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Anaerobiosis is a stress condition for aerobic organisms and requires extensive acclimation responses. We used RNA-Seq for
a whole-genome view of the acclimation of Chlamydomonas reinhardtii to anoxic conditions imposed simultaneously with
transfer to the dark. Nearly 1.4 3 103 genes were affected by hypoxia. Comparing transcript proﬁles from early (hypoxic) with
those from late (anoxic) time points indicated that cells activate oxidative energy generation pathways before employing
fermentation. Probable substrates include amino acids and fatty acids (FAs). Lipid proﬁling of the C. reinhardtii cells revealed
that they degraded FAs but also accumulated triacylglycerols (TAGs). In contrast with N-deprived cells, the TAGs in hypoxic
cells were enriched in desaturated FAs, suggesting a distinct pathway for TAG accumulation. To distinguish transcriptional
responses dependent on COPPER RESPONSE REGULATOR1 (CRR1), which is also involved in hypoxic gene regulation, we
compared the transcriptomes of crr1 mutants and complemented strains. In crr1 mutants, ;40 genes were aberrantly
regulated, reafﬁrming the importance of CRR1 for the hypoxic response, but indicating also the contribution of additional
signaling strategies to account for the remaining differentially regulated transcripts. Based on transcript patterns and
previous results, we conclude that nitric oxide–dependent signaling cascades operate in anoxic C. reinhardtii cells.

INTRODUCTION
In aerobic organisms, the production of energy by oxidative phosphorylation requires oxygen (O2). Additionally, many biosynthetic
pathways use O2 as an oxidant or reagent (Raymond and Segrè,
2006), and the presence of O2 inﬂuences the bioavailability of metals
(Anbar, 2008). O2 deﬁciency confronts aerobic organisms with the
challenge of producing sufﬁcient energy and cell components to
allow growth, or at least survival. Acclimation to O2 limitation thus
requires the adjustment of nearly all cellular pathways; this adjustment mostly occurs by differential gene expression, often at the level
of transcription (Mustroph et al., 2010). Biological responses to the
absence of O2 (anoxia) or limitations in O2 (hypoxia) have been examined in many organisms, including those that carry out oxygenic
photosynthesis. The reactions of crops to ﬂooding and the
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consequent O2 depletion in the roots, are intensively studied
(Bailey-Serres and Voesenek, 2008; Bailey-Serres et al., 2012).
In the unicellular green alga Chlamydomonas reinhardtii, hypoxic
conditions have been investigated primarily in the context of the
production of molecular hydrogen (H2) (Hemschemeier and Happe,
2011; Catalanotti et al., 2013).
C. reinhardtii is a common reference organism for studying
plant-speciﬁc processes such as photosynthesis or inorganic
nutrient assimilation (Grossman, 2000; Rochaix, 2002; Merchant
et al., 2006). However, this alga has retained many genes from
the common ancestor of both plants and animals (Merchant
et al., 2007), which has made it a valuable model for studying
animal-speciﬁc pathways, such as the biology of cilia (Marshall,
2008). C. reinhardtii makes its natural habitat in soil and fresh
water environments, which frequently become anoxic because
of respiratory activity during growth of organisms. This environmental variability may explain the extensive metabolic ﬂexibility of the alga (Grossman et al., 2007). Of interest in terms of
anaerobic metabolism, C. reinhardtii was also reported to have
enzymes typically found in prokaryotes. It has two molecular H2producing [FeFe]-hydrogenases, HYDA1 and HYDA2 (Stripp
and Happe, 2009). In the light, these enzymes generate H2 using
photosynthetically provided electrons (Ghirardi et al., 2009;
Hemschemeier and Happe, 2011). C. reinhardtii also employs
a pyruvate:formate lyase (PFL1) and the enzymes involved in the
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PFL pathway, which form the backbone of the fermenting metabolism in (facultative) anaerobic bacteria like Escherichia coli
(Atteia et al., 2006; Hemschemeier et al., 2008; Philipps et al.,
2011; Magneschi et al., 2012). Additionally, the alga has
a pyruvate:ferredoxin oxidoreductase (PFR1) (Mus et al., 2007;
Hemschemeier et al., 2008; Terashima et al., 2010; van Lis et al.,
2013; Noth et al., 2013).
The signaling cascades operative in C. reinhardtii under anaerobic conditions show some overlap with signaling cascades
operating in the copper deﬁciency response. The COPPER
RESPONSE REGULATOR1 (CRR1) transcription factor activates
a subset of genes as a response to hypoxia. CRR1 is an important regulator of the acclimation of C. reinhardtii to Cu deﬁciency (Eriksson et al., 2004; Kropat et al., 2005; Sommer et al.,
2010), and several genes that are upregulated in Cu-deﬁcient
conditions are also upregulated in hypoxia (Quinn et al., 2000,
2002). The hypoxic response of CRR1 target genes is vital for
cells, as crr1 mutants have a severe growth defect in hypoxic
conditions in the light (Eriksson et al., 2004). Genes known to
be important for the Cu deﬁciency response of C. reinhardtii
are activated in hypoxia, and genes known to be responsive
to O 2 limitation, such as HYDA1 and PFR1, are also induced
in Cu-deﬁcient cells (Castruita et al., 2011). The CRR1 transcriptional activator is also involved in HYDA1 regulation
(Pape et al., 2012). However, in contrast with all other CRR1
targets identiﬁed so far, expression of HYDA1 is not completely dependent on CRR1, as crr1 mutants still induce
HYDA1 gene expression (Quinn et al., 2002; Pape et al.,
2012). Thus, other factors must contribute to HYDA1 promoter
activity.
CRR1 is a multidomain 1232–amino acid protein that binds to
the promoter of its target genes via a SQUAMOSA-PROMOTER
BINDING PROTEIN DNA binding domain. CRR1 has ankyrin
repeats, which are known protein–protein interaction modules,
and a C-terminal Cys-rich region similar to metallothionein
(Kropat et al., 2005). Notably, both modules are needed for the
transcriptional activation of the Cu-responsive cytochrome
c 6 (CYC6) gene upon hypoxia, but not upon Cu depletion
(Sommer et al., 2010).
This study aimed to identify the physiological responses and
putative signaling pathways of C. reinhardtii subjected to anaerobiosis by generating whole-genome transcript proﬁles. In
particular, we sought to gain deeper insights into the role of
CRR1 in the hypoxic response and the modulating activity of the
C-terminal metallothionein-like domain of CRR1. For this purpose,
wild-type cultures, crr1 mutants, and strains containing a CRR1
protein lacking the Cys-rich C terminus were transferred to anaerobic conditions in the dark. This setup was chosen to mimic
natural conditions, in which the O2 concentration in the medium
probably decreases gradually in the night as O2 evolution shuts
off and cellular respiratory activity consumes O2 (Quinn et al.,
2002). The transcript proﬁles indicated that the cells implement
various strategies to acclimate to the absence of light and O2;
thus, the absence of all means to efﬁciently generate energy and
cell components. Besides predictable patterns regarding cell
growth and photosynthesis, one of the patterns that emerged
was a complex strategy of energy generation via the utilization of all
reserves available. Our data also supported the close connection

between Cu and O2 deﬁciency and the important role of CRR1
under both conditions.
RESULTS
Deﬁning a Setup Simulating Natural Anoxic Conditions
Various experimental approaches have been used to analyze the
hypoxic or anaerobic response of C. reinhardtii. Cells incubated
in dim light without aeration become hypoxic over time because
of respiratory activity and decreased oxygen evolution (Quinn
et al., 2000, 2002). Hypoxia can also be achieved in sealed
cultures under standard light intensities in the absence of sulfur
or nitrogen, which results in loss of photosystem II (PSII) activity
and, hence, decreased photosynthetic O2 evolution and ﬁnally
net consumption of O2 by respiration (Melis et al., 2000; Philipps
et al., 2012). These approaches have in common that the onset
of anaerobiosis is accompanied by substantial metabolic (Doebbe
et al., 2010) and transcriptional (Nguyen et al., 2008; GonzálezBallester et al., 2010) changes, many of which are related to
nutrient depletion. Another approach is to transfer concentrated
cell suspensions to the dark while they are purged with O2-free
inert gas (Happe and Kaminski, 2002; Mus et al., 2007). This
approach was used in a prior study using a microarray platform
(Mus et al., 2007).
In this work, we sought to generate hypoxia in a situation that
might reﬂect the natural onset in the environment; therefore, we
used a protocol in which photomixotrophically grown cells are
transferred to sealed ﬂasks in the dark, allowing a gradual removal of dissolved O2 by respiratory activity (self-anaerobization)
(Figure 1A). The strains used in this work include the usual
C. reinhardtii laboratory strain CC-124 wild-type mt2 [137c]
(CRR1 nit1 nit2), crr1, a mutant defective in the Cu deﬁciency
response and hypoxic signaling (Kropat et al., 2005), and complemented derivatives of crr1. These were crr1:CRR1 representing the rescued strain and strains containing a C terminally
truncated CRR1 protein (termed crr1DCys). The latter represents
a strain fully rescued for the Cu nutrition response but partially
defective in hypoxic signaling because of a deletion of the
C-terminal metallothionein-like domain that has been implicated
in O2-responsive signaling through CRR1 (Sommer et al., 2010).
We analyzed two clones for each of the respective transformants
(Figure 1B), which are labeled #1 and #2 in this work. Note that
because of differences in the rate of O2 consumption, the time
course of anaerobization is prone to variation. Therefore, we
monitored respiratory O2 consumption rates as well as the acetate
content of the spent medium in each preculture in order to deﬁne
conditions for the best time points to initiate self-anaerobization
(see Supplemental Table 1 online). Acetate concentrations were
comparable, but C. reinhardtii crr1 and crr1DCys mutants exhibited lower respiratory rates, which were ;60 to 80% of those
of the rescued clones (crr1:CRR1#1 in Supplemental Table 1
online), which is consistent with an impact of the crr1 mutation on
cytochrome oxidase function (Eriksson et al., 2004). This must
result in a slower progress of the establishment of anaerobic
conditions. Therefore, the HYDA1 transcript, known from previous
work to be a sensitive sentinel gene for anaerobiosis (Happe and
Kaminski, 2002), was used to assess the onset of hypoxia at
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In addition to HYDA1, changes of transcript levels of other
sentinel genes were analyzed by quantitative RT-PCR (qRTPCR) in order to verify the expected status of the cells, among
them PFR1 and CYC6 (oligonucleotides used for qRT-PCR
are listed in Supplemental Table 2 online). The relative fold
changes of all chosen marker transcripts were as expected (see
Supplemental Table 3 online), showing that the chosen setup
was suitable to analyze the anaerobic response of C. reinhardtii.
For RNA sequencing, we chose samples that would reﬂect early
and late responses. Therefore, RNA isolated at 0.5 and 6 h of
self-anaerobization from experiment labeled ii (Figure 1B; see
Supplemental Tables 1 and 3 online) were sequenced.
Quality and Statistics of RNA-Seq Data

Figure 1. Experimental Setup and Sample Evaluation by RNA Gel Blot
Hybridization.
(A) Schematic of the experimental proceeding applied for establishing
anoxic conditions in algal cultures. Time points of RNA sampling are
indicated.
(B) HYDA1 RNA hybridization in samples isolated according to the
scheme shown in (A). Shown are results from two independent experiments (i and ii) of all C. reinhardtii clones analyzed in this study. Wild-type
strain CC-124 is indicated as CRR1. Transcript levels of RCK1 (CBLP,
Cre13.g599400) served as loading control. Asterisks in the right panel (ii)
mark the RNA samples that were sequenced.

various time points after the transfer of the cells to sealed ﬂasks in
the dark (0.5, 1, 2, and 6 h). Since the cells can get anaerobic
during collection, it is relevant to demonstrate also that the untreated (aerated) cells do not express HYDA1. RNA hybridization
analyses showed no or low amounts of HYDA1 transcript in the
0-h samples, while HYDA1 mRNA accumulated in all strains during
the time course of the experiments (Figure 1B). In RNA samples of
both crr1 mutants, HYDA1 signals were weaker than in the other
strains. This was consistent with CRR1 being involved in the
transcriptional regulation of HYDA1 (Pape et al., 2012).

