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Tetradesmus obliquus is an oleaginous microalga with high potential for triacylglycerol production. We char-
acterized the biochemical composition and the transcriptional landscape of T. obliquus wild-type and the
starchless mutant (sim1), adapted to 16:8 h light dark (LD) cycles under nitrogen limitation. In comparison to the
nitrogen replete conditions, the diurnal RNA samples from both strains also displayed a cyclic pattern, but with
much less variation which could be related to a reduced transcription activity in at least the usually highly active
processes. During nitrogen limitation, the wild-type continued to use starch as the preferred storage compound
to store energy and carbon. Starch was accumulated to an average content of 0.25 g-gpw ', which is higher than
the maximum observed under nitrogen replete conditions. Small oscillations were observed, indicating that
starch was being used as a diurnal energy storage compound, but to a lesser extent than under nitrogen replete
conditions. For the simI mutant, TAG content was higher than for the wild-type (average steady state value was
0.26 g'gpw  for slm1 compared to 0.06 g'gpw ~ * for the wild-type). Despite the higher TAG content in the sim1,
the conversion efficiency of photons into biomass components for the simI was only half of the one obtained for
the wild-type. This is related to the observed decrease in biomass productivity (from 1.29 gpw-L~*-day~* for the
wild-type to 0.52 gpw L.~ *day ! for the slm1). While the transcriptome of sim1 displayed clear signs of energy
generation by degrading TAG and amino-acids during the dark period, no significant variation of these meta-
bolites could be measured. When looking through the diurnal cycle, the photosynthetic efficiency was lower for
the slm1 mutant compared to the wild-type especially during the second half of the light period, where starch
accumulation occurred in the wild-type.

1. Introduction slm1 that showed a higher maximum TAG yield on light compared to
the wild-type (0.22 g-l—AGmolph’1 compared to 0.14 gTAG-molphfl), as

Microalgae are considered as one of the most promising renewable well as a higher maximum TAG content (0.57 g-gpw ' compared to

sources for the production of feed, fuels and chemicals [1-3] However,
in order to make large scale production of algal biodiesel economically
feasible, high triacylglycerol (TAG) productivity are needed [3,4].
Tetradesmus obliquus (formerly known as Scenedesmus obliquus [5])
is a microalga of interest due to its high TAG content and the fact that it
can retain a high photosynthetic efficiency under nitrogen starvation
[6-9] Besides, de Jaeger et al. [10] developed the starchless mutant
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0.45 g'gpw ™~ 1) under batch nitrogen starvation and continuous illumi-
nation [11].

In large scale production, microalgal biomass first will be grown
outdoors under favorable nitrogen replete conditions and light/dark
cycles (LD). After biomass has been produced, the lipid production
phase can be done under nitrogen deplete conditions. The behavior of
T. obliquus under nitrogen replete conditions and diurnal 16:8 h light/
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dark (LD) cycles has been previously studied [7,12]. Under such con-
ditions, T. obliquus wild-type and starchless mutant slml showed syn-
chronized cell division and growth. T. obliquus wild-type showed
diurnal oscillations in biomass composition, with an accumulation of
starch during the light period that was consumed during the dark
period and beginning of next light period. For the sim1, no such oscil-
lations in biomass composition were found, which shows that this mi-
croalga does not need starch as a temporary energy storage compound
to survive dark periods up to 12 h [13]. The lack of starch, however, did
result in a reduction of the conversion of energy (photons) to biomass
[7,13].

Under nitrogen deplete conditions, many microalgal species accu-
mulate starch or TAG, which allows the capture and storage of energy
and carbon that can be rapidly used when nitrogen becomes available
again [14]. However, under deplete conditions growth stops, the pho-
tosynthetic efficiency rapidly decreases and also TAG production stops
after a certain time. Since production of TAG occurs also under nitrogen
limitation in combination with LD cycles, this may result in continuous
production and in the end a higher yield of TAG on light. Consequently,
the behavior of T. obliquus under these conditions is of interest. The
average steady state behavior under nitrogen limitation and LD cycles
of both T. obliquus wild type and slml has been previously reported
[15]. However, the detailed diurnal behavior during a single LD cycle
under nitrogen limitation has not been studied in these strains. There-
fore, the aim of this paper is to obtain a better understanding of the
diurnal behavior of T. obliquus wild-type and starchless mutant slmi
under nitrogen limitation, with focus on the diurnal changes in starch
and TAG content, and on energy efficiency. Next to studying the bio-
chemical composition and light use, gene expression was examined
from RNA sequencing data to obtain more insight in the precise reg-
ulation in the affected pathways. These results will also be compared to
the previously observed changes without nitrogen limitation [12].

2. Materials and methods
2.1. Strains, pre-culture conditions and cultivation medium

Wild-type Tetradesmus obliquus UTEX 393 was obtained from the
Culture Collection of Algae, University of Texas. The starchless mutant
of T. obliquus (slm1) was generated by de Jaeger et al. [10]. Pre-cultures
were grown as described by Leén-Saiki et al. [7] in defined medium
described by Breuer et al. [6].

