expres-
sion throughout 35°C, with slightly reduced or no change in
expression in 40°C. This module is significantly enriched for
MapMan terms related to amino acid metabolism, ferredoxin,
and fatty acid synthesis/elongation. TM4 represents genes that
are unique to 35°C responses. TM5 shows increased expression
throughout the heat period at 40°C. This module is enriched for
ABA synthesis/degradation, suggesting potential interaction
between the ABA pathway and algal heat responses. Previous
reports showed that heat treated Arabidopsis and rice leaves had
increased ABA contents and exogenous ABA application
improved heat tolerance in WT rice plants*>44, ABA is reported
to be involved in tolerance to oxidative stress?>, HCO3~

uptake?®, and stress acclimation in Chlamydomonas*’. TM6
displays similar expression patterns in both 35°C and 40°C
treatments, with increased expression during early heat and
reduced expression during early recovery. This module is enri-
ched for genes in the Calvin-Benson cycle, PSII biogenesis, and
tetrapyrrole synthesis. TM7 shows increased expression in 40°C
uniquely in late heat, which continues through the early and
mid-recovery periods. This module is notably enriched for
protein degradation, ubiquitin E3 RING, and autophagy, which
may indicate the need to degrade certain proteins and cellular
components during and after prolonged acute high temperature
at 40°C. TMS8 shows increased expression only at the 0-h
recovery time point immediately after the cooling from the 35°C
and 40°C heat to 25°C. This module is notably enriched for bZIP
transcription factors, oxidases, calcium signaling, and protein
posttranslational modification, which likely contribute to the
broad changes observed when recovering from high tempera-
tures. TM9 and TM10 both have peaks in expression in recovery
(2h, 4h for TM9; and 8h for TM10) and have significantly
enriched MapMan terms related to DNA synthesis. TM11 peaks
in expression at 8-h recovery and is significantly enriched for
MapMan terms related to protein posttranslational modifica-
tion, consistent with the decreased correlation between tran-
script and protein levels at late recovery stages (Fig. 2e).
TM12 shows reduced expression during the early recovery
period and is significantly enriched for MapMan terms related
to photosynthetic light reactions and protein degradation.

We verified the expression patterns of several key pathways of
interest and transcription factors by visualizing log,(fold-change)
values from differential expression modeling (Supplementary
Fig. 9, 10, Supplementary Data 6). The RNA-seq results of select
pathways from differential expression modeling were highly
consistent with  WGCNA modeling and provided gene-level
resolution of interesting trends within these pathways. The down-
regulation of select transcripts involved in photosynthetic light
reactions during early recovery was also verified by RT-qPCR
(Supplementary Fig. 9i, j).

Network modeling was performed separately for the proteomes
of the 35°C and 40°C treated samples due to differences in
peptides identified through LC-MS/MS between the two treat-
ment groups and the relatively smaller number of proteins
identified compared to transcripts. This analysis identified
common expression patterns (Proteomics Module, PM) in the
proteome data (Fig. 3b, Supplementary Data 7). Prominent
functional terms that were enriched in the respective module are
given for proteins correlating positively (PM_a) or negatively
(PM_b) to their corresponding eigenvector (FDR < 0.05). Protein
modules that increased during 35 and 40°C heat treatments are
enriched for MapMan terms related to the part of photosynthetic
light reactions, protein folding, and redox (PMIl_a, PM6_a,
PM7_a). Proteins that increased during the recovery phase after
either heat treatments are enriched for MapMan terms related to
protein synthesis (PM1_b, PM7_b), DNA synthesis and chroma-
tin structure (PM2_b, PM6_b). Proteins related to photosynthetic
light reactions first decreased and then increased during the
recovery of both treatments (PM1_a, PM4_b, PM8_b). Unique
responses for the 35°C treatment include proteins related to
mitochondrial electron transport and lipid metabolism increased
during heat (PM5_a) and proteins related to RNA processing and
cell organization increased during the recovery phase after 35°C
heat (PM1_b, PM2_b). Unique responses for the 40°C treatment
include proteins related to abiotic stress increased during heat
(PM10_b) and proteins related to cell motility and RNA
increased during the recovery phase after 40°C heat (PM6_b,
PM?7_b). Network modeling of transcriptome and proteome data
yielded consistent patterns for several key pathways during and

6 COMMUNICATIONS BIOLOGY | (2022)5:460 | https://doi.org/10.1038/s42003-022-03359-z | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03359-z

ARTICLE

Arbitrary units

Arbitrary units

TM1: 628
Heat Stress (26/47), Protein
folding/ chaperones (17/41),
Starch synthesis (3/8)

TM5: 648
ABA synthesis/degradation

TM9: 5123
DNA synthesis/chromatin
structure (126/164) , RNA
processing (74/98), Vesicle
transport (42/56)

TM2: 303
TCA cycle oxoglutarate
dehydrogenase (2/2) , Carbon
concentrating mechanism
(4/20), fatty acid desaturase (2/5)

TM6: 147
Calvin cycle rubisco interacting
(4/8), PSII biogenesis (3/7),
Starch synthase (2/8),
tetrapyrrole synthesis (4/5)

DNA synthesis/Chromatin
structure histone (33/61),
Histone cores H2A (15/23), H2B
(10/13), H3 (9/16), H4 (7/9)

TM3: 521
RNA regulation/
Chromatin remodeling
factors (7/37)

TM7: 1380
Protein degradation -
5),

Ubiquitin E3 RING (27
Autophagy (8/9), Hi:
synthesis (4/4)

TM11: 243
Protein posttranslational
modification (21/463), Signal
receptor kinases (4/6), Carbon

TM4: 137

Amino acid metabolism - valine
degradation (2/2), Ferredoxin (2/3)
Fatty acid synthesis/elongation

acyl CoA ligase (2/8)

TM8: 213
bZIP TF family (2/9), Oxidases

(5/37), Calcium signaling (3/34),

Protein posttranslational
modification (30/463)

TM12: 224
LHCI (5/8), PSI subunits (2/2),

Cytochrome b6f (2/2), LHCII (2/7),

Ubiquitin/proteasome (9/53)

concentrating mechanism (8/24)

Eog\—Nvm“echngg § E
£ £ £
2 o e 2
o Heat Recovery ¢ Heat Recovery 2 Heat Recovery 2 Heat Recovery
Time point (h) & No MapMan annotations
35°C 40°C Has MapMan annotations

PM1_a: 148
Photosynthetic light reactions
(46/91), Protein folding (15/54),

redox (10/38)

PM2_a: 3
No significant enrichment

PM3_a: 16
Protein posttranslational
modification (4/22)/kinase (2/5)

PM4_a: 11

Minor CHO metabolism (11/37),
Protein targeting (9/28)

PM5_a: 242
Mito. ATP synthesis (54/66), Redox

(19/38) , TCA (19/30), Lipid

metabolism (15/49), glycolysis (10/21)|

PM1_b: 223
Protein synthesis (109/177),
RNA processing (10/16)

PM2_b: 10!
DNA synthesis/chromatin
structure (141/148), Cell

PM3_b: 10
Protein degradation (3/43),
Cell motility (2/32)

PM4_b: 1
Photosynthetic light reactions

(25/91), Calvin cycle (12/16),
Tetrapyrrole synthesis (20/28)

PM5_b: 14
Protein synthesis (54/177),
Transport (12/44)

PM6_a: 35 PM6_b: 160
i i ; DNA synthesis/chromatin
Photosynthetic light reactions
(7/92), Amino acid synthesis (6/50) structure (143/148),

PM7_a: 154
Photosynthetic light reactions

Protein synthesis (81/171),
(38/92), Protein folding (16/64),

RNA (15/55)

PM8_b: 71
Photosynthetic light reactions

(13/92), Lipid metabolism (12/39),
Tetrapyrrole synthesis (14/29)

PM8_a: 29

Protein degradation (7/38),
Amino acid activation (4/18)

PM9_b: 170

Protein degradation (14/38),
Mitochondrial ATP synthesis
(13/24), Glycolysis (10/26)

PM9_a: 18

Protein synthesis (57/171),
Chloroplast ATP synthase (11/11)

PM10_b: 67
Protein folding (31/64),
Heat stress (15/18), Redox

PM10_a: 52
Transport (5/38), Nucleotide
metabolism (3/22), Major

CHO metabolism (3/20)

~—y
NrNToOToNTOITR® RoraNtToOFTo st oF @ TonmraNToOTo Nt 0T R HTounwmrNtToOYToNnt 0T X
: - N N < : - N N < © : - N N o : - N N
2 e o
Heat Recovery & Heat Recovery & Heat Recovery & Heat Recovery

Time point (h)

after heat treatments, e.g., heat responses, photosynthetic light
reactions, and DNA synthesis.

Heat at 35°C synchronized the cell cycle while 40°C arrested it.
The increased transcript and protein levels related to DNA

synthesis during recovery (Fig. 3) prompted us to investigate the
expression pattern of cell cycle related genes because DNA
synthesis takes place immediately before and during cell division
in Chlamydomonas®®. Both 35°C and 40°C disrupted the
expression pattern of cell cycle genes as compared to the pre-heat
level, which recovered by 8-h heat treatment at 35°C but not
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Fig. 3 Transcriptomic and proteomic network modeling revealed differential regulation of key biological pathways with treatments of 35°C or 40°C.
a Weighted correlation network analysis (WGCNA) of transcriptome data identified gene modules with similar expression patterns. TM: transcriptomic
module. The z-normalized consensus gene expression patterns for 40°C (red triangle) and 35°C (brown circle) for each module are displayed.

b Correlation networks of protein abundance over time courses for 35°C and 40°C heat treatments. PM, proteomic module. For each module, the
eigenvectors as aggregated signal shape is depicted. Prominent functional terms that were enriched in the respective module are given for proteins
correlating positively (PM_a) or negatively (PM_b) to their corresponding eigenvector (FDR < 0.05). a, b Black vertical lines indicate the start and end of
the heat treatment at either 35°C or 40°C. Pre-heat, before heat treatments. Time points during heat: O h, reach high temperature of 35°C or 40°C; 0.5 h,
heat at 35°C or 40°C for 0.5 h, similar names for other time points during heat. Time points during recovery: O h, reach control temperature of 25°C for
recovery after heat; 2 h, recovery at 25°C for 2 h, similar names for other time points during recovery. The y axes are in arbitrary units. Background shading
indicates consensus expression pattern + sd of eigenmodule members. The number at the top of each facet (e.g., TM1: 628, PM1_a:148) represents the
total number of genes/proteins significantly associated with the given module (ANOVA, FDR < 0.05, genes/proteins can only belong to a single module).
Select statistically significantly enriched MapMan functional terms are displayed in each facet. Ratios after each MapMan term (e.g., heat stress, 26/47)
represent the number of genes/proteins with the assigned MapMan term in the given module relative to the number of genes/proteins with the assigned
MapMan term in our entire dataset. Pie charts show the fraction of genes/proteins associated with the given module that have at least one assigned
MapMan functional term (green) relative to those associated with the given module but without MapMan functional terms (white). Full functional
enrichment analysis can be found in Supplementary Data 5 and 7.
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Fig. 4 Heat at 35°C synchronized the cell cycle while heat at 40°C arrested it. a Expression of cell cycle genes during and after heat treatment of 35°C or
40°C. Genes used for the expression pattern analysis are listed in Supplementary Data 6. Gene expression patterns for treatments of 35°C (left) and 40°C
(right) are displayed as logz(mean TPM value + 1). TPM, transcripts per million. Darker blue colors indicate higher expression. Red dashed lines indicate
the start and end of the heat treatments. Pre-heat, before heat treatment. Time points during heat: O h, reach high temperature of 35°C or 40°C; 2 h, heat
at 35°C or 40°C for 2 h, similar names for other time points during heat. Time points during recovery: O h, reach control temperature of 25°C for recovery
after heat; 2 h, recovery at 25°C for 2 h, similar names for other time points during recovery. b-u FACS (fluorescence-activated cell sorting) analysis of the
DNA content in algal samples harvested at different time points before, during, and after heat treatment at 35°C or 40°C. For each figure panel, X axis is
DNA content determined by plotting a histogram of fluorescence level (area of the fluorescence channel signal) in log-scale; Y axis is the cell counts in
linear scale. DNA copy No. are labeled on top of each corresponding DNA content peak, 1C (single DNA copy number), 2C, 4C, 8C, 16 C.

during the entire 40°C heat treatment (Fig. 4a). Most cell cycle pre-heat, which led us hypothesize that the cell cycle had been
related genes had increased expression during 2- and 4-h of arrested during 40°C. To investigate this hypothesis, we
recovery in both treatment groups. quantified cellular DNA content using flow cytometry (Fig. 4b+u).

During the 40°C heat treatment, we observed irregular Pre-heat cultures showed typical asynchronous populations: most
expression patterns of cell cycle related genes as compared to cells had 1 C (single DNA copy number) while a small fraction of
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cells had 2C and 4C (Fig. 4b, c). After 16-h at 35°C heat
treatment, the broad 1 C size distribution from 8-h split; some of
the bigger cells went to 2 C and the rest of the small cells stayed at
1 C (Fig. 4f, h). The 2 C population then divided by 24-h at 35°C,
resulting in almost exclusively small 1C cells with the same
cell size as 1C cells at pre-heat, suggesting culture synchrony
(Fig. 4j). The cell division during 8-16h of heat at 35°C was
consistent with the recovery of cell cycle genes at the same time
points (Fig. 4a). After 2-h of recovery at 25°C following 35°C heat,
there were much fewer 2 C and 4 C cells than pre-heat, suggesting
a partially synchronized population, until an almost complete
recovery by 4-h at 25°C (Fig. 41, n, p, 1, t). These results indicated
that the 35°C treatment synchronized cell division in
Chlamydomonas.