Samples isolated from independent clones of each genotype
were analyzed as replicates to ensure the reproducibility of
the data. Statistical analyses of both the expression estimates
obtained for each individual sample in units of reads per kilobase of mappable transcript length per million mapped reads
(RPKM) and the fold changes of ﬁltered transcripts showed that
the data obtained from each pair of clones correlated well
(R2 values between 0.89 and 0.97), while the correlation between
the rescued strains and C. reinhardtii wild-type CC-124 was
lower (R2 values between 0.69 and 0.72) (see Supplemental
Figure 1 online). The quality of the RNA-Seq data was additionally validated by analyzing the fold changes of 33 transcripts
in the same RNA samples by qRT-PCR (R2 values between 0.83
and 0.96) (see Supplemental Figure 2 online).
Including all mRNAs whose abundance changed more than
fourfold in at least one of the pairwise comparisons (0.5 versus
0 h and 6 versus 0 h) with a false discovery rate (FDR) # 0.05
resulted in a list of 1376 signiﬁcantly regulated transcripts. As
the annotations and gene ontology (GO) terms available for
C. reinhardtii are still limited, the deduced proteins were manually
annotated (see Supplemental Methods 1 online) and grouped into
functional categories (see Supplemental Data Set 1 online). A total
of 439 proteins had no known motifs or domains of unknown
function and were classiﬁed as “unknown” (see Supplemental Data
Set 1, T1, online). A total of 198 proteins were grouped as “other”
(see Supplemental Data Set 1, T2, online) as their functions could
not be speciﬁcally categorized. Proteins that could be assigned to
speciﬁc functions or processes were grouped accordingly (see
Supplemental Data Set 1, T3 to T13, online). Figure 2 shows an
overview of the categories and their representation by transcripts,
respectively, deduced from the data of the C. reinhardtii wild-type
CC-124. The pattern differed moderately from that observed in the
rescued strain, but the trends were similar (see Supplemental Figure
3 online). The patterns were basically reﬂected by GO enrichment
analyses (see Supplemental Table 4 online).
Putative CRR1 Targets
In view of the known connections between Cu and O2 limitation
in C. reinhardtii, we ﬁrst compared the data obtained in this
study with a previous RNA-Seq analysis of Cu-deprived algae
(Castruita et al., 2011). Eighty-three anoxia-responsive transcripts
are also differentially regulated in Cu-deﬁcient C. reinhardtii cells
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Figure 2. Functional Annotation of Differentially Accumulating Transcripts in Dark-Anoxic Wild-Type C. reinhardtii.
Transcripts whose abundance changed at least fourfold (FDR # 5%) in
cells incubated for 0.5 or 6 h under dark-anoxic conditions were selected. Numbers show the total amount of transcripts down- or upregulated at each time point. Deduced proteins were grouped according to
functional categories (described in Supplemental Methods 1 online). T1
to T13 indicate the sheet number in Supplemental Data Set 1 online in
which individual transcripts are listed. ROS, reactive oxygen species;
RNS, reactive nitrogen species.

(Cu-responsive transcripts are marked in Supplemental Data Sets
1 and 2 online and summarized in Supplemental Data Set 2, T2,
online). From the group of intersecting transcripts, 46 were assigned CRR1 targets upon Cu deﬁciency (Castruita et al., 2011).
Calculated from the total number of C. reinhardtii genes and the
total number of anoxia-responsive transcripts from the 6-h versus
0-h comparisons, the overlap between these previously identiﬁed
CRR1 targets and the set of anoxia-responsive genes identiﬁed in
this study was signiﬁcant (hypergeometric P value = 1.7e238), indicating that the overlap was not merely due to the large number
of anoxia-responsive transcripts. In the latter study, the cutoff for
deﬁning CRR1 targets was set to a twofold difference, but we
chose to apply a more stringent ﬁlter in this work because the
much shorter time frame (6 h versus days) was likely to cause
higher variations. To determine if the expression of a gene is dependent on CRR1 and, if so, if the Cys-rich C terminus is involved,
the fold changes after 6-h anoxia in crr1 and crr1DCys mutants
were compared with those of the rescued strain (crr1:CRR1). From
all annotated C. reinhardtii v4.3 gene models, transcripts whose
fold changes after 6-h anoxia had an FDR < 0.05 in C. reinhardtii
crr1:CRR1 were used as the basis for the comparisons. Transcripts were considered as CRR1 targets when their fold changes
after 6-h anoxia were at least fourfold different from those in the
rescued strain in each both mutant colonies (see Supplemental
Data Set 2, T1, online). Though this approach resulted in loss of
the HYDA1 gene in the list (Pape et al., 2012) and possibly other
genes whose expression is only partially dependent on CRR1, it
was chosen to prevent assigning too many false positives.
Under the previous constraints, 19 genes were identiﬁed that
were misregulated in both crr1 and crr1DCys mutants (Figures

3A and 3B). Twenty-three genes were only affected in the crr1
colonies, indicating that the Cys-rich C terminus was not involved in their regulation. In crr1DCys colonies, 16 transcripts
were deregulated but showed nearly normal expression patterns
in crr1 colonies (Figures 3A and 3B, Table 1; see Supplemental
Table 5 online). From the 42 transcripts that showed abnormal
fold changes in crr1 colonies, 20 were also identiﬁed as CRR1
targets in Cu-deﬁcient C. reinhardtii cells (Castruita et al., 2011)
(Figure 3C; see Supplemental Data Set 2, T2, online).
In agreement with known CRR1 targets, most of the targets
assigned here exhibited lower fold changes in the mutants than
in the rescued strain (Figure 3B, Table 1). Transcripts that were
deregulated in both crr1 and crr1DCys mutants included the
previously characterized CRR1 targets CYC6, encoding ferredoxin5
(FDX5), and coding for Copper Transport proteins2 and 3 (CTR2
and 3) (Table 1; Quinn et al., 2002; Page et al., 2009; Terauchi
et al., 2009; Lambertz et al., 2010). Also, new putative CRR1
targets identiﬁed by Castruita et al. (2011), in Cu-deﬁcient
C. reinhardtii cultures, appeared in this set, such as Cre02.
g084400, encoding a prolyl-4-hydroxylase (P4H), GOX7 (glyoxal
or galactose oxidase), or Cre12.g512400, encoding a protein
related to nitrogen assimilation regulatory proteins (Table 1). GO
analyses indicated an enrichment of three encoded proteins
having electron carrier activity (CYC6, FDX5, and Cre12.g512400,
P value 4.7 3 1025; the latter two were also represented by the
category of metal cluster binding proteins, P value 0.002).
Putative targets only identiﬁed in the crr1 mutant colonies, but
not in the crr1DCys mutants, contained characterized CRR1
targets, too. These were CRD1, CPX1, and CTR1 (Table 1)
(Quinn et al., 2002; Allen et al., 2008; Page et al., 2009). Several
of the genes in this set were also deﬁned as CRR1 targets by
Castruita et al. (2011), such as three genes encoding P4Hs
(Cre03.g179500, Cre10.g443050, and Cre02.g084450), IRT2
(iron nutrition-responsive ZIP family transporter), HPD1
(4-hydroxyphenylpyruvate dioxygenase), and RSEP1 (intramembrane
metalloprotease). Proteins involved in the biological processes
of porphyrin biosynthesis (CPX1 and CRD1; P value 9.8 3 1024)
and metal ion transport (IRT2 and CTR1; P value 0.012) or
having oxidoreductase activity (CPX1, CRD1, HPD1, Cre03.
g179500, Cre10.g443050, and Cre02.g084450; P value 1.3 3
1024) were identiﬁed as enriched. The latter six enzymes require
O2 as a substrate, and the P4Hs were represented by the GO
molecular function category “oxidoreductase activity, acting on
paired donors, with incorporation or reduction of molecular
oxygen” (P value 2.1 3 1024). Our manual annotation revealed
11 transcripts encoding O2-dependent enzymes to be misregulated
in crr1 mutants, four of these also in the crr1DCys mutants
(Table 1).
Because the regulation of several CRR1 targets appeared to
be independent from the Cys-rich C terminus of CRR1, we
tested if crr1DCys mutants are able to grow in an anaerobic
atmosphere in the light. While crr1 mutants do not grow under
this condition (Eriksson et al., 2004), both crr1DCys colonies
grew, albeit slower than the rescued strains (Figure 4).
From the list of genes that were signiﬁcantly misregulated only
in crr1DCys colonies, 13 were not as strongly downregulated
as in C. reinhardtii crr1:CRR1 (Figure 3B; see Supplemental
Table 5 online). GO analyses indicated a single enrichment in the
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Figure 3. A Subset of CRR1-Responsive Genes Is Regulated by Both Cu Nutrition and Hypoxia.
CRR1 targets were determined in the subset of transcripts whose fold changes in the 6-h versus 0-h comparison had an FDR < 0.05 in the rescued
strain crr1:CRR1. A transcript was deﬁned as CRR1 target when its fold change after 6-h anoxia was at least fourfold different from the fold changes in
the rescued strain.
(A) Total number of anoxic CRR1 targets.
(B) Anoxic CRR1 targets differentiated between transcripts whose fold changes after 6-h anoxia were lower in the mutants compared with the rescued
strain (lower) and those whose fold changes were higher (higher).
(C) Intersection of CRR1 targets deﬁned in anoxia and in Cu deﬁciency. Anoxic CRR1 targets identiﬁed in crr1 mutants were compared with the CRR1
targets identiﬁed in Cu deﬁciency by Castruita et al. (2011).

molecular function of nucleic acid binding (P value 0.007). Our
own annotation indicated that transcripts coding for proteins
involved in gene expression, cell cycle, and cell structure were
enriched (see Supplemental Table 5 online).
Downregulation of Growth and Gene Expression
C. reinhardtii grows much slower in the dark, even in the presence of O2 and acetate (Harris, 2001). In sealed ﬂasks in the
dark, cell division of wild-type CC-124 and rescued strain crr1:
CRR1 was even more impaired (see Supplemental Figure 4A
online). This was reﬂected by reduced levels of transcripts
coding for proteins with known or proposed functions in cell
cycle, DNA synthesis, and gene expression (see Supplemental
Data Set 1, T4 and T5, online). Among those were several
transcripts probably involved in plastid division, speciﬁcally,
FTSZ1, FTSZ2, MIND1, and MINE1 (Wang et al., 2003; Maple
and Møller, 2007; Adams et al., 2008) (Table 2). Only few transcripts assigned to cell cycle regulation, circadian rhythm, or
gametogenesis accumulated (see Supplemental Data Set 1, T4,
online).
Decreased Photosynthetic Activity
The amounts of various transcripts related to photosynthesis
and the carbon concentrating mechanism decreased in the
dark-anoxic C. reinhardtii strains (see Supplemental Data Set 1,
T6, online). In total, 20 transcripts encoding light-harvesting or
other chlorophyll binding proteins were reduced in abundance.
Also, several mRNAs involved in tetrapyrrole and chlorophyll
biosynthesis were downregulated especially at the early time
point, such as CHLH1, encoding Mg-chelatase H subunit, or
GUN4, coding for a regulatory subunit of Mg-chelatase involved
in the regulation of chlorophyll biosynthesis and plastid-tonucleus signaling (Formighieri et al., 2012) (Table 2). The general
downregulation of genes associated with chlorophyll binding or
biosynthesis is supported by literature showing that dark-grown
C. reinhardtii cells have lower chlorophyll contents (Chekounova
et al., 2001; Duanmu et al., 2013) and by our own analyses of

dark-anoxic CC-124 and crr1:CRR1 cultures (see Supplemental
Figure 4B online). We analyzed if the reduced abundances of
transcripts related to photosynthesis would be reﬂected by the
status of the photosynthetic apparatus. PSII pulse amplitude
modulated chlorophyll ﬂuorescence measurements (Baker,
2008) showed that the maximum PSII quantum efﬁciency Fv/Fm
did not decrease signiﬁcantly after 6 h of self-anaerobization.
However, after 24 h, Fv/Fm of dark-anoxic cells was over 50%
reduced compared with cells cultivated in standard growth
conditions, while algae incubated under oxic conditions in the
dark did only show a 20% decrease (Figure 5A). The lowered
PSII quantum yield was reﬂected by similarly decreased photosynthetic O2 evolution rates (Figure 5B).
There were few photosynthesis-related transcripts whose
amounts increased, among those CRR1 targets known to accumulate in anaerobiosis (CPX1, CRD1, and CYC6) and transcripts
encoding a putative chlorophyll b reductase (NON-YELLOW
COLORING1 [NYC1]) and a possible chlorophyllide-a oxygenase
(Cre05.g231450).
Activation of Heterotrophic Energy Generation
Starch is degraded in anaerobic C. reinhardtii cells and, therefore, the most likely substrate for glycolysis and fermentation
(Gfeller and Gibbs, 1984; Kreuzberg, 1984). In the strains analyzed here, four transcripts related to starch metabolism (encoding soluble starch synthase II [SSS2], isoamylase [ISA1/
STA7], b-amylase [AMYB2], and a putative a-glucosidase [AGL1])
accumulated (see Supplemental Data Set 1, T7, online). Transcripts associated with glycolysis were not signiﬁcantly affected,
except GLK1, encoding glucokinase (Table 2). However, PPD1
and MME2, encoding Pyruvate phosphate dikinase1 and NADP
malic enzyme2, possibly involved in gluconeogenesis, accumulated (Table 2).
Especially at the early time point (0.5 h), the amounts of
transcripts encoding amino acid catabolic enzymes increased
(see Supplemental Data Set 1, T8, online; Figure 6). For example,
in all C. reinhardtii strains, transcripts involved in the degradation
of branched-chain amino acids were upregulated (Table 2). These
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Table 1. Putative CRR1 Targets
6-h versus 0-h Fold Changes
crr1DCys
Locus ID