2.2. Reactor set-up and experimental conditions

T. obliquus was continuously cultivated in a sterilized flat panel
airlift-loop photobioreactor with a working volume of 1.7L and a
0.02 m light path (Labfors 5 Lux, Infors HT, Switzerland). Temperature
was maintained at 27.5°C and pH was controlled at 7.0 by the auto-
matic addition of 2.5% (v/v) HSO,4. The reactor was continuously
sparged with 1 L'min " air enriched with 2% CO,. Light was provided
by a light panel with 260 LEDs with a warm white spectrum at an in-
cident photon flux density of 500 umol'm~%s~! in a 16:8 h light/dark
(LD) block cycle. The reactor was inoculated to an optical density
(OD,s0) of 0.1.

Duplicate turbidostat cultivations were done, where the light in-
tensity at the rear of the reactor was kept constant at 10 umol'm ~ s~ !
by addition of medium. Dilution medium [6] was prepared without
KNO3 and KNO; was separately fed at 0.075 gy'L ™! day ™ for the wild-
type and 0.052gyL~'day ™! for the slml. This corresponds to a ni-
trogen limitation of 30% of the nitrogen consumption rate observed
under nitrogen replete and light limitation [15]. Dilution medium was
only added during the light period and switched off during the night.
This type of system allows the study of the interaction between growth,
nitrogen consumption and lipid accumulation [16].

Cultures were allowed to reach steady state, which was defined as a
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constant biomass concentration and daily dilution rate for a period of at
least 3 days. After steady state was reached, liquid samples were freshly
taken from the reactor and either immediately used for dry weight
measurements or centrifuged for 5min at 2360 xg for biochemical
analysis (approximately 10-12 mg for proteins, 5mg for starch, 7 mg
for triacylglycerols (TAG) and 5 mg for total carbohydrates). In addi-
tion, at least three daily overflow samples were collected for each
strain. Due to restrictions on working hours of the laboratory, the
samples were collected in two successive time settings to allow sam-
pling the dark period during the day. After collecting samples of the
first half of the cycle, light settings were shifted and the culture was
then allowed to reach oscillating steady-state before collecting samples
for the second half of the cycle. The first and the last samples of each
time settings are overlapping samples for control.

2.3. Dilution rate

Dilution rate was calculated by measuring the feed of the dilution
medium (without KNO3) and the feed of the KNO; medium over in-
tervals of 10 min. Dilution rates were then calculated as the total
medium added over 30 min divided by the reactor volume. After that, a
moving average of 60 min was done.

2.4. Measurements

Dry weight (DW) concentration was determined as described by
Kliphuis et al. [17]. Total carbohydrates were determined according to
DuBois et al. [18] and Herbert et al. [19] using glucose as a standard.
Starch content was measured as described by De Jaeger et al. [10] using
a total starch kit (K-TSTA-100A, Megazyme, Ireland). Triacylglycerol
(TAG) content was quantified as described by Remmers et al. [15] using
glyceryl trinonadecanoate (T4632; Sigma Aldrich, Netherlands) and
1,2-dipentadecanoyl-sn-glycero-3-phospho-(1’-rac-glycerol)  (sodium
salt) (840446, Avanti Polar Lipids Inc., U.S.) as internal standards. Total
protein concentration was measured done using a colorimetric assay
(Bio-Rad DC protein assay, 5000116, Bio-Rad, U.S.) as described by
Postma et al. [20].

2.5. Conversion of photons into biomass

The theoretical amount of photons converted into biomass was
calculated based on the theoretical photon requirements for the bio-
mass components (1.33 g~molph_1 for TAG, 3.24 g~rnolph_1 for starch,
and 1.62 g~rn01Ph’1 for functional biomass) [17,21] and the photon
absorption rate (1.36 molph'L’l'day’l) [7]. Samples were taken in in-
tervals of 3h. For the calculation of the hourly energy conversion ef-
ficiency the additional points for biomass composition were estimated
assuming a proportional change between the measured points. Biomass
composition of the overflow samples (collected during 24 h on ice) was
used to calculate the average steady state values.

2.6. Starch and TAG productivities

The starch productivity (rsiarch,¢ in gL~ Lh~1) was calculated using a
balance for starch over short time intervals using Eq. (1):

dcstarch —

=Dy «C, + 1
dt t * “starch,t starch,t (1)

where D, (h™1) is the dilution rate at time t (see Section 2.3 for cal-
culation), Csearch,t (g.71) is the starch concentration on time t, which is
calculated by multiplying the biomass concentration (gL)with the
starch content of biomass (g~g_1) as measured at time t and (dCSd‘%”‘)
(g~L’1~h’1) is the accumulation rate of starch calculated over a 3 hour
period according to:
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d Cstarch

— Cstarch (t) — CStarch (t -3 h)
dt 3h @

The TAG productivity was calculated in a similar way where the
changes in TAG content over intervals of 3h (dCstAG), the dilution rate
(D, inh™1), and the TAG content (Crag, in gL.~ ') were used. During the
dark period the dilution rate is zero and the productivity is determined
by the accumulation term only.