Heat treatment at 40°C inhibited DNA replication and cell
division, with three peaks of 1 C, 2 C, and 4 C persisting during all
40°C heat time points (Fig. 4c, e, g, i, k). By the end of the 24-h
heat treatment at 40°C, the three cell populations had a much
larger cell size, as evidenced by the right shift of the DNA peaks
due to an increased cell size background effect (Fig. 4k, more
information of the background effect can be found in the
Methods). Cells started to replicate DNA between 2- and 4-h of
recovery following 40°C heat, resulting in reduced 1C but
increased 2 C and 4 C cell populations (Fig. 4q). DNA replication
continued until 8-h of recovery, resulting in the accumulation of
high-ploidy level cells, ranging from 1 C to 16 C (Fig. 4s). By 24-h
recovery, the cellular DNA content had almost recovered to the
pre-heat level (Fig. 4u).

Cytological parameters confirmed cell cycle arrest during 40°C
heat. Brightfield images and cell size quantification of algal cells
showed that the 40°C treated cells had continuously increased cell
size throughout the high-temperature period, followed by gradual
recovery to the pre-stress level after returning to 25°C for 24 h
(Fig. 5a, b, ¢). The quantity of chlorophyll, carotenoids, and
protein per cell all increased during the 40°C heat treatment and
gradually recovered after heat (Fig. 5d-g). ROS level per cell had a
clear increasing tread in 40°C-treated cells (especially at the end
of the heat and early recovery), although the changes were not
significant after stringent statistical analysis with FDR correction
(Fig. 5g). When normalized to cell volume, chlorophyll and
carotenoid contents increased during 40°C heat treatment while
no change of protein and ROS contents was observed (Supple-
mentary Fig. 11a-d). The ratios of chlorophyll a/b and chlor-
ophyll/carotenoid decreased during 40°C heat (Supplementary
Fig. 11e, ). The changes of chlorophyll a and b were consistent
with that of total chlorophyll (Supplementary Fig. 10g-j, Fig. 5d).
Cell diameter, cell volume, chlorophyll and carotenoid contents
only changed transiently after shifting to 35°C and after shifting
back to 25°C (Fig. 5b-e, Supplementary Fig. 11).

Heat at 40°C impaired photosynthesis while the effects at 35°C
were minor. We hypothesized that heat treatments might affect
photosynthetic activities based on the changes of pigment contents
(Fig. 5d, e), differentially regulated genes related to photosynthesis
(Supplementary Fig. 9a, b), and the kinetics of transcripts and
proteins related to the MapMan bin photosynthetic light reactions
(Fig. 6, Supplementary Data 10). Most transcripts related to pho-
tosynthetic light reactions decreased during the early recovery from
both heat treatments, followed by a gradual returning to the pre-
stress levels (Fig. 6a, b, e, f, i, j), consistent with network modeling
data (Fig. 3a). Proteins related to PSI, LHCII (light harvesting
complex II), and LHCI (light harvesting complex I) increased
during both heat treatments and decreased back to the pre-heat
levels during the recovery (Fig. 6¢, d, g, h). Proteins related to the

ATP synthase decreased during the 40°C heat treatment and the
early/middle recovery of both 35°C and 40°C heat treatments
(Fig. 6k, 1). Overall, the kinetics of transcripts and proteins related
to the MapMan bin photosynthetic light reactions showed similar
trends in both 35°C and 40°C treatments.

To investigate whether these pronounced changes of proteins
related to LHCI, LHCII, PSI and ATP synthase under 35°C and
40°C affected photosynthesis, we measured various photosyn-
thetic parameters during and after the heat treatments (Figs. 7-8).
The PSII efficiency and linear electron flow rates decreased
during 40°C heat (especially under light intensities exceeding the
growth light of 100 pmol photons m~2 s~!) while the 35°C heat
treatment did not extensively affect these photosynthetic para-
meters (Fig. 7a-d). The Qu redox state reflects the balance
between excitation energy at PSII and the rate of the Calvin-
Benson Cycle*>*0. The amount of reduced Qj is proportional to
the fraction of PSII centers that are closed®!. Under 35°C and
40°C, Q4 had no significant changes, although 40°C-treated cells
showed the trend of increased redox status (Fig. 7e, f). Both 35°C
and 40°C increased the formation of NPQ; however, the increased
NPQ was steady during 4-24 h of heat at 35°C while during 40°C
heat, NPQ first increased to a maximum at 8-h heat, then
decreased by 24-h heat (Fig. 7g, h), suggesting that accumulative
heat damages under prolonged exposure to 40°C eventually
exceeded the photoprotective capacity of NPQ. Relative PSII
antenna size increased during the 40°C heat treatment, while it
increased transiently during the 35°C heat treatment (Fig. 7i,
Supplementary Fig. 12).

Additionally, we performed electrochromic shift (ECS)
measurements to monitor the effects of heat on the transthy-
lakoid proton motive force (pmf, estimated by ECS,) and proton
conductivity (Fig. 8a, b, Supplementary Fig. 13a, b). No
significant changes in pmf and proton conductivity were
observed during and after the 35°C treatment (Fig. 8a,
Supplementary Fig. 13a). The pmf increased particularly at late
time points during the 40°C treatment, followed by a slow and
partial recovery after shifting cells back to 25°C. Proton
conductivity decreased during and after 40°C heat treatments,
suggesting reduced or compromised ATP synthase activity
(Supplementary Fig. 13b), consistent with reduced abundance of
proteins related to ATP synthase (Fig. 61). During both heat
treatments, NPQ formation became more sensitive to pmf, with
higher NPQ formed at a given pmf compared to the pre-heat
condition (Fig. 8¢, d), consistent with a previous report in
tobacco plants°2. The increased sensitivity of NPQ was collapsed
by the end of the 24-h heat treatment at 40°C (Fig. 8d). P700
measurement revealed that the activity of cyclic electron flow
around PSI (CEF) increased during both 35°C and 40°C heat,
which recovered quickly after 35°C treatment but much more
slowly after 40°C treatment (Fig. 8e). P700 appeared to be more
reduced during 35°C and 40°C heat, although the changes were
not significant with stringent FDR correction (Supplementary
Fig. 13c). Furthermore, gross photosynthetic O, evolution rates
and dark respiration rates had little changes during the 35°C
treatment but dropped significantly during the 40°C heat
treatment (Fig. 8f, g, h). Photosynthetic parameters had no
significant changes in cultures maintained under constant 25°C
(Supplementary Fig. 14).

Heat at 40°C altered thylakoid and pyrenoid ultrastructure.
The effects of high temperatures on photosynthesis prompted us
to investigate cellular ultrastructure using transmission electron
microscopy (TEM) (Fig. 9a-r). Thylakoids became disorganized
and loosely packed in cells treated with 40°C (Fig. 9f, g). Inves-
tigation of pyrenoid ultrastructure (Fig. 9j-r, s) showed that cells
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Fig. 5 Heat of 40°C persistently increased cell size, cellular levels of pigments, and proteins while these effects were transient with 35°C heat. a Light
microscopic images of Chlamydomonas cells. b, ¢ Cell diameters and volume determined using a Coulter Counter. d-f Total chlorophyll, carotenoid, protein
content per cell. g Fold-change of reactive oxygen species (ROS) levels per cell quantified using CM-H2DCFDA ROS indicator. Mean * SE, n = 3 biological
replicates. Black, brown and red curves represent experiments with constant 25°C, treatments of 35°C or 40°C respectively. Red shaded areas depict the
duration of high temperature. Statistical analyses were performed using two-tailed t-test assuming unequal variance by comparing treated samples with
25°C at the same time point (*, p < 0.05) or between 35°C and 40°C at the same time point (#, p < 0.05). b-g P values were corrected by FDR. The colors
and positions of asterisks (*) match the treatment conditions and time points, respectively. The positions of pound signs (#) match the time points. (g) Not

significant, ns, p > 0.05 after FDR correction.

treated with 40°C had altered pyrenoid matrices and absence of
thylakoid tubules inside the pyrenoid (Fig. 90, p), suggesting an
inefficient carbon concentrating mechanisms (CCM). No changes
in pyrenoid ultrastructure were observed in cells treated with
35°C (Fig. 9k, 1). Image] quantification of pyrenoid structures
showed that cells treated with 40°C had increased pyrenoid areas,
which was attributed to increased areas of both the pyrenoid
matrix and starch sheath (Fig. 9t, u, v). The increased pyrenoid
size was abolished after 8-h of recovery. Biochemical quantifica-
tion of starch contents showed that both 35°C and 40°C treat-
ments increased starch levels per cell and per cell volume, which
decreased during recovery (Fig. 9w, x). At the end of the heat
treatments and early recovery, cells exposed to 40°C had a higher
starch content per cell than those exposed to 35°C, but the
differences between the two treatments were not significant per
cell volume.

10

Discussion

We investigated how Chlamydomonas cells respond to moderate
(35°C) and acute (40°C) high temperature at systems-wide levels
(Fig. 1c). Our results show that 35 and 40°C triggered shared and
unique heat responses in Chlamydomonas (Fig. 10).

Both high temperatures induced the expression of HSFI and
HSF2, as well as canonical high-temperature response genes
HSP22A and HSP90A, increased cell size, chlorophyll and car-
otenoid contents, PSII/PSI ratio, NPQ, CEF, PSI redox state, and
starch formation (Fig. 10). The changes under 35°C were often
transient and moderate while those under 40°C were sustained
and dramatic. The correlation between transcripts and proteins
increased during both heat treatments, suggesting that responses
during heat were largely transcriptionally regulated. Functional
categories of gluconeogenesis/glyoxylate-cycle and abiotic stress
had the highest correlation between transcripts and proteins in
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early time points of 35°C and 40°C treatment (Fig. 2f), respec-
tively. High correlation values of these functional categories
indicate that these responses may occur rapidly without much
post-transcriptional regulation, which may help coordinate
activities to adapt to high temperature quickly and efficiently.
The decreased correlation between transcripts and proteins
during both recoveries was consistent with increased protein
posttranslational modification after heat treatments based on the
RNA-seq network modeling results (Fig. 3a, TM8/11).

The increased NPQ in cells treated with 35°C and 40°C
heat suggested that both heat treatments compromised photo-
synthetic efficiency (Fig. 7g, h). Heat at 40°C reduced photo-
synthetic efficiency much more than 35°C, especially when
photosynthetic parameters were evaluated with light intensities
higher than the growth light of 100 pmol photons m~2 s~!
(Figs. 7 and 8). Under the growth light we employed, the dif-
ferences in photosynthetic parameters between 35°C and 40°C
were smaller with comparable values, consistent with the similar
kinetics of transcripts and proteins related to the MapMan bin
photosynthetic light reactions (Fig. 6). We conclude that in algal
cultures grown in PBRs under a growth light of 100 umol photons
m~2 s~1, both 35°C and 40°C heat treatments affected photo-
synthetic efficiency but photosynthetic activity was maintained at
a comparable level during both heat treatments; however,
increasing light intensities exaggerated the heat-induced damages
to photosynthesis, especially with the 40°C treatment.

During early recovery from both heat treatments, transcripts
and proteins related to DNA synthesis increased while those
related to photosynthetic light reactions decreased (Fig. 3). In
synchronized algal cultures under day/night cycles, genes related
to DNA synthesis and cell cycle peak during the early dark phase
when the genes related to photosynthetic light reactions had
minimal expression®3>4. However, under constant light as in our
experiment, genes related to DNA synthesis and photosynthetic
light reactions may express simultaneously but their quantitative
expression manner under constant light is understudied. The
induction of cell cycle genes after recovery were comparable after
both 35°C and 40°C heat (Fig. 4a), but the significant down-
regulation of genes related to photosynthetic light reactions only
occurred in the recovery following 40°C (Supplementary Fig. 9a).
The photosynthetic light reactions are a major source of ROS
production®>, The measured ROS levels reflect the competition
between ROS production and scavenging. Although the increase
of the measured ROS level was not significant, the up-regulation
of ROS scavenging transcripts (Supplementary Fig. 9¢) during the
heat and early recovery phase of 40°C supported the increased
ROS production with 40°C treatment. Synchronized cells at the
dark phase of day/night cycle most likely have minimal ROS
production, as evidenced by the down-regulation of many ROS
response genes>>. Cells with 40°C heat had very different phy-
siologies from synchronized culture at the early dark phase under
the control temperature, considering the increased ROS produc-
tion and heat damaged cellular structures in 40°C-treated cells.
Thus, we suspect the up-regulation of transcripts related to cell
cycle and down-regulation of transcripts related to photo-
synthetic light reactions during the recovery from 40°C under
constant light and during the dark phase of day/night-cycle may
be due to different mechanisms. ROS accumulation impairs DNA
replication and induces DNA damage>®>7. Mammalian cells are
more sensitive to high temperatures during DNA replication than
other cell cycle stages®®. We propose that down-regulation of
photosynthetic light reactions during DNA synthesis is beneficial
to resuming the cell cycle by reducing ROS production during the
early recovery. The mechanisms of the opposite transcriptional
regulation of DNA replication and photosynthetic light reactions
during the recovery from high temperatures is unknown but

interesting for future research. One form of ROS is H,O,, which
is highly diffusible and stable®®. Recently, Niemeyer et al.
employed hypersensitive H,O, sensors in different compartments
of Chlamydomonas cells and showed that H,O, levels increased
in the nucleus after heat treatment, suggesting diffusion of H,O,
from other cellular compartments to the nucleus?!. H,O, has
been proposed as a secondary messenger in signal transduction®®.
Increased H,0, in the nucleus may affect gene expression, e.g.,
those involved in photosynthetic light reactions.