Gene name

Description

CRR1 targets depending on Cys-rich C terminus
Cre17.g700950 FDX5
Ferredoxin 5
Cre16.g651050 CYC6
Cytochrome c6
Cre02.g087073
Unknown
Cre02.g084400 *
Prolyl-4-hydroxylase with ShK
domain
Cre01.g039450
DUF3611, transmembrane
Cre02.g087050
Unknown
Cre44.g787700 *GOX7
Glyoxal or galactose oxidase
Cre10.g426800
Chloramphenicol
acetyltransferase-like domain
Cre10.g444200
Unknown, transmembrane
Cre06.g265300
WD40/YVTN repeat-likecontaining domain
Cre18.g750700 *
Glyoxal or galactose oxidase
Cre01.g029700
Unknown, transmembrane
Cre10.g434350 CTR2
CTR type copper ion transporter
Cre03.g191250 LCI34
Unknown; gene is
low-CO2-inducible
Cre12.g512400
Protein related to nitrogen
assimilation regulatory proteins
Cre10.g434650 CTR3
Copper transport accessory
protein
Cre15.g645100 *
Squalene epoxidase/
monooxygenase
Cre16.g693050 SIR2
Nitrite/Sulﬁte reductase
ferredoxin-like domain
CRR1 targets independent from Cys-rich C terminus
Cre02.g137700
Unknown
Cre12.g510058
Unknown
Cre08.g372200
Unknown
Cre17.g730100 RSE1
Intramembrane metalloprotease
(peptidase M50)
Cre13.g585050
WD40/YVTN repeat-likecontaining domain,
transmembrane
Cre03.g179500 *
Prolyl-4-hydroxylase,
transmembrane
Cre18.g750800 *GOX8
Glyoxal or galactose oxidase,
transmembrane
Cre07.g318800 HSP22A
Small heat shock protein 22A
Cre10.g444250
CRAL/TRIO domain
Cre07.g346050 *CRD1
Mg-protoporphyrin IX
monomethyl ester (oxidative)
cyclase
Cre10.g443050 *
Prolyl-4-hydroxylase with ShK
domain
Cre07.g346900
Unknown, transmembrane
Cre12.g507800
Unknown, transmembrane
Cre12.g490477
WD40 domain
Cre16.g686450
α/β-hydrolase superfamily
Cre02.g084450 *
Prolyl-4-hydroxylase with
ShK domain
Cre13.g570600 CTR1
CTR-type copper ion
transporter

crr1

Cua

crr1:CRR1

#1

#2

#1

#2

Y
Y
Y

1238.1
152.5
110.7
68.3 (137.8)

21.2
0.44
5.5
20.6 (19.7)

13.4
2.2
6.3
12.4 (13.2)

0.27
1.4
12.2
3.4

0.26
1.4
1.4
1.4

Y
Yb

55.0
24.9
22.4
20.0

2.4
5.1
3.6
0.49

5.2
4.0
3.5
0.52

1.4
2.3
2.9
0.41

1.4
1.7
3.2
0.72

Yb

18.9
15.5

2.4
0.8

2.7
1.0

2.9
1.4

5.7
1.4

Y
Y

12.3
8.7 (328.7)
5.7 (35.3)
4.3 (174.5)

1.6
0.5
0.8
0.6 (37.6)

1.0
1.2
0.7
1.0 (58.0)

1.4
3.1 (60.4)
3.4 (0.4)
1.3 (58.1)

1.4
2.7 (50.7)
0.6 (0.1)
1.0 (39.1)

Y

3.8 (37.7)

1.1 (10.8)

1.0 (11.1)

0.8 (9.1)

0.8 (9.3)

Y

3.6

0.3

0.5

0.4

0.7

3.5

0.8

0.8

0.7

0.8

1.7 (15.6)

0.3

0.3

0.3 (3.9)

0.6 (4.4)

143.9 (9.9)
69.7
64.9
40.2

21.0 (20.8)
31.4
31.9
14.9

29.4 (17.5)
3.9
143.7
33.3

4.1 (0.3)
0.9
5.2
6.8

7.1 (0.2)
0.7
2.5
5.6

20.5

54.2

38.6

2.3

2.8

19.4

11.0

13.3

1.3

3.3

15.8

8.9

10.2

2.0

2.9

Y

12.4
9.8
8.9

9.3
3.0
5.7

22.5
2.7
8.0

1.7
1.2
0.7

3.1
1.5
0.7

Y

8.0

4.8

10.4

1.0

0.9

Y
Y

Y

7.1 (557.0)
6.0
5.5
5.2
5.2

0.6 (548.7)
2.7
9.7
1.0
1.7

1.4 (281.0)
4.1
18.5
1.7
2.1

0.2 (2.0)
0.4
0.7
0.4
0.9

0.2 (0.6)
0.5
0.4
0.6
0.6

Y

5.1

3.1

3.9

1.2

1.2

Y
Y

Y

(Continued)
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Table 1. (continued).
6-h versus 0-h Fold Changes
crr1DCys
Locus ID
Cre12.g530350

Gene name

Description

IRT2

Iron-nutrition responsive ZIP
(zinc/iron permease) family
transporter
Cre12.g490500 CGL78
DUF2488/Ycf54
Cre02.g085450 *CPX1
Coproporphyrinogen III
oxidase
Cre02.g136050 *HPD1
4-hydroxyphenylpyruvate
dioxygenase
Cre08.g367400 LHCSR3
Stress-related Chl a/b
binding protein
Cre03.g162800 LCI1
Unknown membrane protein;
gene is low-CO2-inducible
Only misregulated in crr1DCys colonies
Cre10.g433800 UN
Unknown
Cre12.g488450 VSP3
Extracellular matrix protein,
transmembrane
Cre16.g681750
Plasma-membrane Ca2+translocating P-type ATPase

crr1

Cua

crr1:CRR1

#1

#2

#1

#2

Y

4.3

1.5

0.8

0.5

0.6

Y
Y

3.7
3.6

7.1
6.9

9.4
2.8

0.5
0.3

0.5
0.5

Y

2.1

1.0

0.7

0.4

0.2

0.26 (6.6)

0.04 (2.7)

0.02 (3.1)

0.06 (2.0)

0.06 (1.6)

0.04 (0.52)

0.004 (0.11)

0.004 (0.47)

0.004 (0.07)

0.004 (0)

21.5
2.5

2.6
0.4

3.7
0.4

6.2
2.2

5.6
2.2

0.3

0.05

0.04

0.2

0.2

The entries in this table were selected from automated lists generated by comparisons of the transcriptomes and contain transcripts whose fold
changes after 6-h anoxia were at least fourfold lower in crr1 and/or crr1DCys mutants than in the rescued strain crr1:CRR1. The list was manually
curated with respect to aberrant RPKM values and known CRR1 targets (see Methods). In case putative targets were manually curated due to
extraordinary RPKM values in the 6-h samples, these are indicated next to the fold changes in parentheses and italics. See Supplemental Data Set
2 online for more details, such as estimated expression in RPKM and FDR. Locus IDs are from the C. reinhardtii v4.3 genome annotation on Phytozome
v8.0. An asterisk in the gene name column indicates that the gene encodes an O2-dependent enzyme. Y (yes) in the column labeled Cu shows that
a transcript is a CRR1 target in Cu deﬁciency as shown by Castruita et al. (2011). Blank spaces in the second column indicate that the gene is unnamed.
a
Deduced from Castruita et al. (2011). Blank spaces indicate that the gene was not regulated in Castruita et al. (2011).
b
The gene is Cu responsive but not deﬁned as a CRR1 target in Cu deﬁciency.

were Cre04.g228350, Cre12.g539900, and Cre06.g311050, encoding the lipoamide acyltransferase component and the a- and
b-subunits of the E1 component of 3-methyl-2-oxobutanate dehydrogenase (branched-chain keto acid dehydrogenase), as well
as Cre06.g296400, coding for a putative isovaleryl-CoA dehydrogenase (IVD), MCC1, and Cre03.g181200, encoding the
a- and b-subunits of methylcrotonoyl-CoA carboxylase (Table 2,
Figure 6). Also, ETF1 and ETF2 mRNAs accumulated in all strains
transiently in the 0.5-h samples (Table 2). ETF1 and ETF2 encode
the a- and b-subunits of electron-transfer ﬂavoprotein (ETF). ETF
accepts electrons from mitochondrial dehydrogenases and
transfers them to electron-transfer ﬂavoprotein:ubiquinone oxidoreductase (ETFQO). Thereby, the ETF/ETFQO system allows
cells to use electrons derived from diverse catabolic pathways for
respiratory energy generation.
Anaerobic C. reinhardtii Cells Degrade Fatty Acids and
Accumulate Triacylglycerol
The early and transient accumulation of transcripts encoding
four acyl-CoA oxidases and two putative peroxisomal biogenesis factors (PEX11) (Cre12.g540500 and Cre06.g263300) in
all strains pointed to a degradation of fatty acids (FAs) (Table 2;
see Supplemental Data Set 1, T4 and T9, online). Furthermore,

the amount of several transcripts related to FA, membrane lipid,
or triacylglycerol (TAG) metabolism changed (Table 2; see
Supplemental Data Set 1, T9, online). Therefore, we examined
the FA and lipid proﬁles of the C. reinhardtii wild type (CC-124)
and the crr1 mutant after 24 h of incubation under aerobic or
anaerobic conditions in the dark. The amount of total FAs per
cell decreased by ;30% in the wild type and by 16% in the crr1
mutant incubated in sealed ﬂasks. By contrast, no (minus 0.34%
in strain CC-124) or smaller (minus 6% in the mutant) changes of
the total FA content were observed in aerobically incubated
cultures (Figure 7A). The lipid analysis also showed changes in
the proﬁles of lipid classes. Amounts of the plastid membrane
lipids monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) decreased in anaerobic cells, while
TAG accumulated (Figure 7B). In both C. reinhardtii wild type
and crr1 mutants, the TAG content increased approximately
fourfold in dark-aerobic versus illuminated and aerobic cells
(from 0.15 6 0.02 to 0.63 6 0.08 fmol cell21 in the wild type and
from 0.19 6 0.10 to 0.68 6 0.11 fmol cell21 in the mutant). In
anaerobic cultures, the TAG amounts reached 1.42 6 0.71 and
1.03 6 0.17 fmol cell21 in strains CC-124 and crr1, respectively.
Enhanced TAG amounts were paralleled by increased abundances of DGTT1 transcript, encoding a type-2 diacylglycerol acyltransferase, Cre06.g287000, encoding a caleosin-like (calcium
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Except FAD3, these transcripts also increase in Cu-deprived
C. reinhardtii cultures, and FAB2 and FAD5A were described
as CRR1 targets (Castruita et al., 2011). Despite the changed
abundances of FA desaturase encoding transcripts, the desaturation
status of FAs did not change signiﬁcantly in anaerobic algae (see
Supplemental Figure 5 online).
Transcripts Involved in ROS/RNS-Based Signaling

Figure 4. An Anaerobic Atmosphere Impacts the Growth of the C.
reinhardtii crr1 Mutant.
The indicated strains (wild-type CC-124 is labeled by CRR1) were grown
to the midexponential growth phase under standard conditions. Then
they were diluted to chlorophyll concentrations of 2, 1, and 0.5 µg mL21
and spotted on two TAP agar plates. Each one of the plates was
incubated aerobically (+O2) or anaerobically (2O2) in the light (50 µmol
photons m22 s21). Photographs were taken after 5 (+O2 and 2O2 I) and 8
d of growth (2O2 II).

binding lipid body) protein, as well as LIPG2, LIPG3, CGLD15/
PGD1, and Cre11.g480250 putative lipase transcripts (Table 2).
Notably, the TAGs in dark-anaerobic wild-type cells were enriched
in 16:4 and 18:3D9,12,15 (Figure 7C). Both are the main FAs associated with MGDG, and 18:3D9,12,15 is also a major FA species
esteriﬁed to DGDG (Giroud et al., 1988) (see Supplemental Figure 5
online).
Several FA desaturase transcripts accumulated to a greater
extent in the 6-h samples of the dark-anoxic C. reinhardtii wild
type, speciﬁcally DES6, FAB2, FAD5A, and FAD3 (Table 2).