2.7. RNA sampling, extraction, and sequencing

After steady state was reached, 8 mL samples were taken for RNA
extraction (approximately 10 mgpw). Cells were immediately collected
by centrifugation (4255 X g, 0 °C for 5 min), supernatant was discarded
and pellets were frozen in liquid nitrogen and stored at —80 °C until
further extraction. Samples for RNA extraction were taken in intervals
of 3h for both the wild-type and the slm1 mutant. Sampling strategy
and RNA extraction were performed as described in our previous study
[12].

2.8. Analysis of RNA expression

The RNA-seq samples were treated and analyzed with the same
method as our previous study [12]. To summarize, the expression was
calculated by aligning the read samples over the available genome of T.
obliquus UTEX-393 [22]. From the aligned samples, Fragments Per
Kilobase of transcripts per Million reads mapped (FPKM) values were
computed and used in the following steps. Genes with significant
changes of expression over time were identified using maSigPro [23].
These genes were then separated using hierarchical clustering and
Pearson's correlation. The optimal number for cluster separation was
determined by combining the results from seven indexes commonly
used for this purpose. These indexes were calculated using the functions
of “clusters.stats” from the “fpc” R package [24]. Functional char-
acterization of genes in each cluster was done using the functional
annotation presented in [12]. Again, the same methods were applied to
determine the enrichment of clusters in GO terms and in KEGG path-
ways [12]. In brief, enrichment analyses were performed using the
hypergeometric function to model the background probability density.
Enzyme commission (EC) numbers were associated to metabolic path-
ways using KEGG pathways maps. Pathways fitting the following re-
quirements were kept for further analysis: 60% coverage if 3 to 6 EC
numbers annotated, and 50% coverage if 6 to 10 EC numbers anno-
tated, and 25% of coverage if > 10 EC numbers were annotated. En-
richments with a p-value lower than 0.05 were considered significant.
For the GO enrichment analysis multiple test correction was performed
using the Benjamini-Hochberg procedure. Enrichments with FDR <
0.05 were considered significant.

The annotation was curated manually for specific reactions related
to starch, lipids and TAG synthesis and degradation pathways. To do so,
the combination of top score and p-value from Enz-DP were considered,
as well as the relative difference between the scores, and as a final
verification, the proteins were aligned using DELTA-Blast and
HMMER3.

3. Results and discussion
3.1. Growth of Tetradesmus obliquus wild-type and slm1

Our experimental set-up using turbidostat controlled systems im-
poses a fixed light uptake. We created an energy imbalance by de-
creasing the nitrogen supply rate to 30% of the value that would be
needed to have nitrogen replete growth at the fixed light uptake rate.

Nitrogen limitation resulted in a reduced growth rate (Fig. 1). Ni-
trogen limited cultures showed a diurnal pattern in dilution rate (D),
with both the wild-type and the starchless mutant slm1 showing a
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similar pattern. Dilution patterns were, however, different from those
under nitrogen replete conditions, specifically with respect to the start
of dilution after the light went on and the moment where the maximum
dilution rate was reached. Dilution started about 4 h after start of the
light period under nitrogen limitation, while under nitrogen replete
conditions dilution started immediately after the beginning of the light
period. As a result, the time at which the maximum dilution rate was
reached was also shifted and was reached at 7 h. A possible explanation
for this shift may be that, as nitrogen was not added during the night,
nitrogen content was equal to zero (starvation). This may have resulted
in cells being unable to prepare for the next day, or cells switching to a
nitrogen starvation mode, breaking down proteins and pigments, from
which they had to recover. With respect to the first case, it is possible
that cells prepare during the night for the next day so they can start
growing quickly. If nitrogen is needed for this preparation, cells would
have to first fixate nitrogen when the light is on, which would explain
the delay. With respect to the second case, cells switch to a nitrogen
starvation mode, stopping pigment synthesis and breaking down pig-
ments and proteins, which would result in a decreased pigment content
at the beginning of the light period. This last point is supported by the
fact that the light out for the wild-type was 1 ymolm~2s~! above set-
point, indicating breakdown of light absorbing material. Consequently,
first a certain amount of pigment has to be synthesized before the light
out drops below the set-point and dilution starts. For sm1, an oscilla-
tory pattern was observed (Fig. 1B), which was also observed in our
previous study in nitrogen replete conditions [12].