Both high temperatures affected cell cycle genes, but during
35°C cells could recover the expression of cell cycle genes to the
pre-heat level after 8-h of heat treatment with a partially syn-
chronized cell cycle at the end of the 24-h heat treatment (Fig. 4).
In contrast, under the 40°C heat treatment, the expression of cell
cycle genes was disrupted. Additionally, we observed down-
regulation of genes encoding cell wall proteins during both 35°C
and 40°C heat treatments and many of these genes were up-
regulated during the recovery of 35°C and 40°C; the differential
regulation of cell wall genes was more dramatic with 40°C than
35°C treatment (Supplementary Fig. 9h). The Chlamydomonas
cell wall protects cells from environmental challenges; it is pro-
posed that osmotic/mechanical stresses and cell wall integrity
regulate the expression of cell wall genes in Chlamydomonas®0.
However, the underlying mechanisms of how the cell wall
responds to high temperatures are largely under-explored. Cell
walls form around daughter cells during cell division. Under
diurnal regulation, many cell wall genes are up-regulated fol-
lowing the up-regulation of many cell cycle genes during cell
division3. The expression pattern of cell wall genes in our data
may be related to the inhibited and resumed cell cycles during
and after heat treatments, respectively.

Heat at 35°C and 40°C induced unique transcriptional
responses (Fig. 3a, Supplementary Fig. 4, 5, 6, 9, 10). Heat at 35°C
induced a unique gene set that was not induced under 40°C,
including genes involved in gluconeogenesis and glycolysis,
mitochondrial assembly, and a putative calcium channel (Sup-
plementary Fig. 5c—f, Supplementary Data 1, 3). While most of
the overlapping DEGs between 35°C and 40°C treatments were
more strongly differentially expressed at 40°C than at 35°C, a
fraction of the overlapping DEGs displayed a larger fold-change
at 35°C than at 40°C (Supplementary Fig. 6). One group of genes
with higher upregulation at 35°C than at 40°C are those low-CO,
inducible (LCI) genes, e.g., LCI26 (at reaching high temperature
and 8-h heat), LCI19 (16-h heat) (Supplementary Data 1), sug-
gesting an effort to compensate for increased CO, demands with
increased growth at 35°C. Many of these uniquely regulated genes
in the 35°C treatment have unknown functions and may include
novel candidates important for acclimation to moderate high
temperature.

Both 35°C and 40°C induced starch accumulation but possibly
for different reasons (Fig. 9w, x, 10). The increased starch in 35°C
treated cells may be due to increased acetate uptake/assimilation,
gluconeogenesis and the glyoxylate cycle, as evidenced by an
induction of proteins related to these pathways (Fig. 2f, Supple-
mentary Fig. 8). In Chlamydomonas, acetate uptake feeds into the
glyoxylate cycle and gluconeogenesis for starch biosynthesis*%:41.
The increased starch in 40°C treated cells may be due to inhibited
cell division (Figs. 4 and 5), resulting in starch storage exceeding
its usage2>26. Starch accumulation could also be an electron sink
to alleviate the over-reduced electron transport chain during 40°C
heat treatment!8. Heat treated Arabidopsis plants (42°C for 7 h)
also had increased starch®3. Several genes involved in starch
biosynthesis were induced during 40°C heat and early recovery
(Supplementary Fig. 9f). The over-accumulated starch during
40°C may also contribute to the downregulation of genes involved
in acetate uptake and assimilation (Supplementary Fig. 8g, h).
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Fig. 7 Heat of 40°C impaired PSII efficiency more than heat of 35°C while both induced NPQ. Algal cultures harvested from PBRs before, during and
after heat treatment at 35°C (a, ¢, e, g, i) or 40°C (b, d, f, h, i) were used for photosynthetic measurements. a-h Photosynthetic parameters measured
using room temperature chlorophyll fluorescence. (a, b) PSI efficiency, the data at O umol photons m=2 s~ light are the maximum PSII efficiency in dark
and data from light phase are PSIl operating efficiency in light-adapted cells. ¢, d Linear electron flow, accounting for the changes of PSII antenna size during
the treatments as in (i). e, f Q4 redox state, the redox state of chloroplastic quinone A (Qa), the primary electron acceptor downstream of PSII; the bigger
number of Qa redox state means more reduced Qa. g h Nonphotochemical quenching, NPQ. i Relative PSIl antenna fraction, percentage of light distributed
to PSII measured by 77 K chlorophyll fluorescence. Mean + SE, n = 3 biological replicates. Statistical analyses were performed using two-tailed t-test
assuming unequal variance by comparing treated samples with the pre-heat samples under the same light (a-h, *) or constant 25°C samples at the same
time point (i, *), or by comparing samples between 35°C and 40°C at the same time point (i, #). a-i P values were corrected by FDR. *, p < 0.05, the colors
and positions of asterisks match the treatment conditions and time points, respectively. (i) #, p < 0.05, the positions of pound signs match the time points.
e, f Not significant, ns.

Most of the reducing power from acetate assimilation is used in  monitored by ODggo which is proportional to chlorophyll content
mitochondrial respiration®®*l. However, the downregulated (Supplementary Fig. 1la-c). Under our experimental conditions with
transcripts related to mitochondrial electron transport (Supple- little nutrient and light limitation, our results showed that cells
mentary Fig. 15c¢), the heat sensitivity of mitochondrial respira- exposed to 35°C reached the maximum ODgg, faster than cell
tion rates (Fig. 8h), and the over-accumulated starch may restrict  exposed to 40°C or kept at constant 25°C. The stimulated growth in
acetate uptake and assimilation during 40°C heat treatment. liquid cultures under 35°C was confirmed by growth on plates

Heat at 35°C stimulated growth but 40°C decreased it (Fig. 1a, b).  (Supplementary Fig. 2) and was consistent with increased transcripts
We quantified growth based on the rate of chlorophyll increase and proteins related to mitochondrial electron transport as well as
and medium consumption in PBRs under the turbidostatic mode, increased mitochondrial relative volume in 35°C-treated cells
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Fig. 8 Heat at 40°C induced transthylakoid proton motive force, NPQ, CEF, but reduced O2 evolution and respiration rates in Chlamydomonas cells.
a, b Heat treatment of 40°C increased the transthylakoid proton motive force (pmf). ECS;, measured by electrochromic shift (ECS), represents the
transthylakoid pmf. ¢, d NPQ was more sensitive to ECS; (or pmf) during both heat treatments, with higher NPQ produced at a given pmf. NPQ, non-
photochemical quenching, measured using room temperature chlorophyll fluorescence. e Both 35°C and 40°C induced the activity of cyclic electron flow
around PSI (CEF) although with different dynamics and reversibility. P700 reduction to measure CEF in the presence of 10 umol DCMU to block PSII activity;
the smaller P7007 reduction time constant indicates faster P7007 reduction and higher CEF activity. The red shaded area depicts the duration of the high
temperature. f, g, h Gross O, evolution rates and respiration rates were reduced during the 40°C heat treatment, measured using a Hansatech Chlorolab 2
Clark-type oxygen electrode. Mean * SE, n =5 biological replicates. Statistical analyses were performed using two-tailed t-test assuming unequal variance by
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(Supplementary Fig. 15). The increased protein levels in acetate
uptake/assimilation and gluconeogenesis and glyoxylate cycles
(Supplementary Fig. 8) may contribute to the faster growth under
35°C heat. Maize plants grown under moderate high temperature of

33°C had increased biomass but decreased biomass under higher
temperature of 37°C as compared to controls at 31°C6l. Similar
temperature effects were also reported in synchronized algal
cultures®293, consistent with our data. With increasing high
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Fig. 9 Only 40°C altered thylakoid and pyrenoid ultrastructure while both 35°C and 40°C treatments stimulated starch accumulation.

a-r Representative transmission electron microscopy (TEM) images of algal cells or pyrenoids at different time points before (a, j), during, and after heat
treatment at 35°C (b-e, k-n) or 40°C (f-i, o-r). s Cartoon representation of Chlamydomonas pyrenoid structure. t, u, v Areas of pyrenoid matrix, starch sheath
and the whole pyrenoids, respectively, quantified using Image) and TEM images from algal samples harvested before, during, and after heat treatments of either
35°C (brown) or 40°C (red) at the indicated time points. The data is presented as boxplot based on Tukey-style whiskers. Median values are represented by the
horizontal black lines and mean values by the X sign inside each rectangular box. w, x Starch quantification using starch assay kits. Values are mean + SE, n=3
biological replicates. The red shaded areas depict the duration of the high temperature. t-x Statistical analyses were performed using two-tailed t-tests assuming
unequal variance by comparing treated samples with pre-heat (t-v) or 25°C at the same time point (w, x) (*, p<0.05, the colors of asterisks match the
treatment conditions), or by comparing samples between 35°C and 40°C at the same time point (#, p < 0.05). (w, x) P values were corrected by FDR.
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temperatures, the growth of photosynthetic organisms may accelerate
first, then decrease when the high temperature exceeds a certain heat
threshold.

The adaptive transcriptional changes in response to 40°C
include rapid induction of transcripts encoding HSFs, HSPs, and
ROS scavenging enzymes (Supplementary Fig. 9¢, e, 10a). Chla-
mydomonas has two HSFs, HSF1 and HSF210. HSF1 is a cano-
nical HSF similar to plant class A HSFs and a key regulator of the
stress response in Chlamydomonas!!, while the function of HSF2
is unclear. Our transcriptome data showed that both HSFI and
HSF2 were induced during early heat of 35°C and 40°C (Sup-
plementary Fig. 10a), suggesting the potential role of HSF2 in
heat regulation. Interestingly, HSFI was also induced during the
early recovery phase after 40°C heat, possibly due to its potential
roles in maintaining some heat responsive genes after heat
treatment. HSF1 was shown to also be involved in altering
chromatin structure for sustained gene expression!%04. HSP22E/F
are small heat shock proteins targeted to the chloroplast, function
in preventing aggregation of unfolded proteins, and are induced
at temperatures at or above 39°C in Chlamydomonas!36>. The
transcripts of HSP22E/F were induced transiently but strongly
during 0.5- to 1-h heat of 40°C, but also during the first 4-h of
recovery after 40°C heat (Supplementary Fig. 9¢c), suggesting their
roles not only during heat but also the recovery from heat
of 40°C.

Additionally, cells treated with 40°C heat had increased photo-
protection (Figs. 7 and 8) and related transcripts were up-regulated
(Supplementary Fig. 9a, e.g., LHCSR, ELI, and PSBS). With com-
promised photosynthesis under 40°C, the increased transthylakoid
proton motive force (pmf), NPQ formation, sensitivity of NPQ to
the pmf, and CEF activity were all helpful to dissipate excess light
energy and reduce heat-induced oxidative stress. CEF generates
only ATP but no NADPH, balances the ATP/NADPH ratio, con-
tributes to the generation of pmf, and protects both PSI and PSII
from photo-oxidative damage®®°7. Increased CEF activity has been
frequently reported under various stressful conditions in land
plants!>6809 and algae’0-72, It is proposed that the reduced plas-
toquinone (PQ) pool activates CEF in algae’274, CEF is also pro-
posed to provide the extra ATP needed for the carbon
concentrating mechanisms (CCM) in Chlamydomonas’>. Our
results showed that increased CEF at 40°C (Fig. 8e) concurred with
the induced transcripts involved in CCM (Supplementary Fig. 9b),
and the increased proteins of PSI subunits (Fig. 6d).

Cells treated with 40°C heat had increased PSII/PSI ratio
measured by 77 K chlorophyll fluorescence (Fig. 7i), as previously
reported!®, The 77 K chlorophyll fluorescence is often used to
monitor the stoichiometries of PSII and PSI?®. The ratios of PSII
and PSI from the 77 K fluorescence emission is an indicator of the
relative antenna size of each photosystem’”. Hemme et al., (2014)
reported that 42°C treated Chlamydomonas cells showed a blue
shift of PSI emission peak from 713 to 710 nm, suggesting
detachment of LHCI from PSI. In 40°C treated Chlamydomonas
cells, we also observed the minor blue shift of the PSI emission
peak but also an increased emission peak around 695 nm (Sup-
plementary Fig. 12), which is associated with the PSII core
antenna CP4776. Our spectral changes indicated reduced or
detached PSI antenna but increased PSII antenna, thus an
increased PSII/PSI ratio, suggesting relatively smaller antenna
associated with PSI than PSII in cells treated with 40°C heat.
Under high salt conditions, the Antarctic alga Chlamydomonas
sp. UWO 241 forms a PSI-Cytochrome bgf supercomplex with
constitutively high rates of CEF but absence of a discernible PSI
peak in 77 K chlorophyll fluorescence emission’8-80. Chlamydo-
monas forms the PSI-Cytochrome b4f supercomplex to facilitate
CEF under anaerobic conditions31:52. Steinbeck et al. (2018)
proposed that the dissociation of LHCA2/9 from PSI supported

the formation of the PSI-Cytochrome bgf supercomplex. In
Chlamydomonas, the PSI core associates with LHCI which is
comprised of ten LHCA subunits and LHCA2/9 are suggested to
be weakly bound to the PSI core33. The PSI chlorophyll fluores-
cence under 77 K is mainly due to chlorophyll a in the LHCAs’°.
Combining our results with previous reports, we propose that
heat-induced dissociation of LHCAs (possibly LHCA2/9) from
the PSI core may facilitate the formation of the PSI-Cytochrome
bef supercomplex and increase CEF activity.