The functional category for genes involved in regulation and
signaling was one of the largest. This was not unexpected, as
the transition to anaerobiosis in the dark requires drastic metabolic rearrangements in photosynthetic aerobic organisms. In
one category, 37 protein kinase encoding transcripts appeared
as hypoxia targets (see Supplemental Data Set 1, T10, online). In
C. reinhardtii, components of hypoxia-speciﬁc signal transduction pathways are largely unknown, except for the transcription factor CRR1. A recent study reported nine homologs of
the PAS domain/heme based O2 sensor of N2-ﬁxing rhizobia,
FixL, in C. reinhardtii (Murthy et al., 2012). In the anoxic algae
analyzed here, six transcripts encoding PAS domain–containing
transmembrane proteins accumulated, among them Cre13.
g586700, which was already identiﬁed by Mus et al. (2007),
as an anoxia target, and Cre08.g373200, which was named
FXL5 and shown to bind heme and O2 by Murthy et al. (2012) (see
Supplemental Data Set 1, T10, online). These proteins might
therefore be candidates for O2 sensors in C. reinhardtii.
As one outcome of this study, we recently showed that nitric
oxide (NO) plays a role in hypoxic growth and gene expression in
the microalga (Hemschemeier et al., 2013). Especially the accumulation of two transcripts encoding heme/NO binding guanylate
cyclases, CYG11 and CYG12 (Table 2, Figure 8), was an indicator
for NO as a signaling molecule in anoxic C. reinhardtii cells. These
enzymes, also called soluble guanylate cyclases, mediate NO
signals in mammals by generating cGMP upon NO binding to their
heme groups (Koesling et al., 2004). In the strains analyzed here,
CYG11 mRNA abundance increased predominantly at the early
time point (0.5 h), while CYG12 was upregulated early and increased to higher amounts in the 6-h samples.
In animals, NO is generated from Arg during the NO-Arg cycle
(Bryan et al., 2009). In our data, OTA1, Cre16.g648350, and
GDH2 appeared as hypoxia targets (Table 2). These transcripts
encode Orn aminotransferase, Pro oxidase, and Glu dehydrogenase,
respectively, which generate Orn or deliver intermediates of the Orn
biosynthesis pathway (Figure 8). Orn is a precursor of citrulline, which
is part of the NO-Arg cycle.
Further candidates that, according to parallels in the literature,
might be involved in NO generation were the ﬂavin-containing
amine oxidases AOF1 and AOF2 and the Cu-amine oxidase
AMX2, whose transcripts accumulated (Table 2, Figure 8). Amine
oxidases were shown to be involved in polyamine induced NO
formation in Arabidopsis thaliana (Wimalasekera et al., 2011). Another NO producer might be Cre08.g360550, a homolog of fungal
Cu-containing denitrifying or respiratory nitrite reductases (Kim
et al., 2009). Cre08.g360550 was upregulated in all 0.5-h samples
(Table 2, Figure 8). Notably, also a transcript encoding a cytochrome
P450 protein homologous to NO reductases (P450nor), Cre01.
g007950 (CYP55B1), accumulated (Table 2, Figure 8).
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Table 2. Differentially Accumulating Transcripts in Dark-Anoxic versus Illuminated and Aerated C. reinhardtii Strains
CRR1
Fold Change
Locus ID

Name

Sentinel genes
Cre03.g199800 HYDA1
Cre09.g396600 HYDA2
Cre06.g296750 HYDEF
Cre06.g296700 HYDG
Cre11.g473950 PFR1
Cre17.g700950 FDX5
Cre16.g651050 CYC6
Cre02.g085450 CPX1
Cre07.g346050 CRD1

Cell division and cell cycle
Cre02.g118600 FTSZ1
Cre15.g646150 FTSZ2
Cre12.g522950 MIND1
Cre17.g720350 MINE1
Photosynthesis
Cre07.g325500 CHLH1
Cre05.g246800 GUN4

Cre12.g517700 NYC1

Cre05.g231450
Energy metabolism
Cre03.g185250 SSS2
Cre01.g032700 GLK1
Cre10.g424750 PPD1
Cre14.g629750 MME2
Cre04.g228350

Cre12.g539900
Cre06.g311050
Cre06.g296400
Cre13.g593500 MCC1
Cre03.g181200
Cre16.g687950 ETF1

Description

[FeFe]-hydrogenase 1
[FeFe]-hydrogenase 2
[FeFe]-hydrogenase
maturation factor
[FeFe]-hydrogenase
maturation factor
Pyruvate:ferredoxin
oxidoreductase
Ferredoxin 5
Cytochrome c6
Coproporphyrinogen III
oxidase
Mg-protoporphyrin IX
monomethyl ester
(oxidative) cyclase

RPKM
0h

0.5 h 6 h

crr1:CRR1

crr1DCys

crr1

Fold Change
RPKM
0h
0.5 h 6 h

Fold Change
RPKM
0h
0.5 h 6 h

Fold Change
RPKM
0h
0.5 h 6 h

76.8
19.0
8.4

3.1
5.7
4.8

8.1
3.6
7.3

54.8
20.1
1.7

3.6
4.4
10.3

8.7 140.9
2.1 19.0
11.2
2.7

2.8
5.1
11.0

5.2
1.5
2.6

45.5
18.9
3.0

5.0
5.3
10.5

4.3
2.4
4.3

55.8

4.9

4.2

13.0

10.0

7.1

20.8

9.3

2.9

22.4

11.0

4.4

4.6

8.9

31.5

6.3

6.5

21.0

7.8

5.6

4.2

3.0

8.8

8.7

29.0
0.1
103.0

0.3
1.3
0.4

310.0
419.3
23.7

1.3
0
83.5

0.4
1.0
0.3

1238
1.9
152.5 86.9
3.6 119.3

0.3
0.6
0.3

21.2
0.3
0.4
0.1
6.9 125.2

0.2
1.0
0.3

0.3
1.4
0.3

203.9

0.6

9.6

58.1

0.7

8.9 110.2

0.6

5.7

49.6

0.8

0.7

Plastid division protein
Plastid division protein
Chloroplast septum site
determinant
Chloroplast division site
determinant

28.1
15.6
44.2

0.7
0.5
0.6

0.1
0.1
0.1

22.5
15.1
41.9

1.1
1.1
1.2

0.1
0.1
0.1

36.1
18.6
45.5

1.0
1.2
1.3

0.4
0.3
0.5

19.3
11.7
27.7

0.8
1.0
0.9

0.2
0.1
0.3

26.7

0.6

0.1

21.1

0.9

0.2

19.8

1.1

0.8

13.2

1.0

0.4

Mg-chelatase, subunit H
Tetrapyrrole binding
protein involved in
plastid-to-nucleus
signaling
Putative chlorophyll
b reductase
homologous to NYC1
Putative chlorophyllidea oxygenase

121.2
52.2

0.1
0.1

0.7
0.6

65.8
38.8

0.2
0.2

0.9
1.0

99.1
43.1

0.2
0.3

0.8 115.2
1.2 57.4

0.2
0.1

0.6
0.6

1.6

2.2

5.1

4.5

2.4

6.5

5.3

3.5

2.9

4.8

4.0

6.6

2.3

4.6

2.7

4.5

5.6

8.0

4.9

5.2

3.6

5.7

7.3

6.9

Soluble starch synthase II
Glucokinase
Pyruvate phosphate
dikinase
NADP-dependent malic
enzyme
Lipoamide acyltransferase
of branched-chain a-keto
acid dehydrogenase
complex
3-Methyl-2-oxobutanate
dehydrogenase E1, a
3-Methyl-2-oxobutanate
dehydrogenase E1, b
Putative isovaleryl-CoA
dehydrogenase
Methylcrotonoyl-CoA
carboxylase a
Methylcrotonoyl-CoA
carboxylase b
Electron transfer
ﬂavoprotein a-subunit

13.9
29.9
0.6

6.5
0.8
12.3

5.3
0.4
58.6

21.9
24.3
0.1

4.6
0.9
1.1

8.5
0.2
10.4

23.3
32.3
0.1

6.2
0.9
2.2

4.8
0.5
18.6

40.5
23.7
0.1

4.1
0.9
0.5

4.4
0.4
6.2

12.6

1.7

6.2

12.2

1.6

2.9

13.7

1.9

10.4

15.9

2.0

1.7

1.4

7.6

2.7

6.0

6.7

7.9

7.2

6.1

2.9

7.0

6.4

5.6

1.0

7.1

2.3

1.8

5.4

7.9

3.1

5.1

3.2

3.0

3.9

4.8

2.8

3.2

2.5

5.0

4.3

5.5

6.9

4.3

2.9

7.0

3.7

3.9

4.7

7.5

3.5

9.2

4.4

5.8

14.1

3.7

2.9

13.6

4.4

4.2

1.9

8.0

1.6

3.4

5.2

7.3

6.3

3.6

1.7

6.2

4.0

3.8

2.0

10.2

4.6

6.2

6.3

7.7

11.8

4.9

2.8

14.5

4.8

4.8

2.7

4.0

1.6

3.2

5.6

6.3

4.5

6.8

3.3

4.8

5.5

5.1

(Continued)
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Table 2. (continued).
CRR1
Fold Change
Locus ID

Name

Cre27.g775600 ETF2
Lipids and FAs
Cre16.g687350
Cre16.g695100
Cre05.g231950

Description

Electron transfer
ﬂavoprotein b-subunit

Acyl-CoA oxidase
Acyl-CoA oxidase
Acyl-CoA oxidase,
C terminal
Cre11.g467350
Acyl-CoA oxidase
Cre12.g557750 DGTT1
Diacylglycerol
O-acyltransferase
Cre12.g498750 LIP2
TAG lipase
Cre17.g698600 LIP3
TAG lipase
Cre03.g193500 PGD1
Galactoglycerolipid lipase
Cre11.g480250
TAG lipase
Cre06.g287000
Caleosin-related protein
Cre13.g590500 DES6
Plastid v6 FA desaturase
Cre17.g701700 FAB2
Plastid D9 stearate
desaturase
Cre09.g397250 FAD5A
MGDG-speciﬁc palmitateD7
desaturase
Cre01.g037700 FAD3
Putative linoleate
desaturase
ROS/reactive nitrogen species and stress
Cre07.g320750 CYG12
Heme-NO binding
guanylate cyclase
Cre07.g320700 CYG11
Heme-NO binding
guanylate cyclase
Cre11.g474800 OTA1
Orn transaminase
Cre16.g648350
Pro oxidase
Cre05.g232150 GDH2
Glu dehydrogenase
Cre09.g389250 AOF1
Flavin-containing amine
oxidase
Cre10.g447750 AOF2
Flavin-containing amine
oxidase
Cre01.g000650 AMX2
Copper amine oxidase
Cre08.g360550 ERM3
NO-forming nitrite
reductase
Cre01.g007950 CYP55B1 Cytochrome P450,
putative NO reductase
Cre16.g661200 THB8
Truncated hemoglobin
Cre16.g661000 THB7
Truncated hemoglobin
Cre16.g663000 THB12
Truncated hemoglobin
Cre03.g188400 RBO2
Respiratory burst oxidase
Cre01.g010500
Mitochondrial ROS
modulator 1-like
Cre07.g346100
Endonuclease V

RPKM
0h

0.5 h 6 h

crr1:CRR1

crr1DCys

crr1

Fold Change
RPKM
0h
0.5 h 6 h

Fold Change
RPKM
0h
0.5 h 6 h

Fold Change
RPKM
0h
0.5 h 6 h

3.4

3.5

1.4

7.9

3.5

3.6

7.3

3.4

2.0

8.0

3.5

3.1

11.0
27.6
19.6

8.9
2.6
4.3

1.8
1.2
0.8

21.1
15.4
17.9

6.0
3.6
5.5

3.9
1.5
4.1

19.9
19.8
18.5

5.9
3.4
6.0

1.5
0.7
1.6

28.4
20.9
23.9

5.0
2.4
4.5

2.7
1.0
2.8

37.8
2.0

3.7
1.0

0.6
2.8

27.0
1.9

4.5
1.3

1.8
3.2

25.4
1.4

5.1
0.7

1.2
4.0

32.6
1.0

4.8
1.3

2.2
7.0

1.7
1.1
2.5
6.1
2.3
160.3
98.4

1.7
1.3
1.1
2.9
1.5
1.0
0.7

4.4
2.2
4.7
1.2
1.6
3.1
1.5
8.3
2.8
0.2
13.7 476.2
6.8 92.1

3.8
2.1
2.5
2.9
2.0
1.1
0.8

6.6
2.1
6.8
1.7
4.2
4.2
2.5
4.9
20.7
0.7
4.2 908.6
3.8 120.1

4.7
1.2
2.8
2.7
1.0
1.2
0.8

5.2
2.1
1.8
1.7
2.0
5.1
2.8
6.4
10.0
0.7
2.2 883.3
2.1 118.3

4.0
0.8
2.3
2.9
0.5
1.2
0.8

6.1
2.6
3.0
3.8
6.9
2.3
1.1

52.2

0.2

5.0

63.7

0.2

2.0

74.2

0.2

1.0

87.5

0.3

0.7

40.8

0.2

2.5

43.4

0.2

1.0

60.5

0.1

1.5

58.6

0.1

0.5

0.3

8.5

23.9

3.5

1.7

3.1

3.0

2.3

2.7

4.5

2.4

3.6

0.3

17.5

0.7

3.9

2.1

1.5

1.2

3.5

1.3

1.4

5.7

2.5

17.5
3.7
26.8
29.6

1.5
6.8
2.6
0.3

6.6
2.1
1.8
5.8

18.5
4.1
22.3
18.0

1.5
3.1
3.7
0.2

1.5
4.8
10.0
2.1

27.2
7.1
31.1
17.6

1.7
2.4
3.7
0.2

1.3
1.4
2.4
1.8

25.2
6.0
37.5
17.6

1.8
1.5
3.5
0.2

1.0
2.8
5.4
0.8

3.5

3.1

0.6

1.7

4.2

3.2

3.4

3.7

1.1

3.4

3.5

2.5

0.7
1.1

2.2
6.5

4.1
1.6

1.0
3.7

3.8
2.5

8.8
0.8

1.6
5.4

2.8
2.6

5.2
0.5

1.0
5.2

2.3
2.8

14.0
1.1

5.6

7.3

1.8

1.2

4.0

6.1

2.1

3.9

2.1

1.2

3.2

2.8

0.01
2.3
3.1
3.4
25.5

2.9
3.2
4.1
3.2
0.7

1690
9.9
3.5
7.7
0.3

0
3.0
2.1
1.8
20.9

11.8
3.1
3.3
2.1
0.7

837.5
8.2
4.3
1.7
0.3

0
2.5
2.0
0.9
30.2

48.2
5.2
4.8
2.8
0.4

1295
6.6
2.3
1.2
0.3

0
8.8
3.1
0.6
25.2

56.1
3.3
4.2
3.9
0.5

4926
4.7
2.9
2.7
0.2

4.4

5.7

1.0

2.7

1.9

1.5

5.3

1.3

1.0

3.2

0.7

0.6

Genes shown are discussed in the text and in the order of appearance. Blank spaces in second column indicate unnamed genes. Locus IDs are from the
C. reinhardtii v4.3 genome annotation on Phytozome v8.0. Functional annotations were manually curated when required, as described in the
Supplemental Methods 1 online. Estimated expression levels (in units of RPKM) in the illuminated and aerated precultures (0 h, in bold) as well as fold
changes after 0.5 and 6 h of dark-anoxic incubation relative to the 0-h time point are shown for each clone #1 of the analyzed strains. CRR1 stands for
the wild-type CC-124. When a control expression value is depicted as zero, the transcript was not detectable at the sequencing level used in this work.
In such cases, the fold changes were computed after imputation of missing values. Supplemental Data Set 1 (T1 to 13) online shows expression values
for all samples and FDRs for all comparisons.
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oxidases in C. reinhardtii, accumulated after 0.5 h (Table 2). Additionally, amounts of transcript Cre01.g010500, encoding a mitochondrial ROS modulator 1 (Romo 1)-like transmembrane
protein, decreased three- to fourfold (Table 2, Figure 8). Patterns
of several transcripts in anoxic C. reinhardtii strains indicated that
the cells activated stress defense systems. For example, an endonuclease V encoding transcript was upregulated (Table 2). The
latter protects E. coli speciﬁcally against DNA- damage caused by
NO and nitrous acid (Schouten and Weiss, 1999; Weiss, 2006).
Also, four hybrid cluster/prismane protein (HCP) encoding
transcripts (HCP1-HCP4) accumulated in the anoxic algae (see
Supplemental Data Set 1, T12, online) as has been shown before
(Mus et al., 2007). HCP2 and HCP3 are also upregulated in Cudeﬁcient cells (Castruita et al., 2011). E. coli HCP has peroxidase
activity and protects the cells from oxidative stress (Almeida
et al., 2006). It might also be involved in NO defense, together
with respiratory nitrite reductase (Filenko et al., 2007).
Darkness as Regulatory Stimulus