Under favorable nitrogen replete conditions, oleaginous microalgae
produce only small amounts of TAG, while under unfavorable nitrogen
starvation conditions, TAG accumulation is induced and contents of up
to 0.40 g'gpw_1 can be reached [25,26] However, this unfavorable
environmental conditions come with the disadvantage of a complete
stop of cell division [15]. Nitrogen limitation processes were suggested
as an attempt to overcome the disadvantages observed under nitrogen
starvation [16]. As observed for T. obliquus, growth still occurs under
nitrogen limitation, but this is reduced to approximately half of the one
observed under nitrogen replete conditions (from 1.12 + 0.01 day !
under nitrogen replete [7] to 0.55 + 0.07 day ! under nitrogen lim-
itation). This was also observed for other microalgae, such as Neochloris
oleoabundans [4]. For the starchless mutant slm1 the 24 h average daily
dilution rate, i.e. growth rate, was reduced even more (from
0.90 + 0.01day~ ! under nitrogen replete to 0.22 + 0.02day '
under nitrogen limitation), showing again the reduction in growth and
lower photosynthetic efficiency when blocking starch production.

3.2. Diurnal changes of storage compounds: starch and TAG

During nitrogen limitation, starch continued to be the preferred
storage compound to store energy and carbon for the wild-type
(Fig. 2A). Starch was accumulated to an average content of
0.25 g'gpw !, with a maximum content of approximately 0.29 g-gpw ™,
which is higher than the maximum observed under nitrogen replete
conditions (0.20 g~gDW71) [7]1. The overall preference of T. obliquus
wild-type towards storing starch has been previously observed [11,15].
When looking into the starch content during the diurnal cycle, a small
oscillation can be observed (Fig. 2A), where starch content slightly
increases between 9 and 12h and decreases during the dark period.
This can also be seen in the starch productivity shown in Fig. 2C, that
was calculated according to Eq. (1). Starch productivity remained po-
sitive just above zero during the first 9 h, then increased reaching the
maximum value on t = 12h after which the starch productivity de-
creased and became negative at t = 21 h, indicating consumption.

Under nitrogen replete conditions, TAG is not accumulated, whereas
under nitrogen limitation or starvation substantial amounts of TAG can
be accumulated in T. obliquus, as observed by Remmers et al. [15].
However, no information is known on the diurnal role of this compound
under nitrogen limitation in T. obliquus. Therefore, we also measured
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Fig. 1. Changes in dilution rate for Tetradesmus obliquus wild-type (A) and slm1 (B) under nitrogen limitation. Values represent the average of replicate reactors and
error bars represent minimum and maximum values (n = 2). The x axis shows hours after start of light period. Shaded areas indicate the dark period. The dotted line

is the average dilution rate from the N-replete cultures (n = 2 for each strain) as taken from Le6n-Saiki et al. [7].

starch. TAG is only formed if the carbon and energy supply exceeds the
storage capacity in starch, as also mentioned in literature [11,15,27].
For T. obliquus, Remmers et al. [15] found that TAG is only accumulated
after starch reaches its cellular maximum of 0.40 g-gpw ~*. Under this

the TAG content during the diurnal cycle in intervals of 3 h. The wild-
type showed a constant content of approximately 0.07 g-gpw ~* for all
measured time points (Fig. 2A). This rather low content of TAG can be
explained by the fact that carbon and energy are mainly stored as
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Fig. 2. Diurnal changes under nitrogen limitation in starch and triacylglycerol (TAG) content for Tetradesmus obliquus wild-type (A) and slm1 (B) and in starch
productivity for the wild-type (C) and TAG productivity for wild-type and slm1 (D). Open and closed symbols represent replicate cultures. The x axis shows hours

after the start of the light period. Shaded areas indicate the dark period.
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nitrogen limited condition, this maximum content is not reached, which
explains the low content of TAG in the wild-type. The preference for
starch cannot be explained from the energy density, since more energy
can be stored in fatty acids as compared to starch (yield of complete
oxidation of fatty acids is about 9kcal-g~' compared to 4 kcal'-g~* for
carbohydrates) [28]. A possible explanation for the preference for
starch could be that the synthesis and degradation of TAGs requires
more cellular resources and enzymes [29]. Another reason might be
that when cells grow photoautotrophically, fatty acid synthesis re-
presents a significant loss of carbon as conversion of pyruvate to acetyl-
CoA by the pyruvate dehydrogenase complex involves the loss of one of
the fixed carbons. This renders starch a more efficient carbon storage
compound regarding carbon fixation [30].

For the slm1 mutant the TAG content (approximately 0.27 g-gpw ™ 1)
was about 4 times higher than for the wild-type during the diurnal cycle
(Fig. 2B). However, TAG showed no diurnal oscillations under nitrogen
limitation for either strain (Fig. 2A & B). When looking at the TAG
productivity, diurnal variations were expected for the slml as the di-
lution rate is changing. However, no clear diurnal variations were ob-
served (Fig. 2D). This is because the values for dilution rate are similar
or smaller than the accumulation term (dc#). The accumulation term
is in turn highly sensitive for small changes in the measured TAG
content. Therefore, TAG productivity calculations are highly affected by
measurement errors in TAG content. For the wild-type, the values for
the dilution rate are higher making the calculation of the TAG pro-
ductivity less sensitive to small errors in TAG content, which in turn
makes the differences between the time points more significant.