Cells treated with 40°C heat had altered pyrenoid structures
(Fig. 9j, o, p). Algae utilize pyrenoids to concentrate CO, around
Rubisco through the CCM3485, In Chlamydomonas, pyrenoids
consist of three major components: starch sheath (a diffusion
barrier to slow CO, escape), pyrenoid matrix (Rubisco enrich-
ment for CO, fixation), and thylakoid tubules (delivery of con-
centrated CO, and diffusion path of Calvin-Benson Cycle
metabolites) (Fig. 9s)%6. Several pyrenoid-localized proteins
sharing a conserved Rubisco-binding motif are proposed to
mediate the assembly of the pyrenoid in Chlamydomonas:®7 the
linker protein Essential Pyrenoid Component 1 (EPYCI) links
Rubisco to form the pyrenoid matrix;388? the starch-binding
protein Starch Granules Abnormal 1 (SAGA1) mediates inter-
actions between the matrix and the surrounding starch sheath;°
the thylakoid-tubule-localized transmembrane proteins RBMP1/2
mediate Rubisco binding to the thylakoid tubules in the
pyrenoid®”. From our TEM images, thylakoid tubules appeared to
be absent from the pyrenoid matrix in cells treated with 40°C
heat, which may suggest that 40°C heat disrupts the interaction of
thylakoid tubules with the pyrenoid matrix and compromises
CCM efficiency. The transcripts of EPYCI, SAGAI, and
RBMP?2 were induced during 40°C heat (Supplementary Fig. 9b).
We propose that 40°C heat may increase the disorder of the
pyrenoid structure and Chlamydomonas cells compensate for
this by inducing transcripts encoding the pyrenoid-structure-
maintaining proteins mentioned above. Several other transcripts
related to the CCM, e.g., low CO, inducible proteins, LCIA/D/E/
C (helping maintaining CO, concentration in pyrenoids), were all
up-regulated during 40°C heat (Supplementary Fig. 9b), which
may suggest the attempt to maintain the CCM and compensate
for the heat induced photorespiration!® as well as CO, leakage
from pyrenoids. SAGAI and LCIA/D/E were also induced during
early recovery, suggesting the efforts to recover the CCM and/or
coordinate pyrenoid division with cell division after 40°C heat.
The increased CCM transcripts during 40°C heat and early
recovery may be an adaptive response to alleviate the over-
reduced electron transport chain.

The increased chlorophyll during 40°C heat may be a mala-
daptive response. Cells treated with 40°C heat had more than 4x
increased chlorophyll per cell (Fig. 5d), which could not be fully
explained by increased cell volume (Supplementary Fig. 11a).
Increased chlorophyll in heat treated Chlamydomonas cells has
been reported previously!$, but the underlying mechanisms are
unclear. Heat at 40°C appeared to promote chlorophyll bio-
synthesis. The gene encoding the key chlorophyll synthesis
enzyme, porphobilinogen deaminase, PBGD2°!, was upregulated
during 40°C heat (Supplementary Fig. 9d). Considering the
compromised photosynthesis and decreased growth during 40°C
heat, increasing chlorophyll levels to this extent is toxic. The
elevated chlorophyll may lead to increased light harvesting with
decreased photosynthesis in 40°C treated cells, resulting in ROS
production. Chlorophyll contents positively correlate with nitro-
gen availability??> and we found many genes related to the
nitrogen assimilation pathways were up-regulated during 40°C
heat (Supplementary Fig. 9g), providing a possible explanation
for increased chlorophyll during 40°C heat. Maize plants
showed greater sensitivity to high temperatures with increased
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Fig. 10 Chlamydomonas has shared and unique responses to moderate and acute high temperatures of 35°C and 40°C. Top panel: Summarized results
from multiple-level anlayses revealed the unique responses to 35°C (left, brown), unique to 40°C (right, bright red), and those shared between the two
treatments (middle, dark red). Bottom panel (blue): Our results can be used to inform strategies to improve thermotolerance in photosynthetic cells.
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nitrogen fertilization®3, which may support the possible links
among nitrogen assimilation, chlorophyll biosynthesis, and heat
responses. In land plants, long-term (e.g. several days) heat stress
reduces chlorophyll content’®%>, however, the underlying
mechanisms by which chlorophyll is degraded during long-term
heat remain elusive®®. Chlamydomonas cells treated at 39°C for
more than one day had initially increased chlorophyll (8~16-h
heat) followed by chlorophyll loss, cell bleaching, and death (33-h
heat)?>. It is possible that preventing chlorophyll increase during
acute high temperature (especially early stage) could lead to
improved thermotolerance in algae.

Combining our systems-wide analyses, we could distinguish
adaptive versus maladaptive heat responses as mentioned above.
The potential engineering targets for improved thermotolerance
may include these adaptive heat responses, e.g., heat induced
HSFs, HSPs, photoprotection, CEF, antioxidant pathways, and
CCM transcripts (Fig. 10). The maladaptive responses could also
be the targets for improved thermotolerance if we could find
mediating solutions to reduce these changes, e.g., heat-induced
chlorophyll. The cell cycle arrest induced by acute high tem-
perature may be maladaptive but also adaptive: the halted cell
division may be one of the main reasons for over-accumulated
starch, reduced photosynthetic electron transport chain, and
increased ROS production; on the other side, cell cycle arrest
under acute high temperature may prevent damages/errors dur-
ing DNA replication when DNA repair pathways are compro-
mised by heat®8. Thus, increasing thermotolerance of the DNA
repair and cell cycle pathways may also be strategies to improve
heat tolerance in photosynthetic cells. Furthermore, mitochon-
drial activity was stimulated slightly by 35°C heat but sensitive to
40°C heat (Fig. 8 h, Supplementary Fig. 15), suggesting mito-
chondrial activity could be another target to improve thermo-
tolerance. Additionally, the genes associated with TM1 with early
heat induction may include pathways that are essential for heat
tolerance (Fig. 3a, Supplementary Data 5). Finally, we compared
our algal heat transcriptome with that in Arabidopsis (heat at
42°C for 7h)* and identified a set of highly conserved heat-
induced genes sets (Supplementary Data 1), which may provide
potential targets to improve heat tolerance in land plants.

In summary, Chlamydomonas is an excellent model to study
the heat response and its regulation at the cellular level in pho-
tosynthetic cells. Our research helped fill the knowledge gaps
regarding how algae respond to and recover from different
intensities of high temperatures at multiple levels, discovered the
increased transcript/protein correlation during heat treatments,
showed the dynamics of photosynthesis in response to high
temperatures, and revealed the antagonistic interaction between
DNA replication and photosynthetic light reactions during the
recovery from both moderate and acute high temperatures.
Through systems-wide analyses, we advanced our understanding
of algal heat responses and identified engineering targets to
improve thermotolerance in green algae and land plants.

Methods

Strains and culture conditions. Chlamydomonas reinhardtii wildtype strain CC-
1690 (also called 21gr, mt™, from the Chlamydomonas resource center)’®~%? was used
in all experiments. CC-1690 were grown in standard Tris-acetate-phosphate (TAP)
medium in 400 mL photobioreactors (PBRs) (Photon System Instruments, FMT 150/
400-RB). Cultures were illuminated with constant 100 pmol photons m2 s~ light
(50% red: 50% blue), mixed by bubbling with filtered air at a flow rate of 1 L/min.
After PBR inoculation at initial cell density of 0.5x10° cells/mL, cultures were allowed
to grow to a target cell density of 2.00x10° cells/mL corresponding to around 4.0 pg/
mL chlorophyll content in log-phase growth at 25°C. Then, the target cell density was
maintained turbidostatically using ODgg by allowing the culture to grow to 8% above
the target cell density before being diluted to 8% below the target cell density with fresh
TAP medium provided through peristaltic pumps. Through the turbidostatic mode,
the PBR cultures had exponential growth between dilution events. The ODgg mea-
surement during exponential growth phases in between dilution events was log,

transformed, and the relative growth rate was calculated using the slope of
log,(ODgg), while the inverse of the slope yielded the doubling time of the culture
(Supplementary Fig. 1a, b). All algal liquid cultivation used in this paper was con-
ducted in PBRs with the conditions mentioned above.

High-temperature treatments in PBRs. Algal cultures in PBRs were maintained
turbidostatically using ODgg, for 4 days at 25°C to allow cultures to adapt to steady
growth conditions before heat treatments (Fig. 1b). PBR temperatures were then
shifted to moderate or acute high temperature conditions (35°C or 40°C in dif-
ferent PBRs) for 24 h, then shifted back to 25°C for 48 h for recovery. PBR cultures
grown under constant 25°C served as controls. Cultures were maintained turbi-
dostatically during the entire experiment and harvested at different time points for
various measurements. Cell density and mean cell diameter were measured using a
Coulter Counter (Multisizer 3, Beckman Counter, Brea, CA). For the data in

Fig. 1a, algal cultures were maintained in PBRs at 25°C for 4 days before switching
to 30°C, 35°C, or 40°C for 2 days (different temperature switches in separate PBRs).
The relative growth rates were calculated at the end of 2-day treatment of each
temperature.

Spotting test for cell viability and growth. Cultures harvested from PBRs were
diluted to 2x10% cells mL—! or 1x10° cells mL~! with TAP medium and 10 pL
aliquots of the diluted cultures were spotted on 1.5% TAP agar plates and grown in
temperature-controlled incubators under 25°C or 35°C with constant white LED
light of 150 pumol photons m~2 s~! for 44 h or 3 days. After 44-h growth, algal
spots with 200 cells were imaged by a dissecting Leica microscopy and were used
for growth quantification. Colony number and area were quantified using Image].
Viability was calculated as the number of colonies on plates divided by the number
of cells spotted. Algal spots with 200 and 1000 cells were imaged after 3-day-growth
for visual representations.

High temperature treatments in water bath. To measure the effects of heating
speed on cell viability (Supplementary Fig. 1f), control PBR cultures without heat
treatments were incubated in a water bath. Gradual heat treatment from 25°C to
41°C took place over 25 min, then cultures were kept at 41°C for 2 h. Directly
heated samples were incubated in a water bath which was pre-heated to 41°C then
kept at 41°C for 2 h (sharp temperature switch). Cell viabilities after 2-h 41°C heat
treatment (either gradual or sharp heating) were assayed using the spotting test as
above. Because PBRs cannot switch from the control to high temperatures in less
25 min, a water bath was used for this test, as previously reported!318:33,

RNA extraction and RT-qPCR. At each time point, 2 mL PBR cultures were
pelleted with Tween-20 (0.005%, v/v) by centrifugation at 1,100 x g and 4°C for
2 min. The cell pellet was flash frozen in liquid nitrogen and stored at —80°C before
processing. Total RNA was extracted with the TRIzol reagent (Thermo Fisher
Scientific, Cat No. 15596026) as described before with some modifications>3. RNA
was purified by RNeasy mini-column (Qiagen, Cat No. 74106) after on column
digestion with RNase-free DNase (Qiagen, Cat No. 79256) according to the
manufacturer’s instructions. RNA was quantified with Qubit™ RNA BR Assay Kit,
(Life technology, Cat No. Q10210). Total 0.4 ug RNA was reverse transcribed with
oligo dT primers using SuperScript® III First-Strand Synthesis System (Life tech-
nology, Cat No. 18080-051) according to the manufacturer’s instructions. Quan-
titative real-time PCR (RT-qPCR) analysis was carried out using a CFX384 Real-
Time System (C 1000 Touch Thermal Cycler, Bio-Rad, Hercules, California) using
SensiFAST SYBR No-ROS kit (Bioline, BIO-98020). PCR was set up as follows: (1)
2 min at 95°C; (2) 40 cycles of 55 at 95°C, 10s at 60°C and 15s at 72°C; (3) final
melt curve at 60°C for 60 s, followed by continuous ramping of temperature to
99°C at a rate of 0.5°C s~ 1. Melting curves and qPCR products was checked after
PCR cycles to ensure there are no primer dimers or unspecific PCR products.
All qPCR products were sequenced to verify their identifies. Expression of
G-protein B-subunit-like polypeptide CBLP (Cre06.g278222) (Schloss, 1990)
remain stable among all time points, and were used as internal controls!?’. The
relative gene expressions were calculated relative to the gene’s own expression in
pre-heat by using the 2~AACT method as described previously!91-103, Three bio-
logical replicates for each time point and treatment were conducted. The qPCR
primers used are listed in Supplementary Table 2.

Transcriptomics. RNA libraries were prepared and sequenced by the Joint Gen-
ome Institute (JGI, Community Science Program) using the NovaSeq platform and
generated 150-nt paired-end reads, with the goal of 20 million genome-mappable
reads per sample. Samples were quality control filtered using the JGI BBDuk and
BBMap pipelines!?%. BBDuk trims adapter sequences, and quality trims reads with
low complexity, low quality scores, and reads with 1 or more “N” bases. BBMap
removes reads that map to common contaminant genomes. Samples were quality
assessed using FastQC!0% and mapped to the Chlamydomonas reinhardtii v5.6

genome!%¢ using STAR!07:108 with the maximum number of mapped loci set to 1
and the maximum mismatches per read set to 1, resulting in >92% of all reads

being uniquely mapped to the Chlamydomonas reinhardtii v5.6 genome. Reads per
feature were counted via HT-seq count!??. The dataset was filtered for genes that
met minimum read count cutoffs of at least 10 mapped reads in at least 10% of the
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samples, resulting in 15,541 genes for downstream analyses. Two-dimensional
Uniform Manifold Approximation and Projection (UMAP) was used to reveal
clusters of RNA-seq datall0.

Differential expression modeling was performed on transcripts per million
(TPM) normalized read counts using a generalized linear mixed-effect model and a
negative binomial distribution. Treatment time points were compared to pre-heat
controls. Significant differential expression was defined as |log, fold-change|> 1,
FDR < 0.05, and | (control mean TPM)—(treatment mean TPM) | > 1. The sign of |
means absolute values. FDR correction was performed using the Benjamini-
Hochberg method!!l. Heatmaps were generated using the R package pheatmap
(version 1.0.12. https://CRAN.R-project.org/package=pheatmap). Weighted
correlation network analysis (WGCNA) was performed on TPM normalized read
counts that met minimum read count cutoffs!!2. Expression patterns from 35°C
and 40°C were modeled together as a signed network, requiring at least 50 genes
per module and combining modules with similarity >0.25. All genes were tested
against all eigengene modules using ANOVA (FDR < 0.05) and were assigned to
the module with highest significance. Functional enrichment analysis was
performed using hypergeometric tests with subsequent FDR control based on
MapMan annotations for Chlamydomonas reinhardtii (FDR < 0.05)!!1. Surprisal
analysis was applied to dissect the transcriptional regulatory response into its major
components!!3. Constraint potentials were calculated for each transcriptional data
matrix, whose signals determine the deviations of the transcriptome from a
theoretical balance state of minimal free energy!!4. The overall importance of the
transcriptional pattern was estimated from its amplitude and decreases with
increasing constraint index. Accordingly, the three major constrains were kept.