Figure 5. Impact of Light and Oxygen on Photosynthetic Parameters of
the C. reinhardtii Wild Type.
(A) Maximum PSII quantum efﬁciency determined in culture aliquots incubated in the measuring cuvette in the dark for 15 min.
(B) O2 evolution rates determined from the same cultures analyzed in (A)
prior to the chlorophyll ﬂuorescence measurements.
Cultures had a cell density of 3 3 106 cells mL21 at 0 h. Values of three
independent experiments are shown. Error bars 5 SD.

A speciﬁc downstream target of the NO-based signaling
cascade could not be identiﬁed. However, a novel component
of the regulatory network is a truncated hemoglobin (2/2Hb)
encoded by transcript Cre16.g661200, which accumulated 103fold from hardly detectable levels in the noninduced state (Table
2, Figure 8) and which we termed TRUNCATED HEMOGLOBIN8
(THB8; Hemschemeier et al., 2013). Two additional 2/2Hb
transcripts accumulated in all strains, namely, Cre16.g661000
(THB7) and Cre16.g663000 (THB12), but the fold changes were
much lower (ﬁvefold to 10-fold) (Table 2).
Besides NO, reactive oxygen species (ROS) are important
second messengers of the response to hypoxia in plants (BaileySerres and Chang, 2005; Blokhina and Fagerstedt, 2010;
Licausi, 2011) and mammals (Brüne and Zhou, 2003; Fuchs
et al., 2010; Ho et al., 2012). Our transcript proﬁles indicated that
ROS might play a role in dark-anoxic C. reinhardtii cultures
(Figure 8) (see Supplemental Data Set 1, T11, online). The RBO2
transcript, which encodes one of two isoforms of respiratory burst

In Arabidopsis, transcriptional and posttranscriptional responses to darkness versus O2 deprivation overlap signiﬁcantly
(Juntawong and Bailey-Serres, 2012). We tested the effect of
a light-dark shift on transcripts selected from several functional
groups described above by two types of control experiments.
First, light-grown cultures of the C. reinhardtii wild-type
CC-124 were transferred to open beakers in the dark and stirred
well to ensure efﬁcient aeration (dark-oxic incubation) (see
Supplemental Figure 6A online for a scheme of the experimental
setup). Second, cells were incubated in sealed ﬂasks in the
dark for 2.5 h to establish anaerobiosis before transferring
these cells to open beakers in the dark (reaeration) (see
Supplemental Figure 6B online). In both cases, control cells
were also kept in sealed ﬂasks in the dark. RNA was isolated
after various time points and analyzed by HYDA1 RNA hybridization (Figure 9) and qRT-PCR analyses. The HYDA1 RNA hybridizations showed that HYDA1 transcript amounts moderately
increased after 0.5 h also in cells incubated in open beakers but
the signal decreased afterwards (Figure 9A). This pattern was
conﬁrmed by qRT-PCR analyses on the same samples (Figure
10). Upon reaeration, HYDA1 transcript levels in anaerobic
C. reinhardtii cells decreased rapidly: After 60 min, HYDA1 levels
were as low as in the control sample (0 h) (Figure 9B). In a reﬁned
setup, HYDA1 amounts decreased already after 15 min of reaeration (Figures 9C and 10). A similar pattern was observed
analyzing other transcripts related to H2 production, HYDA2,
HYDEF, and HYDG (the latter two encoding speciﬁc [FeFe]hydrogenase maturases; Posewitz et al., 2004) (see Supplemental
Figure 7 online) and cDNAs involved in pyruvate metabolism,
PFR1 (Figure 10) and PPD1 (see Supplemental Figure 7 online). In
case of known or putative CRR1 targets, no or only a moderate
increase of transcript amounts was observed in dark-oxic cells.
However, the abundance of all analyzed CRR1 targets decreased
upon reaeration, though not as fast as HYDA1 (see CYC6 and
CPX1 in Figure 10 or Cre12.g512400 and FDX5 in Supplemental
Figure 7 online).
In contrast with the transcripts described above, cDNAs involved in growth or photosynthesis did not respond differently to
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Figure 6. Regulation of Genes Involved in Energy-Generating Pathways.
The ﬁgure summarizes pathways employed for energy generation and indicates proteins whose transcript amounts increased (red), decreased (blue), or
stayed unchanged (light gray) in anoxic C. reinhardtii CC-124 (CRR1) cells. O2-dependent enzymes are marked by a blue O2 label. The accumulation of
various transcripts involved in amino acid catabolism indicated that, in parallel to starch, the cells used amino acids as a substrate for heterotrophic ATP
synthesis, possibly via gluconeogenesis and the glyoxylate cycle.
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Figure 7. Proﬁles of FAs and Lipids.
The total content of FAs (A), the amounts of FAs associated with TAG or membrane lipids (B), and proﬁle of FA species associated with TAG (C) were
analyzed in C. reinhardtii wild-type CC-124 (CRR1) and crr1 mutant cells grown aerated in the light (white bars) and then transferred to open beakers
(light gray bars, dark +O2) or sealed ﬂasks (dark gray bars, dark 2O2) in the dark for 24 h. Values shown are the averages of biological triplicates. Error
bars indicate SD. Asterisks indicate that the difference between samples incubated anaerobically versus aerobically in the dark was signiﬁcant (P value <
0.05). SQDG, sulfoquinovosyldiacylglycerol; PG, phosphatidylglycerol; DGTS, diacylglyceryl-N,N,N-trimethylhomoserine; PE, phosphatidylethanolamine; PI, phosphatidylinositol.

dark-oxic or dark-anoxic conditions. Abundances of the transcript
encoding Plastid division protein1 (FTSZ1) and Mg-chelatase
subunit H (CHLH1) (Figure 10) as well as LHCSR1 (coding for
a stress-related chlorophyll a/b binding protein) and CAH1 (carbonic anhydrase) (see Supplemental Figure 7 online) decreased
independently from the presence or absence of O2, and they
showed no signiﬁcant response to reaeration.

An intermediate response was observed for transcripts encoding
enzymes involved in amino acid catabolism. Cre03.g181200
(coding for methylcrotonoyl-CoA carboxylase, b-subunit) (Figure
10) and Cre06.g296400 (encoding a putative isovaleryl-CoA dehydrogenase) (see Supplemental Figure 7 online) had signiﬁcantly
increased amounts under both dark-oxic and dark-anoxic conditions, but their abundances in anaerobiosis were moderately
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Figure 8. ROS/NO Production, Signaling, and Detoxiﬁcation Pathways.
Upregulated transcripts and the encoded proteins, respectively, are shown in red, and downregulated transcripts (proteins) are colored in blue. Not
signiﬁcantly regulated transcripts (enzymes) are indicated by gray boxes. Blue O2 labels mark O2-dependent steps. Question marks indicate uncertain
pathways.

higher. A similar pattern was observed for ETF1 (electron transfer
ﬂavoprotein, a-subunit) (see Supplemental Figure 7 online).
Transcripts from functional categories that we thought were
interesting in the context of O2 sensing and signaling, such as
CYG12 (heme/NO binding guanylate cyclase) (Figure 10) and
two transcripts encoding proteins with putative functions in
regulatory steps (Cre16.g668550, RING-type Zn-ﬁnger protein;
Cre03.g209200, protein with RNA recognition motif) (see
Supplemental Figure 7 online) responded moderately to darkoxic conditions, but increased signiﬁcantly only in dark-anoxic
cells and decreased upon reaeration. Both HCP4 and HCP3
cDNAs, coding for hybrid cluster proteins, accumulated strongly
but transiently in dark-oxic C. reinhardtii cells, while their
amounts decreased upon longer incubation in the presence of

O2 or upon reaeration (Figure 10; see Supplemental Figure 7 online). Selected transcripts encoding O2-dependent enzymes were
Cre02.g084400 (P4H) (Figure 10), HPD1 (4-hydroxyphenylpyruvate
dioxygenase), and Cre16.g657200 (glyoxal/galactose oxidase)
(see Supplemental Figure 7 online). These three transcripts responded only moderately to darkness when air was present and
their abundances in anaerobic algal cells decreased when air
was reintroduced, conﬁrming that their expression is dependent
on O2 rather than darkness.
We examined if the observed effects of darkness were due to
the abrupt stop of photosynthetic activity or to a sudden change
of intracellular O2 concentrations, respectively. This was done
by analyzing transcript abundances in C. reinhardtii cells pretreated with the speciﬁc PSII inhibitor 3-(3,4-dichlorophenyl)-
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decreased signiﬁcantly in DCMU-treated cells and then further
when these cells were transferred to darkness (Figure 11).
DISCUSSION

Figure 9. Impact of O2 on HYDA1 Transcript in the Dark.
(A) Cells were incubated for the indicated time points in open (+O2, lightgray bar) or sealed (2O2, dark-gray bar) ﬂasks in the dark. Cell concentrations at 0 h (white bar) were 2.2 3 106 cells mL21.
(B) and (C) Light-grown cells (0 h, white bar) were incubated for 2.5 h in
sealed ﬂasks in the dark (dark-gray bar) and then transferred to open
beakers in the dark (+O2, light-gray arrow) or kept in sealed ﬂasks (2O2,
dark-gray arrow) for the indicated time points. Cell numbers of the precultures were 2.7 (B) and 2.2 3 106 cells mL21 (C).
RNA was isolated at the depicted time points. HYDA1 RNA hybridization
was conducted with an HYDA1-speciﬁc probe. RCK1 (CBLP, Cre13.
g599400) served as the reference transcript. Supplemental Figures 6A
and 6B online provide schemes of the experimental setups.