The other measured biomass components, proteins and non-starch
carbohydrates did not show oscillations through the diurnal cycle for
either strain (Supplementary Fig. S1).

3.3. Energy conversion efficiency

Under nitrogen replete conditions, the energy conversion efficiency
into biomass of the wild-type is higher than that of the sim1 mutant
[7,13]. We therefore investigated if this was also the case for nitrogen
limitation conditions where TAG accumulation occurs. For this, we
calculated the minimal number of photons needed for the production of
functional biomass, TAG, and starch (for the wild-type), based on the
biomass composition of the overflow samples (average steady state
values). Results are displayed as a percentage of used photons from the
total amount supplied in Fig. 3A. As can be seen, also for nitrogen
limited conditions the overall efficiency is lower for the slml mutant
than for the wild-type (approximately 50% for the wild-type and 25%
for the slm1). However, the TAG content of the sim1 is higher than for
the wild-type resulting in a slightly higher TAG volumetric productivity
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for the slml as compared to the wild-type (0.09 gL~ '-day~! for the
wild-type and 0.14 g-.L.”'-day ! for the slmI). The lower overall effi-
ciency is related to the fact that the biomass productivity in the mutant
is reduced to less than half of that of the wild-type
(1.29 * 0.11gL 'day ! for the wild-type and
0.52 + 0.06 gL~ 1-day_ ! for the slm1) (Supplementary Table S2). Also,
both strains are less efficient under nitrogen limited conditions than
under nitrogen replete conditions (62.77 + 0.08% for the wild-type
and 49.75 = 0.07% for the slmI) [13]. When looking into the con-
version efficiency during the diurnal cycle in intervals of 1 h (Fig. 3B &
C), we observe that during the first half of the day, both strains behave
similarly, with the wild-type showing an increase in energy efficiency
about 1h before the siml. However, in the second half of the light
period (approximately from t = 7h), the sim1 mutant is much less ef-
ficient than the wild-type. Notably the second half of the light period is
the moment when starch accumulation occurs in the wild-type, prob-
ably explaining the extra energy fixed.

Under nitrogen starvation both starch and TAG can act as an
overflow sink for electrons [26]. For starchless mutants, it has been
suggested that the difference in energy efficiency and biomass yield on
light might be due to an increased rate of energy dissipation compared
to the wild-type [15,31] since electrons can no longer be channeled to
starch. However, under nitrogen limitation growth still occurs and
starch still seems to have a role as a diurnal energy storage compound,
such as under nitrogen replete conditions [7], which provides an extra
benefit for the wild-type compared to the sim1.

3.4. Transcriptional landscape

Previous transcriptome analysis on T. obliquus under the same LD
cycles but in nitrogen replete conditions uncovered that genes following
a diurnal expression pattern were contributing to the vast majority of
expression changes [12]. Principal component analysis (PCA) of ni-
trogen replete samples and nitrogen limited samples (this study) under
LD cycles, shows that the two first components explain 83% of the total
variation in gene expression (Fig. 4A). Samples from both strains (wild-
type and slm1) grown in the same condition with respect to nitrogen
availability and from the same time points overlap. However, the
samples taken from the nitrogen replete condition are completely se-
parated from those taken from the nitrogen limited condition. This
indicates the limited nitrogen supply has a much greater impact on gene
expression than the changes caused by the mutation. In both conditions
(nitrogen replete and deplete), there is a clear succession of time points
in the PCA. Under nitrogen replete conditions, time points are arranged
in a circular pattern (Fig. 4A). However, under nitrogen deplete con-
ditions, the circular pattern seems lost and samples at 3 h overlap with
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Fig. 3. The percentage of photons (as a fraction of the total supplied) minimally needed to make the different biomass components as an average over 1 day (A) and
over each hour of the day for Tetradesmus obliquus wild-type (B) and slm1 (C). For (A), values represent the average values of at least 3 overflow samples. For the
hourly energy conversion efficiency (B and C) the x axis represents hours after the light was switched on. Values represent average of replicate reactors and error bars
represent minimum and maximum values (n = 2). Shaded area indicates the dark period.
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the samples at 12h. Yet, when selecting the genes with a detected
diurnal expression, the circular pattern is recovered (Fig. 4B). This
noticeable difference was not observed in the nitrogen replete condi-
tion, which indicates that nitrogen limitation results in an overall re-
duction of diurnal changes in expression. The time point samples of
each strain in nitrogen limited condition (Fig. 4B) draw an overlapping
elliptic pattern, but the variation of expression in slm1 is clearly lower
than in the wild-type. Moreover, the samples of siml during the dark
period are all extremely close to each other, indicating very little
transcriptional changes. Therefore, starch deficiency has a greater im-
pact on gene expression in nitrogen limited condition than it has in
nitrogen replete condition, with slm1 being particularly inactive during
the dark period. In complement, the heatmaps showing similarity of
gene expression between time points is available in Supplementary Fig.
S3.