Proteomics. Algal samples (2 mL) harvested from PBRs were centrifuged to
remove supernatant, flash frozen in liquid nitrogen, and stored at —80°C until use.
Proteins were extracted using the IST sample preparation kit (PreOmics GmbH,
Germany). Cell pellets (about 200 pg protein) were lysed in 50 pL lysis buffer, and
20% of the lysate was added into 40 pL lysis buffer and sheared in a sonicator
(VWR Aquasonic 250D, 35Khz) for 3 min, then digested in a heating block at 37°C
with gentle shaking for 3 h followed by stopping the digestion with the stop buffer.
Peptides were purified using the PreOmics cartridges according to the manu-
facturer’s instruction. Eluted peptides were transferred to 96 well plates, dried
under vacuum for 2 h, and then dissolved in 30 uL of LC-loading buffer included in
the kit. Finally, 5 pL of the suspension was used for LC-MS/MS analysis.
LC-MS/MS (Liquid chromatography-mass spectrometry) was carried out on an
Orbitrap Fusion Lumos (Thermo Fisher Scientific, San Jose, CA) mass
spectrometer coupled with a U3000 RSLCnano HPLC (Thermo Fisher Scientific,
San Jose, CA). The peptide separation was carried out on a C18 column (Fritted
Glass Column, 25 cm X 75 pm, Reprosil-Pur 120 C18-AQ, 1.9 um, made by ESI
Source Solution, LLC., Woburn, MA) at a flow rate of 0.3 pL/min and the following
gradient: Time = 0-4 min, 2% B isocratic; 4-8 min, 2-10% B; 8-83 min, 10-25% B;
83-97 min, 25-50% B; 97-105 min, 50-98%. Mobile phase consisted of A, 0.1%
formic acid; mobile phase B, 0.1% formic acid in acetonitrile. The instrument was
operated in the data-dependent acquisition mode in which each MS1 scan was
followed by Higher-energy collisional dissociation (HCD) of as many precursor
ions in 2 second cycle (Top Speed method). The mass range for the MS1 done
using the FTMS was 365 to 1800 m/z with resolving power set to 60,000 @ 200 m/z
and the automatic gain control (AGC) target set to 1,000,000 ions with a maximum
fill time of 100 ms. The selected precursors were fragmented in the ion trap using
an isolation window of 1.5 m/z, an AGC target value of 10,000 ions, a maximum fill
time of 100 ms, a normalized collision energy of 35 and activation time of 30 ms.
Dynamic exclusion was performed with a repeat count of 1, exclusion duration of
30s, and a minimum MS ion count for triggering MS/MS set to 5000 counts.

Protein identification and quantification. Quantitative analysis of MS measure-
ments was performed using MaxQuant 1.6.12.0'15. The library used to perform
peptide spectrum matching was created based on version JGI5.5 of the Chlamy-
domonas reinhardtii genome. The search space was extended including methionine
oxidation and acetylation of protein N-termini as variable modifications. The false
discovery rate (FDR) thresholds for peptide spectrum matching and protein
identification were set to 1%. Protein abundances were estimated using the Label
free Quantification (LFQ) algorithm!1°,

Data normalization and protein-level missing value imputation. Normalization
and missing value imputation were performed independently for 35°C and 40°C
time courses. Proteins were excluded from the data set if there was no biological
replicate group with more than one value among different time points, as these
proteins were considered not suitable for quantitative downstream analysis. Fol-
lowing normalization using the median-of-ratios method!!”, we used global var-
iance estimates and local gene wise mean estimates to impute missing data points
as independent draws from normal distributions. If a protein showed no quanti-
fication in a group of biological replicates at one-time point, it was checked if the
protein was present in the adjacent time points (the time point before and after the
one in query). If this was the case, the protein mean was imputed using k-Nearest-
Neighbour imputation, followed by sampling from a normal distribution. If

adjacent time points had no values, no imputation was performed for the time
point in the query. All further protein analyses were based on imputed values.

Network generation. All protein groups resulting from non-proteotypic peptides
were duplicated to singletons and the intensities of each protein were log-
transformed. To ignore proteins with constant abundance signals, they were fil-
tered for significance by one-way ANOVA (p <0.05). To generate a correlation
matrix, the Pearson correlation coefficient was used. An absolute correlation
threshold was determined by random matrix theory!!8. These thresholds were
determined to be p=0.8194 and p = 0.8675 for 35°C and 40°C, respectively. After
filtering the correlation matrix accordingly, the nodes and edges were isolated and
visualized in Gephi (www.gephi.org) using ForceAtlas2!!? and built-in modularity
determination!20.

Statistical testing of proteins. Proteins that were identified by ambiguous (non-
proteotypic) peptides or had missing values in at least one replicate were not
considered for statistical testing. All time points were tested for significant accu-
mulation or depletion in respect to a control measured prior to the start of the heat
treatment. Dunnett’s multiple-comparison test was applied with alpha levels of 0.05
and 0.01.

Proteomics enrichment analyses. To investigate the module compositions a
term enrichment based on MapMan ontology was performed. The ontology tree
of each term was expanded, so every protein could exist multiple times, corre-
sponding to the number of ontology term levels. A hypergeometric test for each
functional term was applied with subsequent FDR control by the Benjamini-
Hochberg method!!!. To derive a representative signal shape of all proteins
included in a module, its eigenvector was calculated based on complete time
series, which were log-transformed and centered to an intensity of zero mean and
unit variance!?!. For negatively correlating proteins, its corresponding eigen-
vector was inverted. Additional term enrichments were applied following the
previous schema to gain insights into functions of positively or negatively cor-
relating proteins of each module.

Correlation of transcripts and proteins. The log,(fold-change) of transcript reads
and protein abundance were calculated in respect to the pre-heat samples. All
available transcript/protein pairs were taken into consideration for correlation
analysis. The heat period (HS) as well as the recovery period (RE) were split up into
three windows each (HS: 0-1h, 2-8 h, 16-24 h during the heat period; RE: 0-2 h,
4-8h, 24-48 h during the recovery period after heat treatment). The average
log,(fold-change) is determined for each window. Every identifier, that had both a
transcript and protein associated with it, resulted in a transcript-protein fold-
change pair for each window. By collecting all identifiers that are associated with a
respective functional term a scatter plot of transcript-protein fold-change pairs
were generated, and the Pearson correlation coefficient was calculated. By col-
lecting the correlation coefficient for every present functional term, a density plot
for each of the six windows was created. The resulting correlation coefficient
histograms were smoothed using Silvermans rule of thumb for kernel density
estimation!?2. See Supplementary Fig. 7 for the illustration.

All computational analyses on protein intensities were conducted using the
open-source F# libraries FSharp.Stats, BioFSharp, and Plotly.NET. Linear
regression, Benjamini-Hochberg correction, smoothing, correlation measures, and
eigenvector calculations were performed using the FSharp.Stats version 0.4.1-beta.
For ontology annotation and GSEA based on hypergeometric tests, we used
BioFSharp version 2.0.0-beta4. Visualization of transcript-protein correlation was
performed using Plotly.NET version 2.0.0-alpha5.

DNA content and ploidy. DNA content was analyzed by FACS (fluorescence-
activated cell sorting) with modified protocol!23. Cell cultures (10 mL) were col-
lected and fixed in 30 mL ethanol:acetic acid (3:1) for 15 min at room temperature.
Cells were spun down at room temperature at 4000 x g for 1 min and washed once
with 1 mL phosphate-buffered saline (PBS). Then cells were collected by cen-
trifugation, resuspended in 2 mL PBS with RNase A (100 ug/mL) for 2 h at 37°C,
centrifuged again and finally resuspended in 2 mL PBS + 500 nM Sytox Green
(Thermo Fisher Scientific, $7020). FACS was performed on an Accuri C6 instru-
ment (BD Biosciences, Franklin Lakes, NJ), reading 20,000 cells per sample in the
FLI channel (488 nm exciting laser; emission filter: 530 + 15 nm). A 90% attenuator
was used to reduce signal below saturation levels. Data were analyzed using FlowJo
software (BD Biosciences). Assignment of cell populations representing 1 C, or
>1 C DNA content was determined. The raw fluorescence signal of 2 C was not
two-times the signal at 1 C because there was background staining, which was cell-
size-dependent!23. Therefore, high-ploidy cells (which did not get much bigger
during a multiple fission cycle) had DNA signal that was about proportional to
actual DNA contents, while in low-ploidy cells the background contributed more.
Thus, in the population of pre-heat samples, background is about 0.5 x10° of the
DNA content fluorescence signal (x axis). Before background subtraction, 1 C, 2 C,
4 C cells peaked at 3 x10°, 5.5 x10°, 10 x10° of DNA content fluorescence signal,
respectively. After background subtraction, 1 C, 2 C, 4 C cells were at 2.5 x10°,

5 x10°, 9.5 x10°, respectively. There was also a small peak at 20 x10°> which was
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8 C. At 24 h heat of 40°C, cell size was about 2x bigger (Fig. 5a, b, ¢), with
background of around 2 x10°, causing the right shift of the 1 C peak (Fig. 4k).

Cell imaging using light microscopy. Cultures harvested at select time points
were fixed with 0.2% glutaraldehyde (VWR, Cat No. 76177-346). Cells were imaged
with a Leica DMI6000 B microscope and a 63x (NA1.4) oil-immersion objective.
Images shown are representative of results from at least three independent
experiments (Fig. 5a).

Pigment analysis. Three biological replicates (each with two technical replicates)
of 1 mL of PBR cultures were harvested at different time points, mixed with 2.5 L
2% Tween20 (Sigma, P9416-100ML) to help cell pelleting, centrifuged at 18,407 g
at 4°C, and stored in —80°C after removal of supernatant. Cell pellets were later
thawed, resuspended in 1 mL of HPLC grade methanol (100%, Sigma, 34860-4L-
R), vortexed for 1 min, incubated in the dark for 5 min at 4°C, and centrifuged at
15,000 g at 4°C for 5 min. Supernatant containing pigments was analyzed at 470,
652, 665 nm in a spectrophotometer (IMPLEN Nonophotometer P300) for car-
otenoids and chlorophyll a/b concentrations in ug mL~! using the following
equations: Chl a + Chl b =22.12%Ag;s, + 2.71%A¢es, Chl a = 16.29%A665 —
8.54*%A652, and Chl b = 30.66%A652 - 13.58*%A665124, and carotenoids = (1000*
A470 - 2.86*Chl a — 129.2*Chl b)/221125,

Protein concentration and ROS determination. Frozen sample pellets were
thawed on ice and lysed by sonication in 10 mM Tris-HCI buffer!2°. Protein
concentrations were determined by the method of Lowry (Lowry et al. 1951). The
level of ROS was determined by the method described before with some
modifications!?’. A 40 pg total protein extract was used for ROS measurement.
Each sample was aliquoted and one of them was added with ascorbate (Thomas
Scientific LLC, C988F55) to a final concentration of 100 mM. The samples con-
taining ascorbate were used as background signal and subtracted from each
experimental value later. The samples were incubated for 15 min at 25°C. The ROS
indicator CM-H2DCFDA (Life Technologies, C6827) dissolved in 20% (v/v)
DMSO was then added to a final concentration of 10 uM and incubated for 30 min
at 30°C. The samples were transferred to 96 well microplates and ROS-related
fluorescence was measured using Tecan Microplate reader M200 PRO with exci-
tation at 485 nm and emission at 525 nm. The results were obtained from three
biological replicates. Relative fold-change of ROS signal (compared to pre-heat)
was either normalized to cell number or cell volume. Each of the three biological
replicates included two independent measurements with two technical replicates.

Spectroscopic measurement of photosynthetic parameters. Photosynthetic
measurements (chlorophyll fluorescence, electrochromic shift, and P700) were
conducted using a multi-wavelength kinetic spectrophotometer/fluorometer with a
stirring enabled cuvette holder (standard 1 cm pathlength) designed and assembled
by the laboratory of Dr. David Kramer at Michigan State University using the
method described before with some modifications”>. A 2.5 mL volume (around
12~13 ug chlorophyll) of algal cells were sampled from the photobioreactors,
supplemented with 25 uL of fresh 0.5 M NaHCO3, loaded into a fluorometry
cuvette (C0918, Sigma-Aldrich), and dark-adapted with a 10-min exposure to
far-red light with peak emission of 730 nm at ~35 pmol photons m~2 s~1. All
photosynthetic measurements were performed at the room temperature at 25°C for
algal cultures sampled at different time points with different temperature treat-
ments to investigate how the changes induced by high temperatures affected algal
photosynthetic performance by comparing with control algal cultures treated and
measured at 25°C. The maximum efficiency of PSII (F,/F,,) was measured with the
application of a saturating pulse of actinic light with peak emission of 625 nm at the
end of the dark adaptation period and after turning off the far-red light. Our tests
indicated that far-red illumination could increase the values of F,/F,, in dark-
adapted algal cells. Far-red light was turned off during all chlorophyll fluorescence
measurements to prevent its effect on chlorophyll fluorescence signals. Fluores-
cence measurements were taken with measuring pulses of 100 ps duration. The
pulsed measuring beam was provided by a 505 nm peak emission (light emitting
diode) LED filtered through a BG18 (Edmund Optics) color glass filter. After dark-
adaptation, the algal sample was illuminated by a pair of LEDs (Luxeon III LXHL-
PDO09, Philips) with maximal emission at 620 nm, directed toward both sides of the
cuvette, perpendicular to the measuring beam. Subsequent chlorophyll fluorescence
and dark interval relaxation kinetic (DIRK) measurements were taken after 7.5-min
adaptation of sequentially increasing light intensities of 100, 200, and 400 umol
photons m~2 s~ 1, DIRK traces measure the electrochromic shift (ECS). ECS results
from light-dark-transition induced electric field effects on carotenoid absorbance
bands®1128 and is a useful tool to monitor proton fluxes and the transthylakoid
proton motive force (pmyf) in vivo!?>130, ECS measurements were taken at each
light intensity following the chlorophyll fluorescence measurements. DIRK traces
were run with measuring beam of peak 520 nm and pulse duration of 14 ps
capturing absorption changes from a light-dark-light cycle with each phase lasting
300 ms. Three near-simultaneously DIRK traces were averaged for one
measurement.