1,1-dimethylurea (DCMU) in the light before they were
transferred to dark-oxic or dark-anoxic conditions (Figure 11).
RNA was ﬁrst isolated from the algae grown aerated in the light,
then from cells incubated for 1 h in the presence of DCMU in the
light and ﬁnally after 0.5-h dark-oxic or -anoxic conditions (see
Supplemental Figure 6C online for a scheme of the experimental
setup). Some of the analyzed transcripts did not or not strongly
respond to DCMU in the light and still responded to darkness.
These were HYDA1, HYDEF, PFR1, and Cre02.g084400 (P4H),
which were identiﬁed to be upregulated upon the transfer to
darkness before, as well as CPX1 and CHLH1, whose amounts
decreased in cells incubated in the dark for 0.5 h (Figure 11).
Some of the transcripts that had not shown a signiﬁcant reaction
to darkness before were also not inﬂuenced by DCMU, such as
HPD1 and Cre16.g657200 (glyoxal/galactose oxidase) (Figure
11). The abundances of transcripts associated with amino acid
catabolism, by contrast, increased signiﬁcantly already in the
light when photosynthetic O2 evolution was blocked by DCMU:
Cre03.g181200 (methylcrotonoyl-CoA carboxylase, b-subunit),
Cre06.g296400 (putative isovaleryl-CoA dehydrogenase), and
ETF1, and their amounts did not further increase upon the
transfer to darkness (Figure 11). An intermediary response was
observed for CYG12, HCP3, HCP4, and IRT2, whose amounts
were enhanced in illuminated, DCMU-treated cells and increased further upon a transfer to darkness (Figure 11). Notably,
the relative amounts of CYC6 (cytochrome c6), which are quite
low in C. reinhardtii incubated in the presence of Cu and O2,

We applied RNA-Seq technology to analyze the role of the
CRR1 transcription factor and its Cys-rich C terminus in the
hypoxic response of C. reinhardtii. Furthermore, we aimed to
reveal transcriptional patterns that would allow us to deﬁne the
strategies that wild-type cells use to deal with limitations in O2.
The experimental setup of self-anaerobization was chosen to
mimic natural conditions, as one might envision a gradual
decrease of O2 concentrations in shallow waters or soil by respiratory activity in the dark. Thereby, this study differed from
former microarray-based transcriptome analyses, which examined concentrated cell suspensions resuspended in buffer and
purged with argon in the dark (Mus et al., 2007). This difference
was reﬂected in that only ;40 transcripts indicated as targets in
the latter study were also regulated here. Even though both the
C. reinhardtii strains (CC-425; cw15, sr-u-60, arg7-8, mt+) used by
Mus et al. (2007) and the methodology of the transcriptome analyses
differ and prevent a proper comparison between both studies, one
can imagine that the microalgae will react quite differently when O2 is
removed abruptly. Furthermore, Mus et al. (2007), resuspended the
cells in buffer, so that the cells might have also reacted to the absence
of nutrients and acetate. By contrast, the system used here was inherently more prone to variability because of its dependence on the
metabolic activity of the culture. This can be assessed from the
HYDA1 RNA hybridization analyses (Figure 1) and the standard deviations of the qRT-PCR analyses shown in Figures 10 and 11 and
Supplemental Figure 7 online. Nevertheless, the chosen setup of selfanaerobization resulted in the expected responses of all known and
well-studied hypoxia and CRR1 targets and several of the enriched
functional categories reﬂected physiological acclimation strategies
supported by the literature and our own analyses.
Dark-Anoxic C. reinhardtii Cells Downregulate
Growth and Photosynthesis
The response of plants, mammals, and bacteria to low-O2 stress
has been analyzed by whole-genome approaches before. The
public availability of the data sets led to a comparative study
evaluating common and plant-speciﬁc responses (Mustroph
et al., 2010). Conserved responses include the downregulation
of genes associated with protein synthesis and oxidative metabolism and the accumulation of transcripts involved in primary
carbon metabolism and stress defense (Mustroph et al., 2010).
The transcript proﬁles obtained from the C. reinhardtii strains
analyzed here reﬂected these conserved strategies. The expected patterns included an overall decrease of transcripts involved in cell growth (see Supplemental Data Set 1, T4 and T5,
online) and photosynthesis (see Supplemental Data Set 1, T6,
online). Both trends were supported by physiological analyses
showing that C. reinhardtii cells transferred to dark anoxia grew
much slower, had lower chlorophyll contents, and exhibited
reduced PSII quantum yields. In view of these data, it can be
assumed that the few cell division–related transcripts whose
amounts increased exert negative control functions and that the

Figure 10. Effect of O2 on Transcript Abundances Estimated by qRT-PCR.
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photosynthetic transcripts that accumulated have a role in the
acclimation of a photosynthetic organism to prolonged darkness. For example, the increased amounts of transcripts encoding a putative chlorophyll b reductase homologous to NYC1
and a putative chlorophyllide-a oxygenase (Cre05.g231450) in
all examined strains indicated an activation of the chlorophyll
cycle. This cycle, which interconverts chlorophyll a and chlorophyll b, and the chlorophyll b reductase NYC1 in particular, have
been shown to be important regulating factors of chlorophyll
and light-harvesting complex degradation during senescence in
higher plants (Horie et al., 2009; Sato et al., 2009; Tanaka and
Tanaka, 2011).

Amino Acids and FAs Might Contribute to Energy
Generation in Anoxia
In agreement with the conserved responses to anaerobiosis
deﬁned by Mustroph et al. (2010), the RNA-Seq data of darkanoxic C. reinhardtii cells showed increased abundances of
transcripts related to heterotrophic energy generation and electron disposal (see Supplemental Data Set 1, T7 to T9, online). In
the absence of O2, the generation of sufﬁcient energy is a major
challenge for aerobes. Our transcriptome data indicated that
C. reinhardtii resorts to all available energy sources when transferred to darkness and O2 limitation. The presence of transcript
data from an early time point after the transfer to darkness (0.5-h
samples) made it possible to distinguish between early and late
responses. The early accumulation of transcripts encoding amino
acid catabolic enzymes suggests that C. reinhardtii resorts ﬁrst to
amino acid degrading pathways (Figure 6). Especially transcripts
related to branched-chain amino acid degradation accumulated,
but also transcripts coding for Tyr, Trp, and Phe catabolic enzymes. Together with the parallel and transient upregulation of
ETF1 and ETF2 (encoding the a- and b-subunit of electron
transfer ﬂavoprotein), this transcription pattern was reminiscent of
Arabidopsis, in which genes involved in protein and amino acid
degradation are upregulated when the plants are subjected to
darkness and/or Suc starvation (Buchanan-Wollaston et al., 2005;
Caldana et al., 2011). In Arabidopsis, genetic and metabolic data
indicate that the plants oxidatively degrade mainly Leu, Ile, Val,
Phe, Trp, and Tyr and transfer the electrons to the mitochondrial
electron transport chain via electron-transfer ﬂavoprotein and
electron-transfer ﬂavoprotein:ubiquinone oxidoreductase (Ishizaki
et al., 2005; Ishizaki et al., 2006).
In Arabidopsis, the catabolism of amino acids was also proposed to fuel the tricarboxylic acid (TCA) cycle (Caldana et al.,
2011). In anaerobiosis, a condition marked by low redox potential,
feeding a pathway that generates reducing equivalents might be

17 of 26

counterproductive. However, the only TCA cycle–related transcripts whose amounts were reduced in the 6-h samples of most
C. reinhardtii strains analyzed here were OGD1 and OGD2, encoding the E1 and E2 subunits of 2-oxoglutarate dehydrogenase,
SCL1 (succinyl-CoA synthetase a-subunit) and CIS2 (peroxisomal citrate synthase) (Figure 6; see Supplemental Data Set 1,
T7, online). 2-Oxoglutarate dehydrogenase and succinyl-CoA
synthetase are speciﬁc for the TCA cycle. Transcripts coding for
enzymes shared by the TCA cycle and the glyoxylate cycle were
not signiﬁcantly regulated (Figure 6). It might be proposed that the
glyoxylate cycle was employed to convert amino acids to fermentable substrates also after the onset of anaerobiosis. The
cycle is active in anaerobic C. reinhardtii cells (Gibbs et al., 1986;
Willeford and Gibbs, 1989) and dark-anoxic algae excrete
ammonium (Aparicio et al., 1985). The products of amino acid
degradation might be used for gluconeogenesis, whose induction
was indicated by increased amounts of the pyruvate:phosphate
dikinase transcript PPD1 and MME2, a transcript encoding an
NADP-dependent malic enzyme. The fermentative enzyme
pyruvate:ferredoxin oxidoreductase (PFR1), the transcript of which
was the only one involved in pyruvate fermentation which accumulated signiﬁcantly, might help to maintain redox balance. We
showed recently that PFR1 not only oxidizes pyruvate but also
oxaloacetate (Noth et al., 2013). PFR1 provides reduced ferredoxin
and thereby allows H2 generation by the [FeFe]-hydrogenases. The
generation of H2 has a physiological advantage because reducing
equivalents are reoxidized upon the generation of a diffusible and
nontoxic fermentative end product.
A rather unexpected observation was the early (0.5 h) and
transient accumulation of acyl-CoA oxidase transcripts and the
degradation of FAs in dark-anoxic C. reinhardtii cells. Acyl-CoA
oxidases are O2-dependent enzymes; yet, the decrease of FA
content was more pronounced in anaerobic cultures (Figure 7A).
Anaerobic oxidation of FAs occurs in bacteria (Campbell et al.,
2003) and might be possible in C. reinhardtii.
Dark-Anoxic C. reinhardtii Cells Employ a Distinct Pathway
of TAG Biosynthesis
Despite the decrease of total FAs, the dark-anoxic algal cells
accumulated TAGs. The amount of TAGs (1 to 2 fmol cell21) was
considerably lower than that observed in N-deprived cells (;20
fmol cell21 after 48 h), but in the range of TAG accumulation
reported for other nutritional stress conditions, like phosphorous
(P) or Zn deﬁciency (Boyle et al., 2012). Under the conditions
applied here, TAG might accumulate as a general reaction to
stress (Kropat et al., 2011; Liu and Benning, 2013; Merchant
et al., 2012) or, as discussed below, serve as storage for certain
FA species.

Figure 10. (continued).
(A) Cells were incubated aerobically (+; light-gray bars) or anaerobically (–; dark-gray bars) in the dark (see Supplemental Figure 6A online).
(B) Cell suspensions were ﬁrst incubated for 2.5 h in sealed ﬂasks in the dark (2.5-; dark-gray bar) and then transferred to open beakers in the dark
(+; light gray arrows) or kept in sealed ﬂasks (–; dark gray arrows) (see Supplemental Figure 6B online).
In all cases, RNA was isolated also from precultures grown aerated in the light (0; white bars). Relative transcript abundances were calculated relative to
the RCK1 transcript (CBLP, Cre13.g599400). Values shown are from biological triplicates, analyzed in technical triplicates. Error bars 5 SD.

18 of 26

The Plant Cell

Figure 11. Preincubation with DCMU Affects Dark-Induced Transcript Accumulation.
C. reinhardtii wild-type CC-124 was grown under standard conditions in the light until a cell density of 3 3 106 cells mL21. Then, the culture was split in two
and 2.5 µM of the speciﬁc photosystem II inhibitor DCMU was added to one aliquot, while an equivalent volume of ethanol was added to the other. After
further incubation in the light for 1 h, each cell suspension was transferred to either open beakers (+) or sealed ﬂasks (–) in the dark for 0.5 h. RNA was
isolated before the preculture was split (indicated by 21h), after 1-h incubation in the light with (dark-gray bars) or without (light-gray bars) DCMU (0h) and
after 0.5 h of incubation in the dark (0.5h+ and 0.5h2). Transcript abundances were calculated relative to the RCK1 transcript (CBLP, Cre13.g599400).
Values shown are averages of biological replicates. Error bars 5 SD. See Supplemental Figure 6C online for a scheme of the experimental setup.

TAG accumulation was accompanied by increased abundances of DGTT1, encoding diacylglycerol O-acyltransferase.
According to its transcriptional upregulation in N-starved
C. reinhardtii cells, DGTT1 has been implicated in TAG biosynthesis
(Miller et al., 2010; Boyle et al., 2012). DGTT1 transcription is