3.5. Diurnal gene regulation and functions

Genes with a detected diurnal regulation were clustered using
hierarchical clustering based on Pearson's correlation in different
numbers of clusters ranging from 3 to 25. Similarities within and dif-
ferences between clusters were evaluated with well-established indexes,
depicted in Supplementary file S4. Based on these results, we con-
sidered separating the genes in 5 clusters to be optimal. Similar results
are obtained for both strains. The median profile of these 5 clusters is
displayed in Fig. 5. Between the two strains, the clusters with the
nearest median profile are also the clusters with the most genes in
common (Supplementary Fig. S5). For those reasons, clusters were
named the same.

As observed in our previous study under nitrogen replete conditions
[12], the clusters reflect a succession of peaking expression. Thus, we
observe clusters peaking at the night day transition (cluster 1), early
day (cluster 2), late day (cluster 3), day night transition (cluster 4) and
in the night (cluster 5). Some differences appear in slml expression.
Compared to the wild type, expression in the mutant is lower for
clusters 1 and 2 (peaking early day) and higher for clusters 4 and 5
(peaking late day and night). For cluster 2 there is also a marked change
in profile, as the expression at the end of the day is much lower in the
mutant.
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The gene clusters of wild-type display a similar succession of tran-
scriptional events as observed in nitrogen replete [12], which consist of
protein synthesis, photosystem and pigments synthesis, carbon fixation,
cellular replication, glycolysis, cell division, and fatty acid degradation
(Table 1). The enrichment analysis revealed differences in amino acid
metabolism. Whereas for the wild type processes related to amino acid
biosynthesis can be found in all five clusters, for the mutant they are
exclusively found in cluster 2 and 3 indicating that amino acid synthesis
is restricted to the light period in the mutant. This may be due to the
absence of sufficient precursors and energy for amino acid biosynthesis
due to the absence of starch in the mutant. In contrast to nitrogen re-
plete conditions [12], under nitrogen limitation both the wild type and
mutant show enrichment of genes involved in amino acid degradation
during the dark period. Notably, the pathway “Valine, leucine and
isoleucine degradation”, which produces acetyl-CoA, is found enriched
in cluster 5, which is confirmed by the mapping to the metabolic maps
(Supplementary file S7). This can be directly explained from the fact
that during the night the nitrogen supply is stopped and nitrogen
starvation will occur. Amino acid breakdown is then a way to recycle
nitrogen to other nitrogen containing compounds. Whereas starch is
available in the wild type for energy and precursor generation for the
recycling of nitrogen, in the mutant breakdown products of amino
acids, like acetyl-CoA can be used for this purpose as exemplified by the
enrichment of genes involved in “generation of precursor metabolites
and energy” and the increased expression of genes involved in the
glyoxylate pathway in the mutant. This pathway converts acetyl-CoA
into citric acid cycle intermediates that can be used to synthesize bio-
mass precursors among which new nitrogen containing compounds.

3.6. Selected processes and pathways

Genes associated to carbon fixation, synthesis of the photosystems,
its pigments (chlorophylls and carotenoids) and their precursor terpe-
noid backbone, are all found enriched in the cluster 2 for both strains.
Detailed inspection of these pathways (Supplementary file S7) shows all
the genes annotated to these consecutive reactions are associated to
cluster 2. Also for the nitrogen replete conditions the expression pattern
of these genes is the same for both strains and identical to the limiting
conditions. This indicates a strong and synchronized regulation of these
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Fig. 4. Principal component analyses of time point samples. (A) Comparison between samples considering all genes (no selection) in nitrogen replete [12] and
nitrogen limited conditions. (B) Comparison between samples considering only selected genes (detected time profile) in nitrogen limited conditions. The variance

explained by the first two components is indicated on axes labels.
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Fig. 5. Expression profile over 16:8 light-dark cycle of the 5 genes clusters identified in both strains. The plots show the median profile of gene expression in the

indicated clusters. Dark area represents the dark period.

processes with little to no difference between the strains. We can
therefore conclude that these processes are not affected by either the
starch deficiency or by the nitrogen limitation. The genes associated to
starch synthesis, fatty-acids biosynthesis, carbon fixation, pyruvate
metabolism are also tightly regulated within the same time frame. From

the detailed pathways overview (Supplementary file S7), we can see
that the carbon fixation remains an early process in slm1, but the other
subsequent pathways and reactions are delayed in comparison to the
wild-type strain. These delays reflects the higher difficulty to synthesize
the complex machinery required to store energy, due to the nitrogen
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Table 1
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Results of enrichment analyses. Summary of the results of the enrichment analyses. The first column contains the cluster identifier. The second and third contains the
enriched pathways (p-value < 0.0.5). GO terms relate to biological processes (FDR < 0.05) for the wild-type. Fourth and fifth column present the same information
for sim1. Full set of enrichment results are available in Supplementary file S6.