P700 measurement. Algal cultures were sampled directly from PBRs at different
time points with different treatments, supplemented with 0.5 M NaHCO;, incu-
bated with 10 upM DCMU (3-(3,4-Dichlorophenyl)—1,1-dimethylurea, Sigma,
D2425) to block PSII activity, and dark adapted for 5 min before the measurement.
PSI redox kinetics were monitored using a 703 nm measuring beam pulsed at 10-
ms intervals using the spectrophotometer mentioned above as described previously
with some modifications’”. After a 5 baseline measurement in the dark, samples
were exposed to 720 nm far-red light at an intensity of 30 umol photons m—2 s~!
for 55 to preferentially oxidize PSI before monitoring the reduction of oxidized
P700 (P7007) in dark for 5s. Addition of saturating flash at the end of far-red
illumination did not change the amplitude of P700" and the reduction time
constant of P7007 significantly so the saturating flash was skipped in the finalized
P700 measurement. Five measurements were averaged into one trace, and the
reduction time constant of PSI was calculated by fitting to a first order exponential
function to the reduction phase of the averaged trace. The reduction time constant
of P7007 in the absence of PSII activity (with DCMU) can be used to estimate the
activity of cyclic electron flow around PSI (CEF)74.

77 K chlorophyll fluorescence measurement. Chlorophyll fluorescence emission
spectra were monitored at 77 K to estimate antenna sizes’®!3!. Sampled algal
cultures from PBRs were immediately loaded into NMR tubes (VWR, cat. No.
16004-860) and frozen in liquid nitrogen. While still submerged in liquid nitrogen,
frozen samples were exposed to excitation LED light with peak emission at 430 nm
through a bifurcated fiber optic cable coupled to an LED light source’>. Compo-
nents were held in alignment using a 3D printed device. Chlorophyll emission
spectra were recorded on an Ocean Optics spectrometer (cat. No. OCEAN-HDX-
XR), and three consecutive traces were averaged into one measurement. Further
dilution of the PBR samples gave identical fluorescence emission peak distribu-
tions, indicating little distortion of the signals by reabsorption. Spectral data were
normalized to the PSII spectral maximum value at 686 nm, and the relative PSIT
antenna size (PSII%) was calculated using the normalized PSII peak and PSI
peak (714 nm) using the formula PSII% = normalized PSII peak / (normalized PSII
peak + normalized PSI peak).

See Supplementary Table 3 for formulas to calculate photosynthetic parameters.
All measurements were taken with at least three biological replicates. Statistical
significance was assessed using two-tailed t-test assuming unequal variance. For
more than 20 comparisons, FDR using Benjamin-Hochberg correction method was
performed with adjusted p value < 0.05 as significance.

Oxygen evolution measurements. Oxygen evolution was measured with Han-
satech Chlorolab 2 based on a Clark-type oxygen electrode at room temperature at
25°C, following the method described before with some modifications!32. Two-mL
of cells (around 10 pg chlorophyll) supplemented with 20 uL of 0.5 M NaHCO;
were incubated in the dark for 10 min. The dark respiration rate was measured at
the end of the dark incubation. The rate of oxygen evolution was measured at
increasing light intensities (100, 200 and 400 pmol photons m~2 s~1). Each light
intensity lasted 5 min followed by 2 min dark. The rates of net oxygen evolution at
each light intensity step were recorded for 1 min before the end of each light phase.
Respiration rates were measured during each subsequent dark phase. For each time
point, the respiration rates did not vary significantly after 10-min dark-adaptation
or after different light intensities so only the respiration rates after 10-min dark-
adaptation were plotted in Fig. 8h. The gross oxygen evolution rates for a given
light intensity were calculated as the sum of the net oxygen evolution rate and the
respiration rates following each light phase. The results were obtained from
independent measurements of five biological replicates. Statistical analyses were
performed using two-tailed t-test assuming unequal variance with FDR correction
by comparing treated samples with the pre-heat samples under the same light.

Transmission Electron Microscopy (TEM). Algal samples (10 mL, around 2x106
cells/mL) harvested from PBRs were concentrated (1000 g, 2 min, room tempera-
ture), drawn into dialysis tubing (Spectrapor®, Spectrum Laboratories, Inc., Cat No.
132294), immersed in 20% (w/v) Bovine Serum Albumin (BSA. Sigma, Cat No.
A7030-100G) and immediately frozen in a high-pressure freezer (Leica EM ICE;
Leica Microsystems, IL, USA). Freeze substitution was carried out in 2% (v/v)
osmium tetroxide in 97%/5% acetone/water (v/v) as follows: —80°C for 3 days,
—20°C for 1 day, 4°C for 2 h, and then room temp for 2 h. Samples were washed 4
times in acetone, incubated in 1% thiocarbohydrazide (TCH) (EM Sciences, 21900)
in acetone for 1 h, washed 4 times in acetone, incubated for 1 h in 2% (v/v) osmium
tetroxide and washed 4 times in acetone. Samples were then laced in saturated
uranyl acetate in 100% acetone overnight, washed in acetone, transferred to 1:1
ethanol:acetone and stained with saturated lead acetate in 1:1 ethanol: acetone for
2 h. Subsequently, cells were then dehydrated in 100% graded acetone and
embedded in hard formulation Epon-Araldite (Embed 812, EM Sciences, Cat No.
14121). Embedments were cut into small blocks and mounted in the vise-chuck of
a Reichert Ultracut UCT ultramicrotome (Leica, Buffalo Grove, IL, USA). Ultrathin
sections (~60 to 70 nm) were cut using a diamond knife (type ultra 35°C, Diatome),
mounted on copper grids (FCFT300-CU-50, VWR, Radnor, PA, USA), and
counterstained with lead citrate for 8 min!33. Sample were imaged with a LEO 912
AB Energy Filter Transmission Electron Microscope (Zeiss, Oberkochen,
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Germany). Micrographs were acquired with iTEM software (ver. 5.2) (Olympus
Soft Imaging Solutions GmbH, Germany) with a TRS 2048 x 2048k slow-scan
charge-coupled device (CCD) camera (TRONDLE Restlichtverstirkersysteme,
Germany). Thirty electron micrographs were quantified for each time point and
treatment. Each TEM image was acquired at 8,000X magnification and 1.37 nm
pixel resolution. TEM images were analyzed with Stereology Analyzer software
version 4.3.3 to quantify the relative volume mitochondria. Grid type was set as
“point” with a sampling step of 500x500 pixels and pattern size of 15x15 pixels.
The percent of relative volume for mitochondria was collected after identifying all
grid points within one cell and further analyzed in excel’®. TEM images with a
magnification of 8 K were used in the Fiji (Image], FIJI software, National Institutes
of Health) analysis. The images were scaled to 0.7299 pixel/nm in Image] before the
analysis of the pyrenoid area. Two different statistical tests were used to find the
significance of p-values. The Kolmogorov-Smirnov test was used for relative
volume data since it is commonly used to find significance between data in a form
of ratios. A two-tailed t-test with unequal variance was used for area data from
Image]. All statistical tests compared the treatment conditions to the pre-

heat condition.

Starch quantification. Starch was extracted and quantified according to modified
method from kit (Megazyme, K-TSTA-100A). Frozen sample pellets were homo-
genized using Qiagen TissueLyser and washed twice in 80% (v/v) ethanol at 85°C.
The insoluble fraction was resuspended in DMSO and heated at 110°C for 10 min
to improve starch solubilization. Starch hydrolysis and quantification were per-
formed following kit protocol. Starch content was either normalized to cell number
or cell volume. Each condition has three biological replicates.

Statistics and Reproducibility. All measurements had at least 3 biological repli-
cates. Statistical analyses were conducted as mentioned in each method above. For
more than 17 comparisons, FDR using Benjamin-Hochberg correction method was
performed with adjusted p value < 0.05 as significance. Source data and p values
were included in Supplementary Data 11.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The datasets analyzed in this paper are included in this published article and
supplementary information files. The RNA-seq data discussed in this publication have
been deposited in the NCBI Gene Expression Omnibus!34 and are accessible through
GEO accession number GSE182207. The mass spectrometric proteomic data is available
via the ProteomeXchange Consortium partner repository, PRIDE!3>136 with the dataset
identifier PXD027778. Other information is available from the corresponding author on
request.

Received: 1 October 2021; Accepted: 12 April 2022;
Published online: 13 May 2022

References

1. Zhao, C. et al. Temperature increase reduces global yields of major crops in
four independent estimates. PNAS 114, 9326-9331 (2017).

2. Siebert, S., Ewert, F., Rezaei, E. E., Kage, H. & Graf3, R. Impact of heat stress on
crop yield—on the importance of considering canopy temperature. Environ.
Res. Lett. 9, 044012 (2014).

3. Lobell, D. B, Schlenker, W. & Costa-Roberts, J. Climate trends and global crop
production since 1980. Science 333, 616620 (2011).

4. Janni, M. et al. Molecular and genetic bases of heat stress responses in crop
plants and breeding for increased resilience and productivity. J. Exp. Bot. 71,
3780-3802 (2020).

5. Sharkey, T. D. Effects of moderate heat stress on photosynthesis: importance
of thylakoid reactions, rubisco deactivation, reactive oxygen species, and
thermotolerance provided by isoprene. Plant, Cell Environ. 28, 269-277
(2005).

6. Mittler, R., Finka, A. & Goloubinoff, P. How do plants feel the heat? Trends
Biochem Sci. 37, 118-125 (2012).

7. Saidi, Y. et al. The heat shock response in moss plants is regulated by specific
calcium-permeable channels in the plasma membrane. Plant Cell 21,
2829-2843 (2009).

8. Wu, H.-C, Luo, D.-L., Vignols, F. & Jinn, T.-L. Heat shock-induced biphasic
Ca2+ signature and OsCaM1-1 nuclear localization mediate downstream

11.

12.

13.

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

signalling in acquisition of thermotolerance in rice (Oryza sativa L.). Plant,
Cell Environ. 35, 1543-1557 (2012).

Konigshofer, H., Tromballa, H.-W. & Léppert, H.-G. Early events in signaling
high-temperature stress in tobacco BY2 cells involve alterations in membrane
fluidity and enhanced hydrogen peroxide production. Plant, Cell Environ. 31,
1771-1780 (2008).

Schroda, M., Hemme, D. & Miihlhaus, T. The Chlamydomonas heat stress
response. Plant J. 82, 466-480 (2015).

Schulz-Raffelt, M., Lodha, M. & Schroda, M. Heat shock factor 1 is a key
regulator of the stress response in Chlamydomonas. Plant J. 52, 286-295
(2007).

Schmollinger, S., Strenkert, D. & Schroda, M. An inducible artificial
microRNA system for Chlamydomonas reinhardtii confirms a key role for
heat shock factor 1 in regulating thermotolerance. Curr. Genet 56, 383-389
(2010).

Riitgers, M. et al. Not changes in membrane fluidity but proteotoxic stress
triggers heat shock protein expression in Chlamydomonas reinhardtii. Plant
Cell Environ. 40, 2987-3001 (2017).

Su, Z. et al. Genome-wide RNA structurome reprogramming by acute

heat shock globally regulates mRNA abundance. PNAS 115, 12170-12175
(2018).

Zhang, R. & Sharkey, T. D. Photosynthetic electron transport and proton flux
under moderate heat stress. Photosynth Res 100, 29-43 (2009).

Sharkey, T. D. & Zhang, R. High temperature effects on electron and proton
circuits of photosynthesis. J. Integr. Plant Biol. 52, 712-722 (2010).

Song, Y., Chen, Q., Ci, D., Shao, X. & Zhang, D. Effects of high temperature on
photosynthesis and related gene expression in poplar. BMC Plant Biol. 14, 111
(2014).

Hemme, D. et al. Systems-wide analysis of acclimation responses to long-term
heat stress and recovery in the photosynthetic model organism
Chlamydomonas reinhardtii. Plant Cell 26, 4270-4297 (2014).

Anderson, C. M. et al. High light and temperature reduce photosynthetic
efficiency through different mechanisms in the C4 model Setaria viridis.
Commun. Biol. 4, 1092 (2021).

Pospisil, P. Production of reactive oxygen species by photosystem II

as a response to light and temperature stress. Front. Plant Sci. 7, 1950
(2016).

Niemeyer, J., Scheuring, D., Oestreicher, J., Morgan, B. & Schroda, M. Real-
time monitoring of subcellular H202 distribution in Chlamydomonas
reinhardtii. The Plant Cell. 33, 2935-2949 (2021).

Velichko, A. K., Petrova, N. V., Kantidze, O. L. & Razin, S. V. Dual effect of
heat shock on DNA replication and genome integrity. MBoC 23, 3450-3460
(2012).

Mata, T. M., Martins, A. A. & Caetano Nidia. S. Microalgae for biodiesel
production and other applications: A review. Renew. Sustain. Energy Rev. 14,
217-232 (2010).

Miihlhaus, T., Weiss, J., Hemme, D., Sommer, F. & Schroda, M. Quantitative
shotgun proteomics using a uniform !°N-labeled standard to monitor
proteome dynamics in time course experiments reveals new insights into the
heat stress response of Chlamydomonas reinhardtii. Mol. Cell Proteom. 10,
M110.004739 (2011).

Zachleder, V., Ivanov, I, Vitovd, M. & BiSova, K. Cell cycle arrest by
supraoptimal temperature in the alga Chlamydomonas reinhardtii. Cells 8,
1237 (2019).

Ivanov, I. N, Zachleder, V., Vitov4, M., Barbosa, M. J. & BiSov4, K. Starch
production in Chlamydomonas reinhardtii through supraoptimal temperature
in a pilot-scale photobioreactor. Cells 10, 1084 (2021).