enhanced in several nutritional stress conditions (-Fe, -Zn, -S, and
-P) in addition to N starvation (Boyle et al., 2012), indicating that
DGTT1 is involved in stress-triggered TAG accumulation in general.
The putative lipases whose transcripts accumulated to various
degrees in all examined strains (LIPG2, LIPG3, CGLD15/PGD1, and
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Cre11.g480250) might be responsible for releasing FAs for oxidative degradation or TAG synthesis. In the case of CGLD15/PGD1,
its role in TAG accumulation has been established (Li et al., 2012).
LIPG2 and two further putative TAG lipase encoding genes (Cre02.
g127300 and Cre07.g350000) are induced upon N starvation and
were also discussed to be involved in TAG synthesis (Boyle et al.,
2012). Lipid droplet formation in anoxic C. reinhardtii cells might be
supported by the caleosin-like (calcium binding lipid-body) protein
Cre06.g287000, whose transcript increased threefold to 20-fold.
Cre09.g405500, encoding the major lipid droplet protein of the lipid
droplet proteome and involved in lipid droplet size regulation
(Moellering and Benning, 2010), increased moderately (approximately twofold) in all strains, too (see Supplemental Data Set 3
online).
The overlap between TAG biosynthesis–related transcripts
accumulating upon N and O2 deprivation was relatively small.
Moreover, both the signiﬁcantly smaller amounts of TAG produced
in dark-anaerobic C. reinhardtii cultures and the proﬁle of FAs associated with TAG suggest that the mechanism of lipid production
differs under both conditions. While in TAG in N-deprived cells, the
amount of de novo–synthesized FA 18:1D9 increases (Boyle et al.,
2012), the TAGs in dark-anaerobic wild type cells were enriched in
16:4 and 18:3D9,12,15 instead (Figure 7C). Both are the main FAs
associated with MGDG, and 18:3D9,12,15 is also a major FA species of DGDG (Giroud et al., 1988) (see Supplemental Figure 5
online). In view of the decrease of MGDG and DGDG amounts in the
anoxic algae, a redistribution of the polyunsaturated FAs from the
major plastid lipids MGDG and DGDG to TAGs seems likely, reﬂecting disassembly of the photosynthetic machinery. The storage
of FAs typically associated with major plastid membranes might be
a strategy for the rapid resynthesis of thylakoid membranes upon
reillumination.
CRR1 Might Integrate Metal Availability and O2 Sensing
We compared the transcript proﬁles of C. reinhardtii crr1 mutants to those of the rescued strain because CRR1 is the only
transcription factor known so far that is involved in hypoxic gene
expression. About 40 genes were misregulated in the mutants,
and 20 of these are also CRR1 dependent in Cu deﬁciency
(Castruita et al., 2011). Together with the observation that 83 of
all anoxia-responsive transcripts were differently expressed also
in Cu deprivation, these results show that the group of genes
sensitive to both stimuli and putatively regulated by CRR1 under
both conditions is larger than previously realized.
The physiological reason for the close interaction of Cu and
O2 limitation signaling networks is still unclear. One hypothesis
suggests that, as Cu becomes insoluble under anaerobic conditions, Cu-deﬁcient algae might anticipate hypoxia and vice
versa. However, this model could not be conﬁrmed, as hypoxic
algae still contain the holo-form of the Cu-containing plastocyanin protein, which is a marker for the bioavailable Cu status
(Merchant and Bogorad, 1986; Quinn et al., 2002). Still, as the O2
concentration generally inﬂuences the bioavailability of metals
(Anbar, 2008) and pathways regulating metal homeostasis interact frequently (Merchant et al., 2006), a role of CRR1 and its
subdomains, respectively, in governing reactions to stimuli altering metal homeostasis may be suggested.
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CRR1 is necessary also for C. reinhardtii to grow in Zn deﬁciency (Malasarn et al., 2013) and deletion of its C terminus
results in extraordinary Zn accumulation and increased transcript abundances of Zn-responsive genes in replete medium
(Sommer et al., 2010). CRR1 is also required for growth in low Fe
(Eriksson et al., 2004), and this might be attributed to loss of
IRT2 expression, encoding a ZIP (zinc/iron permease) family
transporter, in the crr1 mutant but not in wild-type cells or the
rescued strain (Table 1) (Chen et al., 2008). The concept of anaerobiosis changing mechanisms of metal assimilation and/or
the demand for certain metal species in C. reinhardtii may additionally be deduced from the fact that 17 transcripts related to
metal transport or distribution changed in the anoxic strains
analyzed here (see Supplemental Data Set 1, T3, online).
We noticed that several putative CRR1 targets in anoxic algae
encode O2-dependent enzymes, such as CPX1 or CRD1. CRD1
codes for an isoform of the chlorophyll biosynthetic enzyme
Mg-protoporphyrin IX monomethyl ester aerobic oxidative cyclase. CRD1 and the isoform CTH1 are reciprocally expressed in
Cu or O2 deﬁciency in a CRR1-dependent manner (Moseley
et al., 2000, 2002; Kropat et al., 2005; Allen et al., 2008). CRD1 is
the only CRR1 target for which a role under both Cu and O2
deﬁciency has been demonstrated so far. C. reinhardtii crd1
mutants become chlorotic under both conditions because
a functional CRD1 isoform is then vital for chlorophyll biosynthesis and PSI accumulation (Moseley et al., 2000). Thus,
though the two O2-dependent enzymes CRD1 and CTH1 have
homologous primary structures, they fulﬁll specialized functions,
possibly via different afﬁnities toward O2. It might be speculated
that a similar kind of isoform specialization is repeatedly operative in Cu- and O2-deﬁcient C. reinhardtii. The transcripts that
were upregulated in the anaerobic cultures analyzed here might
well encode O2-dependent enzymes needed in hypoxic or Culimited cells in the light.
Our analyses of the C. reinhardtii crr1DCys mutant allowed us
to examine gene regulatory responses that might depend on the
C terminus of CRR1. For example, while the hypoxic induction of
the CYC6 gene needs the Cys-rich C terminus (Sommer et al.,
2010), the known Cu-responsive CRR1 targets CRD1, CPX1,
and CTR1 were upregulated in the crr1DCys strains. In contrast
with crr1 mutants, the latter were able to grow under hypoxic
conditions in the light, showing that the Cys-rich C terminus of
CRR1 has no essential role in hypoxic C. reinhardtii cells. This
was a further indicator that CRR1 fulﬁlls modulated functions,
probably integrating various stimuli related to metal and O 2
homeostasis.
Oxygen Sensing via O2-Dependent Enzymes?
A total of 30 transcripts encoding O2-dependent enzymes accumulated in the anoxic C. reinhardtii cells, and 11 of these transcripts are putative CRR1 targets (summarized in Supplemental
Data Set 1, T14, online). Among the former were several FA desaturase encoding genes. The upregulation of the desaturase
transcripts may represent a mechanism to compensate for the
reduced activity of the enzymes when one of the substrates (O2) is
present at low concentration. Alternatively, it may be the case that
the membranes become more desaturated as part of an
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acclimation mechanism. In Cu-deﬁcient C. reinhardtii cells, which
also accumulate desaturase transcripts, the desaturation level of
several FA species indeed increases (Castruita et al., 2011). Our
FA proﬁling of anoxic cells indicates that the former is more likely,
demonstrating the importance of thylakoid membrane lipid
composition in this organism. The upregulation of transcripts
encoding O2-dependent enzymes indicates that the cells sought
to maintain O2-dependent biosynthetic pathways, which, in turn,
might be a form of O2 sensing. For example, both tetrapyrrole and
sterol biosynthetic pathways include several O2-requiring catalytic steps. In yeast, information on the O2 status is mediated via
heme and sterol concentrations (Hon et al., 2003; Todd et al.,
2006; Bien and Espenshade, 2010). Another form of sensing the
O 2 status via enzymatic activity is the posttranscriptional
regulation of hypoxia inducible factor 1a (HIF1a), which is central
to the hypoxic response of mammals. HIF1a-speciﬁc P4Hs hydroxylate HIF1a under normoxic conditions, and hydroxylated
HIF1a becomes ubiquitinylated and degraded by the proteasome
(Semenza, 2004; Kapitsinou and Haase, 2008). In C. reinhardtii,
several P4H encoding transcripts were shown to accumulate under
anaerobic conditions (Mus et al., 2007), and we also noted ﬁve P4H
encoding transcripts whose amounts increased in the anoxic cells
analyzed here. Four of the P4H encoding genes appeared to be
hypoxic CRR1 targets (Table 1) and are also upregulated dependent on CRR1 in Cu-deﬁcient algae (Castruita et al., 2011).
Is the Photosynthetic Apparatus Involved
in Anoxia-Responsive Gene Expression?
The decreased amounts of transcripts associated with photosynthesis in all C. reinhardtii strains and mutants analyzed here
indicated a signiﬁcant inﬂuence of the absence of light. This was
conﬁrmed by our analyses of control samples of the wild type
incubated under dark-oxic conditions or reaerated after anaerobic induction and by the effect of DCMU on various transcripts.
Plastid-to-nucleus signaling is an established concept and
employs versatile regulatory routes, such as intermediates of
tetrapyrrole synthesis, the redox state of the plastoquinone pool,
or metabolites (Pfannschmidt et al., 2003; Strand, 2004; Kleine
et al., 2009). Most of the originating processes will be affected
under dark-anoxic conditions. Transcripts that were selected
from different functional categories, such as photosynthesis or
fermentation, showed varying patterns in response to darkness
or DCMU treatment, indicating that the stimulus for their regulation differed. With regard to O2 sensing, a sudden intracellular
drop of O2 concentrations in the absence of photosynthetic O2
evolution might be one of these triggers. It was noticeable,
however, that especially transcripts involved in the anaerobic
metabolism of C. reinhardtii (HYDA1, HYDEF, and PFR1) were
hardly affected by DCMU. By contrast, HYDA1 amounts increased in dark-oxic algae treated with the reducing agent
b-mercaptoethanol despite the presence of O2 (see Supplemental
Figure 8 online), indicating that reducing conditions may play
a role in HYDA1 regulation. Acetate-fed algae show a highly reduced plastoquinone pool in the dark (Wollman and Delepelaire,
1984; Finazzi et al., 1999). By contrast, transcripts associated with
amino acid catabolism were strongly affected by DCMU already
in illuminated and aerated cell suspensions. As noted above,

amino acids are used in Arabidopsis as energy sources in the dark
and upon Suc starvation (Buchanan-Wollaston et al., 2005;
Caldana et al., 2011). Genes involved in this metabolism might
be regulated by plastid-to-nucleus signaling, which conveys
some signal of starvation via metabolites (Kleine et al., 2009). In
the natural habitats of C. reinhardtii, darkness is probably often
accompanied by anaerobiosis or microaerobiosis. It might be
speculated that the algae use the status of the photosynthetic
apparatus as an early warning system to anticipate anaerobiosis.
NO Plays a Role in the Hypoxic Response of C. reinhardtii
We showed recently that NO is essential for hypoxic growth in
C. reinhardtii and that the NO molecule, applied to aerobic cells,
can elicit the accumulation of the otherwise anaerobically inducible transcripts HYDA1 and HYDA2 (Hemschemeier et al.,
2013). NO is an important second messenger in all organisms. In
plants, NO inﬂuences various processes, including responses to
hypoxia (Dordas et al., 2003). NO generation in C. reinhardtii has
not been elucidated yet. In higher plants, one of several NO
sources is nitrate reductase (NR) (Blokhina and Fagerstedt,
2010, and references therein), and nitrite- and NR-dependent
NO generation occurs in C. reinhardtii (Sakihama et al., 2002).
However, the CC-124 wild type, which we used here, is NR
deﬁcient. In animals, NO is produced by NO synthase (NOS)
(described in Bryan et al., 2009). In C. reinhardtii, no NOS homolog has been detected yet, but NOS activity has been inferred
from the inhibition of NO synthesis by the NOS inhibitor L-NAME
(de Montaigu et al., 2010). In our RNA-Seq data, we noticed the
accumulation of transcripts putatively encoding a NO-forming
copper-containing nitrite reductase (Cre08.g360550) and a NO
reductase belonging to the cytochrome P450 family. Though
speculative, the encoded enzymes might be involved in NO
generation and detoxiﬁcation, given an intracellular source of
nitrite. Protection against NO has been reported for NO reductase of Pseudomonas syringae (Kakishima et al., 2007).
The NO signal might be forwarded by one of the six isoforms
of heme/NO binding or so-called soluble guanylate cyclases of
C. reinhardtii (de Montaigu et al., 2010), of which CYG12 and
CYG11 transcripts accumulated in dark-anoxic algae. These
enzymes, well studied in mammals (Koesling et al., 2004), indeed
play a role in the green alga: The CYG56 isoform of C. reinhardtii
as well as NO, cyclic guanosine monophosphate (cGMP), and
Ca2+ regulate the ammonium-induced repression of nitrate assimilation genes (de Montaigu et al., 2010). A further component
of the NO-based signaling cascade in C. reinhardtii is a 2-on-2helices or truncated hemoglobin (Wittenberg et al., 2002). Transcript Cre16.g661200, coding for isoform THB8, was one of the
most strongly induced transcripts in the dark-anoxic cells examined here, and we analyzed THB8 as a candidate protein important in anoxic acclimation. Algal strains with posttranscriptionally
reduced THB8 transcript levels exhibit a severe growth defect
under anaerobic conditions in the light (Hemschemeier et al.,
2013). The hypoxic growth of the knockdown strains is not restored, but completely abolished by a chemical NO scavenger,
and growth of the wild type is strongly impaired. We therefore
postulated that the NO binding THB8 protein might be involved
in a signaling cascade itself (Hemschemeier et al., 2013).