Cluster  Wild-type slm1
Pathway Biological processes Pathways Biological process

1 Fatty acid biosynthesis Protein phosphorylation Purine metabolism Protein phosphorylation
Glycine, serine and threonine Fatty acid biosynthetic process Geraniol degradation Movement of cell or subcellular
metabolism Oxidation-reduction process component
Starch and sucrose metabolism
Pyruvate metabolism
Glyoxylate and dicarboxylate
metabolism
Carbon fixation in photosynthetic
organisms

2 Ubiquinone and other terpenoid- Translation Glycolysis/gluconeogenesis Cellular amino acid metabolic process
quinone biosynthesis Lysine metabolic process Fatty acid biosynthesis Fatty acid metabolic process
Photosynthesis Steroid biosynthetic process Ubiquinone and other terpenoid- Photosynthesis
Glycine, serine and threonine Coenzyme metabolic process quinone biosynthesis Tetrapyrrole metabolic process
metabolism Aromatic amino acid family metabolic process Pyruvate metabolism Pigment metabolic process

Phenylalanine, tyrosine and
tryptophan biosynthesis
Methane metabolism
Carbon fixation in photosynthetic
organisms
Porphyrin and chlorophyll
metabolism
Terpenoid backbone biosynthesis
Carotenoid biosynthesis
Aminoacyl-tRNA biosynthesis

3 Oxidative phosphorylation
Arginine biosynthesis
Purine metabolism
Pyrimidine metabolism
Valine, leucine and isoleucine
biosynthesis
Lysine biosynthesis
Arginine and proline metabolism
Histidine metabolism
Glutathione metabolism
Glyoxylate and dicarboxylate
metabolism
Aminoacyl-tRNA biosynthesis

4 Citrate cycle (TCA cycle)
Fatty acid biosynthesis
Fatty acid elongation
Fatty acid degradation
Arginine biosynthesis
Alanine, aspartate and glutamate
metabolism
Glycine, serine and threonine
metabolism
Arginine and proline metabolism
Tyrosine metabolism
Pyruvate metabolism
Propanoate metabolism
Butanoate metabolism
Carbon fixation pathways in
prokaryotes
Thiamine metabolism
Nitrogen metabolism
Drug metabolism - cytochrome
P450

Photosynthesis

Tetrapyrrole metabolic process
Dicarboxylic acid metabolic process
Cofactor biosynthetic process
Oxidation-reduction process
Alpha-amino acid biosynthetic process

RNA methylation

tRNA threonylcarbamoyladenosine modification
rRNA processing

Protein folding

Purine ribonucleotide biosynthetic process
Purine ribonucleoside triphosphate biosynthetic
process

Monocarboxylic acid metabolic process
Cellular amide metabolic process

ATP metabolic process

Alpha-amino acid biosynthetic process

Glycolytic process

Cellular biogenic amine metabolic process
tRNA processing

Energy derivation by oxidation of organic
compounds

Carbon fixation in photosynthetic
organisms

Porphyrin and chlorophyll
metabolism

Aminoacyl-tRNA biosynthesis

Photosynthesis

Arginine biosynthesis

Purine metabolism

Pyrimidine metabolism

Alanine, aspartate and glutamate
metabolism

Lysine biosynthesis

Glycolysis/gluconeogenesis
Citrate cycle (TCA cycle)
Alanine, aspartate and glutamate
metabolism

Cysteine and methionine
metabolism

Glyoxylate and dicarboxylate
metabolism

Carbon fixation in photosynthetic
organisms

Carboxylic acid biosynthetic process
Cofactor biosynthetic process
Oxidation-reduction process
Organonitrogen compound
biosynthetic process

Cellular amino acid biosynthetic
process

Monocarboxylic acid metabolic
process

Amide biosynthetic process
Nucleobase-containing small molecule
metabolic process
Oxidation-reduction process

(continued on next page)
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Table 1 (continued)
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Cluster ~ Wild-type slm1
Pathway Biological processes Pathways Biological process
5 Glycolysis/gluconeogenesis Protein phosphorylation Fatty acid biosynthesis Generation of precursor metabolites

Galactose metabolism
Fatty acid biosynthesis
Fatty acid degradation
Purine metabolism
Pyrimidine metabolism
Valine, leucine and isoleucine
degradation
Phenylalanine metabolism
Tryptophan metabolism
beta-Alanine metabolism
Pyruvate metabolism
Propanoate metabolism
Methane metabolism