Jinkerson, R. E. & Jonikas, M. C. Molecular techniques to interrogate and edit
the Chlamydomonas nuclear genome. Plant J. 82, 393-412 (2015).

Crozet, P. et al. Birth of a photosynthetic chassis: A MoClo toolkit enabling
synthetic biology in the microalga Chlamydomonas reinhardtii. ACS Synth.
Biol. 7, 2074-2086 (2018).

Zhang, R. et al. High-throughput genotyping of green algal mutants reveals
random distribution of mutagenic insertion sites and endonucleolytic cleavage
of transforming DNA. Plant Cell 26, 1398-1409 (2014).

Li, X. et al. An indexed, mapped mutant library enables reverse genetics
studies of biological processes in Chlamydomonas reinhardtii. Plant Cell 28,
367-387 (2016).

Li, X. et al. A genome-wide algal mutant library and functional screen
identifies genes required for eukaryotic photosynthesis. Nat. Genet 51,
627-635 (2019).

Dhokane, D., Bhadra, B. & Dasgupta, S. CRISPR based targeted genome
editing of Chlamydomonas reinhardtii using programmed Cas9-gRNA
ribonucleoprotein. Mol. Biol. Rep. 47, 8747-8755 (2020).

Légeret, B. et al. Lipidomic and transcriptomic analyses of Chlamydomonas
reinhardtii under heat stress unveil a direct route for the conversion of
membrane lipids into storage lipids. Plant, Cell Environ. 39, 834-847 (2016).

COMMUNICATIONS BIOLOGY | (2022)5:460 | https://doi.org/10.1038/542003-022-03359-z | www.nature.com/commsbio 21


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03359-z

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

22

Yang, Y. et al. Applications of multi-omics technologies for crop
improvement. Front Plant Sci. 12, 563953 (2021).

Hwang, S. & Herrin, D. L. Control of lhc gene transcription by the circadian
clock in Chlamydomonas reinhardtii. Plant Mol. Biol. 26, 557-569 (1994).
Barajas-Lopez, J. et al. Circadian regulation of chloroplastic f and m
thioredoxins through control of the CCA1 transcription factor. J. Exp. Bot. 62,
2039-2051 (2011).

Remm, M., Storm, C. E. V. & Sonnhammer, E. L. L. Automatic clustering of
orthologs and in-paralogs from pairwise species comparisons. J. Mol. Biol.
314, 1041-1052 (2001).

Goodstein, D. et al. Phytozome: a comparative platform for green plant
genomics. Nucleic Acids Res. 40, D1178-D1186 (2012).

Plancke, C. et al. Lack of isocitrate lyase in Chlamydomonas leads to changes
in carbon metabolism and in the response to oxidative stress under
mixotrophic growth. Plant J. 77, 404-417 (2014).

Johnson, X. & Alric, J. Interaction between starch breakdown, acetate
assimilation, and photosynthetic cyclic electron flow in Chlamydomonas
reinhardtii. J. Biol. Chem. 287, 26445-26452 (2012).

Johnson, X. & Alric, J. Central carbon metabolism and electron transport in
Chlamydomonas reinhardtii: metabolic constraints for carbon partitioning
between oil and starch. Eukaryot. Cell 12, 776-793 (2013).

Durante, L., Hiibner, W., Lauersen, K. J. & Remacle, C. Characterization of the
GPR1/FUN34/YaaH protein family in the green microalga Chlamydomonas
suggests their role as intracellular membrane acetate channels. Plant Direct 3,
€00148 (2019).

Balfagon, D. et al. Jasmonic acid Is required for plant acclimation to a
combination of high light and heat stress. Plant Physiol. 181, 1668-1682
(2019).

Li, G. et al. Abscisic acid negatively modulates heat tolerance in rolled leaf rice
by increasing leaf temperature and regulating energy homeostasis. Rice 13, 18
(2020).

Yoshida, K., Igarashi, E., Mukai, M., Hirata, K. & Miyamoto, K. Induction of
tolerance to oxidative stress in the green alga, Chlamydomonas reinhardtii, by
abscisic acid. Plant, Cell Environ. 26, 451-457 (2003).

Al-Hijab, L. et al. Abscisic acid induced a negative geotropic response in dark-
incubated Chlamydomonas reinhardtii. Sci. Rep. 9, 12063 (2019).

Colina, F. et al. Genome-wide identification and characterization of CKIN/
SnRK gene family in Chlamydomonas reinhardtii. Sci. Rep. 9, 350 (2019).
Cross, F. R. & Umen, J. G. The Chlamydomonas cell cycle. Plant J. 82, 370-392
(2015).

Fu, H.-Y. et al. Redesigning the QA binding site of Photosystem II allows
reduction of exogenous quinones. Nat. Commun. 8, 15274 (2017).
Glowacka, K. et al. Photosystem II Subunit S overexpression increases the
efficiency of water use in a field-grown crop. Nat. Commun. 9, 868 (2018).
Baker, N. R., Harbinson, J. & Kramer, D. M. Determining the limitations and
regulation of photosynthetic energy transduction in leaves. Plant, Cell
Environ. 30, 1107-1125 (2007).

Zhang, R. et al. Moderate heat stress reduces the pH component of the
transthylakoid proton motive force in light-adapted, intact tobacco leaves.
Plant, Cell Environ. 32, 1538-1547 (2009).

Zones, ]. M., Blaby, I. K., Merchant, S. S. & Umen, J. G. High-resolution
profiling of a synchronized diurnal transcriptome from Chlamydomonas
reinhardtii reveals continuous cell and metabolic differentiation. Plant Cell 27,
2743-2769 (2015).

Strenkert, D. et al. Multiomics resolution of molecular events during a

day in the life of Chlamydomonas. Proc. Natl Acad. Sci. USA 116, 2374-2383
(2019).

Hasanuzzaman, M. et al. Reactive oxygen species and antioxidant defense in
plants under abiotic stress: revisiting the crucial role of a universal defense
regulator. Antioxidants 9, 681 (2020).

Anderson, A. P, Luo, X,, Russell, W. & Yin, Y. W. Oxidative damage
diminishes mitochondrial DNA polymerase replication fidelity. Nucleic Acids
Res 48, 817-829 (2020).

Robert, G. & Wagner, J. R. ROS-induced DNA damage as an underlying cause
of aging. Advances in Geriatric Medicine and Research 4, 200024 (2020).
Velichko, A. K., Markova, E. N., Petrova, N. V., Razin, S. V. & Kantidze, O. L.
Mechanisms of heat shock response in mammals. Cell Mol. Life Sci. 70,
4229-4241 (2013).

Waszczak, C., Carmody, M. & Kangasjirvi, J. Reactive oxygen species in plant
signaling. Annu Rev. Plant Biol. 69, 209-236 (2018).

Cronmiller, E. et al. Cell wall integrity signaling regulates cell wall-related gene
expression in Chlamydomonas reinhardtii. Sci. Rep. 9, 12204 (2019).

Li, Z., Tang, J., Srivastava, R., Bassham, D. C. & Howell, S. H. The
transcription factor bZIP60 links the unfolded protein response to the heat
stress response in maize. Plant Cell 32, 3559-3575 (2020).

Lien, T. & Knutsen, G. Synchronous growth of Chlamydomonas
reinhardtii(chlorophyceae): a review of optimal conditions. J. Phycol. 15,
191-200 (1979).

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

89.

90.

Vitovd, M. et al. Chlamydomonas reinhardtii: duration of its cell cycle and
phases at growth rates affected by temperature. Planta 234, 599-608 (2011).
Strenkert, D., Schmollinger, S., Sommer, F., Schulz-Raffelt, M. & Schroda, M.
Transcription factor-dependent chromatin remodeling at heat shock and
copper-responsive promoters in Chlamydomonas reinhardtii. Plant Cell 23,
2285-2301 (2011).

Riitgers, M. et al. Substrates of the chloroplast small heat shock proteins 22E/F
point to thermolability as a regulative switch for heat acclimation in
Chlamydomonas reinhardtii. Plant Mol. Biol. 95, 579-591 (2017).

Yamori, W. & Shikanai, T. Physiological functions of cyclic electron transport
around Photosystem I in sustaining photosynthesis and plant growth. Annu.
Rev. Plant Biol. 67, 81-106 (2016).

Johnson, G. N. Physiology of PSI cyclic electron transport in higher plants.
Biochimica et. Biophysica Acta (BBA) - Bioenerg. 1807, 384-389 (2011).

He, Y. et al. Increasing cyclic electron flow is related to Na+ sequestration into
vacuoles for salt tolerance in soybean. J. Exp. Bot. 66, 6877-6889 (2015).
Huang, W, Yang, S.-J., Zhang, S.-B., Zhang, J.-L. & Cao, K.-F. Cyclic electron
flow plays an important role in photoprotection for the resurrection plant
Paraboearufescens under drought stress. Planta 235, 819-828 (2012).
Johnson, X. et al. Proton gradient regulation 5-mediated cyclic electron flow
under ATP- or redox-limited conditions:a study of AATPase pgr5 and ArbcL
pgr5 mutants in the green alga Chlamydomonas reinhardtii. Plant Physiol.
165, 438-452 (2014).

Saroussi, S. I, Wittkopp, T. M. & Grossman, A. R. The type Il NADPH
dehydrogenase facilitates cyclic electron flow, energy-dependent quenching,
and chlororespiratory metabolism during acclimation of Chlamydomonas
reinhardtii to nitrogen deprivation. Plant Physiol. 170, 1975-1988 (2016).
Aihara, Y., Takahashi, S. & Minagawa, J. Heat induction of cyclic electron flow
around Photosystem I in the symbiotic dinoflagellate symbiodinium. Plant
Physiol. 171, 522-529 (2016).

Alric, J., Lavergne, J. & Rappaport, F. Redox and ATP control of
photosynthetic cyclic electron flow in Chlamydomonas reinhardtii in aerobic
conditions. Biochimica et Biophysica Acta (BBA). Bioenergetics 1797, 44-51
(2010).

Alric, J. Cyclic electron flow around photosystem I in unicellular green algae.
Photosynth Res 106, 47-56 (2010).

Lucker, B. & Kramer, D. M. Regulation of cyclic electron flow in
Chlamydomonas reinhardtii under fluctuating carbon availability. Photosynth
Res 117, 449-459 (2013).

Lamb, J. J., Rekke, G. & Hohmann-Marriott, M. F. Chlorophyll fluorescence
emission spectroscopy of oxygenic organisms at 77 K. Photosynthetica 56,
105-124 (2018).

Wood, W. H. J., Barnett, S. F. H., Flannery, S., Hunter, C. N. & Johnson, M. P.
Dynamic thylakoid stacking Is regulated by LHCII phosphorylation but not its
interaction with PSL. Plant Physiol. 180, 2152-2166 (2019).

Szyszka-Mroz, B., Pittock, P., Ivanov, A. G., Lajoie, G. & Hiiner, N. P. A. The
Antarctic psychrophile Chlamydomonas sp. UWO 241 preferentially
phosphorylates a Photosystem I-Cytochrome b6/f supercomplex. Plant
Physiol. 169, 717-736 (2015).

Cook, G. et al. The Antarctic psychrophiles Chlamydomonas spp. UW0241
and ICE-MDV exhibit differential restructuring of photosystem I in response
to iron. Photosynth Res 141, 209-228 (2019).

Kalra, I. et al. Chlamydomonas sp. UWO 241 exhibits high cyclic electron flow
and rewired metabolism under high salinity. Plant Physiol. 183, 588-601
(2020).

Iwai, M. et al. Isolation of the elusive supercomplex that drives cyclic electron
flow in photosynthesis. Nature 464, 1210-1213 (2010).

Steinbeck, J. et al. Structure of a PSI-LHCI-cyt b6f supercomplex in
Chlamydomonas reinhardtii promoting cyclic electron flow under anaerobic
conditions. PNAS 115, 10517-10522 (2018).

Su, X. et al. Antenna arrangement and energy transfer pathways of a green
algal photosystem-I-LHCI supercomplex. Nat. Plants 5, 273-281 (2019).
Wunder, T., Oh, Z. G. & Mueller-Cajar, O. CO, -fixing liquid droplets:
Towards a dissection of the microalgal pyrenoid. Traffic 20, 380-389 (2019).
Meyer, M. T., Whittaker, C. & Griffiths, H. The algal pyrenoid: key
unanswered questions. J. Exp. Bot. 68, 3739-3749 (2017).

Hennacy, J. H. & Jonikas, M. C. Prospects for engineering biophysical CO,
concentrating mechanisms into land Plants to enhance yields. Annu. Rev.
Plant Biol. 71, 461-485 (2020).

Meyer, M. T. et al. Assembly of the algal CO,-fixing organelle, the pyrenoid, is
guided by a Rubisco-binding motif. Sci. Adv. 6, eabd2408 (2020).
Mackinder, L. C. M. et al. A repeat protein links Rubisco to form the
eukaryotic carbon-concentrating organelle. PNAS 113, 5958-5963 (2016).
He, S. et al. The structural basis of Rubisco phase separation in the pyrenoid.
Nat. Plants 6, 1480-1490 (2020).

Itakura, A. K. et al. A Rubisco-binding protein is required for normal pyrenoid
number and starch sheath morphology in Chlamydomonas reinhardtii. PNAS
116, 18445-18454 (2019).

COMMUNICATIONS BIOLOGY | (2022)5:460 | https://doi.org/10.1038/542003-022-03359-z | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03359-z

ARTICLE

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

116.

117.

118.

119.

Lohr, M., Im, C.-S. & Grossman, A. R. Genome-based examination of
chlorophyll and carotenoid biosynthesis in Chlamydomonas reinhardtii. Plant
Physiol. 138, 490-515 (2005).

Bassi, D., Menossi, M. & Mattiello, L. Nitrogen supply influences
photosynthesis establishment along the sugarcane leaf. Sci. Rep. 8, 2327
(2018).