Transcriptomes of Anoxic C. reinhardtii

Notably, THB8 is one of 12 putative truncated hemoglobins in
the green alga. The function of the remaining 11 proteins
remains elusive, and a function of THB7 and THB12, whose
transcripts moderately increased in hypoxic cells, too, has to
be proven.
In summary, the results we obtained through RNA-Seq and
the accompanying physiological analyses gave insights into
how C. reinhardtii acclimates to the absence of O2 in the dark.
In accordance with known strategies of other organisms, the
metabolic response of the algae was obviously aimed at saving,
diverting, and generating energy, reﬂected by reduced growth
and photosynthetic activity and the transcriptional activation of
pathways of heterotrophic energy production. Several of the
transcriptional responses were dependent on CRR1, but a major
part of the transcriptional responses was CRR1 independent.
Sensing of the O2 status might be accomplished via different
routes, such as the activity of O2-dependent biosynthetic pathways, the redox potential, and the status of the photosynthetic
apparatus. Regardless of the speciﬁc nature of the O2 sensor(s),
NO is one of the second messengers involved in the hypoxic
response of C. reinhardtii.
METHODS
Strains, Culture Conditions, and Analysis of the Physiological Status
of the Cells
The wild type used in this work was Chlamydomonas reinhardtii strain
CC-124 mt+ [137c] (CRR1 nit1 nit2). CRR1-deﬁcient C. reinhardtii strains
were derivatives of CC-3960 crr1-2 arg7 (Eriksson et al., 2004; Kropat et al.,
2005) transformed with plasmid pARG7.8 (Debuchy et al., 1989). The
complemented strain (crr1:CRR1) was analyzed as the wild type genetically
related to the crr1 mutant (Kropat et al., 2005; Castruita et al., 2011).
Furthermore, we included a partially complemented strain, crr1DCys. This
was created by transforming the crr1 mutant with a truncated CRR1 gene
encoding a CRR1 protein that lacks the Cys-rich C terminus (amino acids
1127 to 1230) (Sommer et al., 2010). From each strain library, two individual
clones, termed #1 and #2, served as replicates.
Liquid cultures of all strains were grown in Tris acetate phosphate
(TAP) medium (Harris, 1989) on a rotary shaker (180 rpm) at 24°C and
bottom-down illumination of 80 µmol photons m22 s21 (warm white light).
Cell numbers were determined using a hemocytometer, and the chlorophyll content was analyzed in 80% acetone as reported before (Porra,
2002). Acetate in the medium was quantiﬁed in eightfold diluted supernatants of culture aliquots as described previously (Philipps et al., 2011),
using a UV test for acetic acid from R-Biopharm. The pH value of the
medium was measured in the spent medium. Respiratory and photosynthetic rates of C. reinhardtii cells were determined using the OxyLab
system from Hansatech Instruments. The electrode was calibrated setting
the O2 content of air saturated water as 100% and by adding sodium
dithionite to achieve 0% oxygen. O2 consumption rates of 1-mL cell
samples were recorded for 3 min in the dark before measuring O2 evolution rates for 5 min in the light (80 µmol photons m22 s21), followed by
another 5-min incubation in the dark.
Pulse amplitude modulated chlorophyll ﬂuorescence measurements
were conducted using a DUAL-PAM-100 measuring device (Walz).
Ground ﬂuorescence F0 was determined in aliquots of C. reinhardtii
cultures incubated in the measuring cuvette in the dark for 15 min. The
intensity of the measuring beam was 0.2 mmol of photons m22 s21.
Maximum ﬂuorescence Fm was determined by application of a 600-ms
saturating pulse of 10,000 mmol of photons m22 s21. Fv/Fm as indicator of
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the maximum quantum efﬁciency of PSII was calculated according to the
formula Fv/Fm = (Fm 2 F0)/Fm.
Establishment of Anaerobic Conditions in C. reinhardtii Cultures
Cultures were grown in 700 mL of TAP medium in 2-liter ﬂasks until
they reached a cell density of 2.2 to 2.7 3 106 cells mL21. Then, 100-mL
culture aliquots were transferred to square glass bottles sealed with Red
Rubber Suba Seals 37 (Sigma-Aldrich), which had a total volume of 118
mL after insertion of the Suba Seals. The ﬂasks were subsequently
incubated in a darkroom on magnetic stirrers. Reference cultures were
100-mL culture aliquots removed from the main cultures, transferred to
500-mL Erlenmeyer ﬂasks and placed back to growth conditions until
RNA extraction. Dark-aerobic conditions were established by incubating
100 mL of algal suspension in 500-mL glass beakers loosely covered with
aluminum foil. When indicated, a stock solution of 25 mM DCMU in
ethanol was added to the cultures to reach a ﬁnal concentration of
2.5 µM.
RNA Isolation and Hybridization
Total RNA was isolated at time points indicated in the text according to the
method described before (Hill et al., 1991) with the following modiﬁcations: 100 mL of cell suspension was harvested by centrifugation
(3440g) at 4°C and resuspended in 1.6 mL of ice-cold lysis buffer (Schmidt
et al., 1984) without SDS. After addition of 0.4 mL 10% (w/v) SDS, cells
were vigorously vortexed and RNA was extracted and precipitated. RNA
integrity was checked visually after formaldehyde gel electrophoresis, by
Agilent 2100 Bioanalyzer analysis and by RNA hybridization using a 32Plabeled RCK1- (CBLP-) speciﬁc probe derived from plasmid pcf8-13
(Schloss, 1990) by EcoRI digestion. RNA gel electrophoresis and blotting
were conducted according to standard techniques (Maniatis et al., 1982)
using 10 µg of total RNA. 32P-labeling was done as described before
(Feinberg and Vogelstein, 1983, 1984) using [a-32P]-deoxycytidine triphosphate (-dCTP) from Perkin-Elmer. RNA samples were tested for
HYDA1 transcript amounts using a probe sequence derived from the
39-untranslated region and ampliﬁed by the following oligonucleotides: 59GAGGAGAAGGACGAGAAGAA-39 and 59-TGCCAGTACCTACGCCTAA-39.
DNase Treatment, cDNA Synthesis, and qRT-PCR
DNA was removed from total RNA using TURBO DNase from Ambion/
Applied Biosystems. cDNA for qRT-PCR analyses was synthesized using
M-MLV reverse transcriptase from Invitrogen according to the manual in
the presence of RNase inhibitor (RNasin from Promega) and by priming
with oligo(dT18) oligonucleotides. cDNA was diluted 10-fold before use.
qRT-PCR reactions performed at UCLA contained 4 mL of cDNA, 6 pmol
of each forward and reverse oligonucleotide (see Supplemental Table 2
online), 2 mL Taq-polymerase, 0.5 mL 10 mM deoxynucleotide triphosphate (New England Biolabs), 2 mL 103 Ex Taq buffer (Mg2+ plus)
(TaKaRa), 2 mL 103 SYBR mix (0.1% [v/v] SYBR Green 1 Nucleic Acid Gel
Stain from Cambrex, 1% [v/v] Tween 20, 1 mg mL21 BSA, and 50% [v/v]
DMSO) in a 20-mL volume. Each sample was analyzed in technical
triplicates using DNA Engine Opticon 2 from MJ Research. The PCR
program included the following steps: 95°C for 5 min, followed by 40
cycles of 95°C for 15 s, 65°C for 20 s, and 72°C for 20 s. Fluorescence was
measured after each cycle at 72°C. A melting curve was performed afterwards from 70 to 95°C with plate reads every 0.5°C. Relative fold
changes were calculated using the 22DDCT method (Livak and Schmittgen,
2001), and relative abundances were calculated according to Pfafﬂ (2001).
RCK1 (CBLP, Cre13.g599400) served as reference transcript. The qRTPCR setup at Ruhr University was as described above, except that the
peqGOLDTaq DNA polymerase kit (PeqLab) was applied for the PCR
reaction using Buffer S and 53 Enhancer solution included in the kit and
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that extension was performed at 63°C. Comparability of both qRT-PCR
setups was checked by comparing the cycle threshold values and fold
changes of marker transcripts (HYDA1, HYDEF, PFR1, FDX5, CPX1, and
CYC6) obtained at either UCLA or Ruhr University using the same RNA
preparations (data not shown). Oligonucleotides are listed in Supplemental
Table 2 online.
RNA Sequencing and Data Analysis
Total RNA was treated with DNase as described above and sequenced by
the Joint Genome Institute using the Illumina platform. Around 20 million
76-bp reads were obtained per sample. All sequence ﬁles are publicly
available at the National Center for Biotechnology Information’s Gene
Expression Omnibus (accession number GSE42035). Reads were aligned
to the Au10.2 transcripts sequences (version 4.3 assembly of the
C. reinhardtii genome) using Bowtie (Langmead et al., 2009) in single-end
mode and with a maximum tolerance of three mismatches. Expression
estimates were obtained for each individual sample in units of RPKM
(Mortazavi et al., 2008) after normalization by the number of aligned reads
and transcript mappable length (computed for 76-mers) according to
Castruita et al. (2011). Expression fold changes were computed from the
average between replicates of the same experiment. Differential expression analysis was performed using the DESeq package (Anders and
Huber, 2010), and FDRs were estimated in R with the Benjamini-Hochberg
correction (Benjamini and Hochberg, 1995). For each pairwise comparison,
we selected genes showing a fold regulation greater than or equal to four,
while keeping FDR below 5% (see Supplemental Data Set 1, T1 to T13,
online). Functional analysis of the data was done by manually annotating the
deduced proteins and sorting them according to known or putative functions as described in detail in the Supplemental Methods 1 online. In parallel,
GO enrichment analyses were performed using the Algal Functional Annotation Tool at http://pathways.mcdb.ucla.edu/algal/index.html (Lopez
et al., 2011). Only biological processes or molecular functions that contained
at least two members and a hypergeometric P value <0.05 were considered.
To determine if the expression of a gene is dependent on CRR1 and, if
so, if the Cys-rich C terminus is involved, the fold changes after 6-h anoxia
in crr1 and crr1DCys mutants were compared with those of the rescued
strain (crr1:CRR1). From all annotated C. reinhardtii v4.3 gene models,
transcripts whose fold changes after 6-h anoxia had an FDR < 0.05 in
C. reinhardtii crr1:CRR1 (3157 in total) were used as the basis for the
comparisons, irrespective of the extent of the fold change. Transcripts
were considered as CRR1 targets when their fold changes after 6-h
anoxia were at least fourfold different from those in the rescued strain in
each both mutant colonies. The computed lists of putative CRR1 targets
were manually curated, taking estimated expression values into account.
Especially in crr1DCys mutants, many computed targets were due to
abnormal RPKM values in the 0-h samples and, therefore, probably
unrelated to the anoxic treatment. Note that CYC6 would have been
deleted during manual curation because its estimated expression was
abnormally high in the control sample of one of the crr1DCys colonies and
higher than in the rescued strain in the 6-h sample of the same colony (see
Supplemental Data Set 2, T1, online). However, CYC6 is one of the
strongly regulated genes (;150-fold upregulated in C. reinhardtii crr1:
CRR1), and the twofold downregulation and only threefold upregulation in
crr1DCys colony #1 and #2, respectively, show a marked misregulation of
CYC6 in this mutant type, as has been reported before (Sommer et al., 2010).

quantiﬁcation, 2 mL of cell suspension was vacuum ﬁltered on Whatman
GF/A 25 mm circles. The ﬁlter was transferred to a 2-mL screw cap tube
and immediately frozen in liquid nitrogen. For analyzing the relative
contents of FAs and lipids, 90 mL of cells was collected by centrifugation
at 4°C and the pellet was resuspended in 1.5 mL of ice-cold water. The
suspension was transferred to 2-mL tubes and centrifuged at maximum
speed for 2 min at 4°C. The cell pellet was frozen in liquid nitrogen. Both
ﬁlters and cell pellets were lyophilized and stored at 280°C until the
analysis. Then, ﬁltered cells were transferred to fatty acid methyl ester
(FAME) reaction tubes and subjected to FAME and gas chromatography
as described below. Cell pellets were resuspended in 1 mL of methanol:
chloroform:formic acid (2:1:0.1 [v/v/v]), followed by adding 0.5 mL of
extraction solution (1 M KCl and 0.2 M H3PO4) and vigorous vortexing. The
lipid phase was extracted after centrifugation for 3 min at 13,780g. Lipids
were developed by thin layer chromatography separation with petroleum
ether:diethylether:acetic acid (8:2:0.1 [v/v/v]) as solvent. Lipid samples
were spotted on baked Si60 silica plates (EMD Chemicals). After separation, lipids were reversibly stained by exposure to iodine vapor and
quantitatively recovered by scraping the corresponding spots with a razor
blade and transferring the material to a FAME reaction tube. One milliliter
of methanolic HCl (1 N) was added to each FAME reaction tube, followed
by loading 5 µg of the internal standard pentadecanoic acid (15:0, 50 µg
mL21 in methanol). The head space was purged with nitrogen gas and the
cap was tightly sealed. Samples were incubated at 80°C for 25 min and
allowed to cool to room temperature. Aqueous NaCl (0.9%, 1 mL) and
n-hexane (1 mL) were added and the samples were vigorously shaken.
After centrifugation at 2170g for 3 min, the hexane layer on the top was
removed, transferred to a new tube, and dried under nitrogen stream. The
resulting FAMEs were dissolved in 100 mL of hexane. FA content and
composition of the extracts was determined by gas chromatography–
ﬂame ionization detection as described before (Rossak et al., 1997). The
capillary DB-23 column (Agilent) was operated as follows: initial temperature 140°C, increased by 25°C min21 to 160°C, then by 8°C min21 to
250°C, and held at 250°C for 4 min.
Accession Numbers
Sequence data from this article can be found in the C. reinhardtii v5.3.1
genome assembly at Phytozome v9.1 (http://www.phytozome.net/chlamy)
under the accession numbers (locus IDs) provided in Tables 1 and 2,
except for the following: g9657 (CRR1; GenBank AAY33924) and Cre01.
g044800 (PFL1). The following are deleted from Phytozome v9.1: Cre02.
g087073 (unknown), Cre12.g510058 (unknown), and Cre12.g490477
(WD40 domain). The following are renamed in Phytozome v9.1: Cre11.
g473950 (PFR1, g1910), Cre44.g787700 (GOX7, g11470), Cre18.g750700
(glyoxal or Gal oxidase, g11468), Cre15.g645100 (squalene epoxidase/
monooxygenase, g17770), Cre16.g693050 (SIR2, g15615), Cre02.g137700
(unknown, g9962), Cre18.g750800 (GOX8, g11468), Cre16.g686450
(a/b-hydrolase, g16365), Cre02.g136050 (HPD1, g9907), Cre15.g646150
(FTSZ2, g2757), Cre05.g231450 (putative chlorophyllide-a oxygenase,
g18260), Cre04.g228350 (lipoamide acyltransferase of branched-chain
a-keto acid dehydrogenase complex, g4996), Cre13.g593500 (MCC1,
g6242), Cre03.g181200 (methylcrotonoyl-CoA carboxylase b, g3755),
Cre27.g775600 (ETF2, g13818), Cre05.g231950 (acyl-CoA oxidase,
C terminal, g5140), Cre16.g648350 (Pro oxidase, g15692), Cre10.g447750
(AOF2, g11012), and Cre02.g129500 (HCP3, g9756).
Supplemental Data

Lipid and FA Analysis
Lipid and FA proﬁles were analyzed from biological triplicates and
technical duplicates from wild-type CC-124 and mutant crr1 (clone #1).
Samples were taken from control (illuminated and aerated) cultures grown
to ;3 3 106 cells mL21 and from cells incubated for 24 h in sealed ﬂasks
or in open beakers in the dark as described above. For total FA
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