Ordoiiez, R. A., Savin, R., Cossani, C. M. & Slafer, G. A. Yield response to heat
stress as affected by nitrogen availability in maize. Field Crops Res. 183,
184-203 (2015).

Wang, Q.-L., Chen, J.-H., He, N.-Y. & Guo, F.-Q. Metabolic reprogramming
in chloroplasts under heat stress in plants. Int. J. Mol. Sci. 19, 849 (2018).
Rossi, S., Burgess, P., Jespersen, D. & Huang, B. Heat-Induced Leaf Senescence
Associated with Chlorophyll Metabolism in Bentgrass Lines Differing in Heat
Tolerance. Crop Sci. 57, S-169-S-178 (2017).

Sager, R. Inheritance in the green alga Chlamydomonas reinhardtii. Genetics
40, 476-489 (1955).

Proschold, T., Harris, E. H. & Coleman, A. W. Portrait of a species:
Chlamydomonas reinhardtii. Genetics 170, 1601-1610 (2005).

Zhang, N. et al. Comparative Phenotyping of Two Commonly Used
Chlamydomonas reinhardtii Background Strains: CC-1690 (21gr) and CC-
5325 (The CLiP Mutant Library Background). Plants 11, 585 (2022).
Schloss, J. A. A. Chlamydomonas gene encodes a G protein  subunit-like
polypeptide. Mol. Gen. Genet 221, 443-452 (1990).

Xie, B. et al. Chlamydomonas reinhardtii thermal tolerance enhancement
mediated by a mutualistic interaction with vitamin B12-producing bacteria.
ISME J. 7, 1544-1555 (2013).

Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25,
402-408 (2001).

Hellemans, J., Mortier, G., De Paepe, A., Speleman, F. & Vandesompele, J.
QBase relative quantification framework and software for management and
automated analysis of real-time quantitative PCR data. Genome Biol. 8, R19
(2007).

Remans, T. et al. Reliable gene expression analysis by reverse transcription-
quantitative PCR: reporting and minimizing the uncertainty in data accuracy.
Plant Cell 26, 3829-3837 (2014).

Bushnell, B. BBMap. BBMap short read aligner, and other bioinformatic tools
https://sourceforge.net/projects/bbmap/.

Andrews, S. Babraham Bioinformatics - FastQC a quality control tool for high
throughput sequence data. https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/ (2010).

Merchant, S. S. et al. The Chlamydomonas genome reveals the evolution of key
animal and plant functions. Science 318, 245-250 (2007).

Dobin, A. & Gingeras, T. R. Mapping RNA-seq reads with STAR. Curr.
Protoc. Bioinformatics 51, 11.14.1-11.14.19 (2015).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15-21 (2013).

Anders, S., Pyl, P. T. & Huber, W. HTSeq- a Python framework to work with
high-throughput sequencing data. Bioinformatics 31, 166-169 (2014).

Ma, F., Salomé, P. A., Merchant, S. S. & Pellegrini, M. Single-cell RNA
sequencing of batch Chlamydomonas cultures reveals heterogeneity in their
diurnal cycle phase. Plant Cell 33, 1042-1057 (2021).

. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical

and powerful approach to multiple testing. J. R. Stat. Soc.: Ser. B (Methodol.)
57, 289-300 (1995).

Langfelder, P. & Horvath, S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinforma. 9, 559 (2008).

Remacle, F., Kravchenko-Balasha, N., Levitzki, A. & Levine, R. D.
Information-theoretic analysis of phenotype changes in early stages of
carcinogenesis. PNAS 107, 10324-10329 (2010).

Schneider, K., Venn, B. & Miihlhaus, T. TMEA: A thermodynamically
motivated framework for functional characterization of biological responses to
system acclimation. Entropy 22, 1030 (2020).

Cox, J. & Mann, M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat. Biotechnol. 26, 1367-1372 (2008).

Cox, J. et al. Accurate proteome-wide label-free quantification by delayed
normalization and maximal peptide ratio extraction, termed MaxLFQ. Mol.
Cell Proteom. 13, 2513-2526 (2014).

Anders, S. & Huber, W. Differential expression analysis for sequence count
data. Genome Biol. 11, R106 (2010).

Luo, F. et al. Constructing gene co-expression networks and predicting
functions of unknown genes by random matrix theory. BMC Bioinformatics
17, 299 (2007).

Jacomy, M., Venturini, T., Heymann, S. & Bastian, M. ForceAtlas2, a
continuous graph layout algorithm for handy network visualization designed
for the gephi software. PLOS ONE 9, 12 (2014).

120. Blondel, V. D., Guillaume, J.-L., Lambiotte, R. & Lefebvre, E. Fast unfolding of
communities in large networks. J. Stat. Mech. 2008, P10008 (2008).
Langfelder, P. & Horvath, S. Eigengene networks for studying the relationships
between co-expression modules. BMC Syst. Biol. 17, 54 (2007).

Silverman. Density estimation for statistics and data analysis. Book. Published
in Monographs on Statistics and Applied Probability (London: Chapman and
Hall, 1986).

Tulin, F. & Cross, F. R. A microbial avenue to cell cycle control in the plant
superkingdom. Plant Cell 26, 4019-4038 (2014).

Porra, R. J., Thompson, W. A. & Kriedemann, P. E. Determination of accurate
extinction coefficients and simultaneous equations for assaying chlorophylls a
and b extracted with four different solvents: verification of the concentration
of chlorophyll standards by atomic absorption spectroscopy. Biochimica et.
Biophysica Acta (BBA) - Bioenerg. 975, 384-394 (1989).

Wellburn, A. R. The spectral determination of chlorophylls a and b, as well as
total carotenoids, using various solvents with spectrophotometers of different
resolution. J. Plant Physiol. 144, 307-313 (1994).

Joo, J. H.,, Wang, S., Chen, J. G., Jones, A. M. & Fedoroff, N. V. Different
signaling and cell death roles of heterotrimeric G protein a and  subunits in
the Arabidopsis oxidative stress response to ozone. Plant Cell 17, 957-970
(2005).

Pérez-Pérez, M. E., Couso, I. & Crespo, J. L. Carotenoid deficiency triggers
autophagy in the model green alga Chlamydomonas reinhardtii. Autophagy 8,
376-388 (2012).

Witt, H. T. Energy conversion in the functional membrane of photosynthesis.
Analysis by light pulse and electric pulse methods: The central role of the
electric field. Biochim Biophys Acta. 73, 355-427 (1979).

Kramer, D. M., Avenson, T. J. & Edwards, G. E. Dynamic flexibility in the light
reactions of photosynthesis governed by both electron and proton transfer
reactions. Trends Plant Sci. 9, 349-357 (2004).

Cruz, J. A. Plasticity in light reactions of photosynthesis for energy production
and photoprotection. J. Exp. Bot. 56, 395-406 (2004).

Murakami, A. Quantitative analysis of 77K fluorescence emission spectra in
Synechocystis sp. PCC 6714 and Chlamydomonas reinhardtii with variable PS
I/PS 1I stoichiometries. Photosynthesis Res. 53, 141-148 (1997).

Jeong, J., Baek, K., Kirst, H., Melis, A. & Jin, E. Loss of CpSRP54 function leads
to a truncated light-harvesting antenna size in Chlamydomonas reinhardtii.
Biochimica et Biophysica Acta (BBA). Bioenergetics 1858, 45-55 (2017).
Reynolds, E. S. The use of lead citrate at high pH as an electron-opaque stain
in electron microscopy. J. Cell Biol. 17, 208-212 (1963).

Edgar, R., Domrachev, M. & Lash, A. E. Gene Expression Omnibus: NCBI
gene expression and hybridization array data repository. Nucleic Acids Res 30,
207-210 (2002).

Perez-Riverol, Y. et al. The PRIDE database and related tools and resources in
2019: improving support for quantification data. Nucleic Acids Res. 47,
D442-D450 (2019).

Deutsch, E. W. et al. The ProteomeXchange consortium in 2020: enabling
‘big data’ approaches in proteomics. Nucleic Acids Res. 48, D1145-D1152
(2020).

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Acknowledgements

This research was supported by the start-up funding from the Donald Danforth Plant
Science Center (DDPSC), the Department of Energy (DOE) Basic Energy Sciences (BES)
Photosynthetic Systems (PS) grant (Award No. 0019464), the DOE Biological & Envir-
onmental Research (BER) grant (Award No. 0020400), and the RNA-seq service support
from the Department of Energy (DOE) Joint Genome Institute (JGI) Community Science
Program (CSP, 503414) to R.Z.. The work conducted by the U.S. Department of Energy
Joint Genome Institute is supported by the Office of Science of the U.S. Department of
Energy under Contract No DE-AC02-05CH11231. E.M.M. was supported by the William
H. Danforth Fellowship in Plant Sciences, DDPSC start-up funding (to R.Z.) and
Washington University in St. Louis. M.S. was funded by Deutsche For-
schungsgemeinschaft (TRR175, projects C02 and D02). We would like to thank
researchers from the Kramer Laboratory (Drs. David Kramer, Jeffrey Cruz, Robert
Zegarac, Ben Lucker, Geoffry Davis) for their helpful suggestions and discussion to set up
and optimize the IDEAspec for spectroscopic measurements in algal cells. Dr. Geoffry
Davis is also thanked for his suggestions for 77 K chlorophyll fluorescence measurement.
We would like to thank Drs. Jeremy Schmutz, Susannah Tringe, Christa Pennacchio,
Chris Daum, and Ronan O’Malley for RNA-seq service at DOE JGI. We acknowledge
imaging support from the Advanced Bioimaging Laboratory (RRID:SCR_018951) at
DDPSC and the usage of the LEO 912AB Energy Filter TEM acquired through a National
Science Foundation (NSF) Major Research Instrumentation grant (DBI-0116650). We
also acknowledge proteomics support from the Proteomics and Mass Spectrometry at
DDPSC and usage of the Orbitrap Fusion Lumos LC-MS/MS, which was funded by the
National Science Foundation under Grant No. DBI-1827534. We would like to thank Dr.
James Umen for helpful discussion about our research and Sarah Rommelfanger for

COMMUNICATIONS BIOLOGY | (2022)5:460 | https://doi.org/10.1038/542003-022-03359-z | www.nature.com/commsbio 23


https://sourceforge.net/projects/bbmap/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03359-z

suggestions on RNA-seq analysis. We also want to thank Drs. Xin Wang and Blake
Meyers for valuable feedback of the manuscript.

Author contributions

R.Z. supervised the whole project. RZ., N.Z. and E.M.M. designed and planned all the
experiments. R.Z. and M.S. discussed and designed the time points for high temperature
treatments. N.Z. led the project, characterized cell physiologies (including cell density,
size, viability, protein, ROS, starch, light microscopic images), conducted RT-qPCRs and
extracted RNA for RNA-seq analysis. W.M. and M.X. grew and maintained algal cultures
in photobioreactors. N.Z, W.M., C.A. ].J, M.X. and E.M.M. harvested algal samples from
photobioreactors with different treatments at different time points. E.M.M. led RNA-seq
data analysis and generated all related figures. J.C.B. provided suggestions for RNA-seq
analysis and statistical analysis. N.Z. extracted protein for proteomics. S.T. and B.E.
quantified protein abundance using LC-MS/MS. B.V,, D. Z,, T.M., EM.M., M.S,, and
N.Z. analyzed the proteomics data. C.C. and J.C. provided suggestions for transcriptomic
and proteomic analysis. K.P., F.C and N.Z. performed DNA content analysis. C.A. and
M.X. quantified chlorophyll and carotenoid contents. W.M. performed all spectroscopic
measurements of photosynthetic parameters. J.J. and L.P. performed O, evolution
measurements. N.Z. and J.J. optimized the ROS protocol. N.Z., E.B. and K.J.C. performed
TEM analysis. RZ., EM.M., and N.Z. led the writing of the manuscript with the con-
tribution of all other co-authors. R.Z., EM.M,, N.Z, M.S,, B.V.,, M. X,, TM,, ]J, KJ.C,,
J.C.B., K.P, B.E. revised the manuscript. All the authors discussed the results and con-
tributed to data interpretation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-022-03359-z.

Correspondence and requests for materials should be addressed to Ru Zhang.

Reprints and permission information is available at http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

24 COMMUNICATIONS BIOLOGY | (2022)5:460 | https://doi.org/10.1038/542003-022-03359-z | www.nature.com/commsbio


https://doi.org/10.1038/s42003-022-03359-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Systems-wide analysis revealed shared and unique�responses to moderate and acute high�temperatures in the green alga Chlamydomonas reinhardtii
	Results
	Heat at 35°C increased algal growth while 40°C largely reduced it
	Transcriptomic and proteomic analyses identified shared and unique responses during and after 35°C and 40°C treatments
	Transcript/protein correlation increased during heat but decreased during recovery
	Network modeling of transcriptome and proteome revealed expression patterns of key pathways during and after heat treatments
	Heat at 35°C synchronized the cell cycle while 40°C arrested it
	Cytological parameters confirmed cell cycle arrest during 40°C heat
	Heat at 40°C impaired photosynthesis while the effects at 35°C were minor
	Heat at 40°C altered thylakoid and pyrenoid ultrastructure

	Discussion
	Methods
	Strains and culture conditions
	High-temperature treatments in PBRs
	Spotting test for cell viability and growth
	High temperature treatments in water bath
	RNA extraction and RT-qPCR
	Transcriptomics
	Proteomics
	Protein identification and quantification
	Data normalization and protein-level missing value imputation
	Network generation
	Statistical testing of proteins
	Proteomics enrichment analyses
	Correlation of transcripts and proteins
	DNA content and ploidy
	Cell imaging using light microscopy
	Pigment analysis
	Protein concentration and ROS determination
	Spectroscopic measurement of photosynthetic parameters
	P700 measurement
	77 K chlorophyll fluorescence measurement
	Oxygen evolution measurements
	Transmission Electron Microscopy (TEM)
	Starch quantification
	Statistics and Reproducibility

	Reporting summary
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