Cell cycle process

Movement of cell or subcellular component

Fatty acid elongation

Fatty acid degradation

Valine, leucine and isoleucine
degradation

Geraniol degradation
Phenylalanine metabolism
Tryptophan metabolism
Beta-alanine metabolism
Alpha-linolenic acid metabolism
Pyruvate metabolism
Glyoxylate and dicarboxylate
metabolism

Propanoate metabolism
Butanoate metabolism

Carbon fixation pathways in
prokaryotes

Biotin metabolism

Biosynthesis of unsaturated fatty
acids

and energy

limitation and the very limited energy available before light is turned
on. Since expression of genes associated to carbon fixation and photo-
synthesis machinery are not altered unlike what happens to other key
systems, we deduce that their role is the most essential, if not critical,
and their maintenance is given the highest priority. Possibly, these
processes are directly controlled by the light availability. Even if the
expression is unchanged, it is possible that the processes are being
stretched (or simply delayed) over time by the lack of available ni-
trogen and starch, effectively delaying the subsequent processes as we
observed.

3.6.1. Starch metabolism

As previously observed in two studies [12,32], the lack of starch
synthesis in slml is due to a nonsense mutation in the ADP-pyropho-
sphorylase small subunit. The associated gene was found to be ex-
pressed at much lower level in slm1 than the original gene in wild-type
but with a conserved temporal regulation. The reads mapping over the
mutant gene revealed the nonsense mutation and more importantly, a
homogeneous distribution over the whole gene length. The reduced
expression (see Fig. 6) can be explained by a lower transcription or
post-transcriptional regulation that would degrade the transcript. Since
the diurnal profile of the mutated gene is maintained, it is more likely
that the transcript is being degraded instead. Furthermore, the nonsense
mutation suggests strongly that this post-transcriptional degradation is
done by nonsense-mediated mRNA decay (NMD) [33,34]. Since this
quality-control mechanism is common in eukaryotes, it is very likely
that Tetradesmus obliquus, and possibly other green algae are subjected
to NMD. Nevertheless, it should be noted that sim1 has been obtained
with UV therefore we cannot rule out other mutations that could affect
regulation.

As previously observed in nitrogen replete condition, the similarity
of expression between the two strains means that there is little response
from the lack of starch. The strongest observed difference is for the gene
g2865.t1, annotated to the starch synthase (EC 2.4.1.21, Fig. 6). Its
expression is effectively doubled in the slm1 as compare to in the wild-
type. Another noticeable difference relates to gene g234.t1, associated
to the starch branching enzyme (EC 2.4.1.18). This gene is over-
expressed in slm1, but with a very similar time profile to that in wild-
type (Fig. 6). Though the starch synthesis is operated by few enzymes,
we did not observe a strong response in the mutant that could be at-
tributed to a transcription regulatory mechanism to counter the in-
capacity to synthesize ADP-Glucose and starch. Since the transcript

g2865.t1 coding for the starch synthase (EC 2.4.1.21) is the only one
that displays a change in diurnal expression profile, it is likely to be a
regulatory point for synthesizing starch in the microalga T. obliquus.
Furthermore, the same transcript had also different expression between
strains in nitrogen replete condition. Unlike here, the change in ni-
trogen replete was an early shift in expression [12]. However, we
cannot rule out other post-translational regulatory mechanisms.

Similarly to starch synthesis, the expression of genes associated to
starch degradation does not seem to be affected by the incapacity to
synthesize starch. We identified genes associated to five enzymatic re-
actions. The profiles of these genes are shown in Fig. 7 except for the
glucoamylase (EC 3.2.1.3) which did not have a detected time profile.
Isoamylase (EC 3.2.1.68) was found in the same cluster for both strains
and showed identical profiles for both associated genes (Fig. 7). The
alpha-amylase (EC 3.2.1.1) has several candidate genes, but significant
changes were observed only for g17712.t1. This gene was found in
wild-type cluster 4 and in slm1 cluster 3, with an apparent higher ex-
pression during the light period and lower expression during the dark
period. As for the beta-amylase (EC 3.2.1.2), the associated gene
(g13560.t1) displays a significant difference between the two strains,
with a generally higher expression and a strong peak right after the
switch to dark at 18h (Fig. 7) for smll. Finally, the glycogen phos-
phorylase (EC 2.4.1.1) was associated to two genes and both were af-
fected in a similar way, since they were found in wild-type cluster 4 and
in slm1 cluster 3. While the beta-amylase and the isoamylase are more
expressed during the dark period, the alpha-amylase and the glycogen
phosphorylase are more expressed at the end of the light period. The
first two are degrading beta glycosidic linkage, while the latter two are
degrading alpha glycosidic linkage. The latter two are also displaying a
stronger decrease right after dark in slm1. These results suggest that the
genes associated to alpha and beta linkage lysis are not only expressed
differently over time, but are also regulated differently by starch defi-
ciency.

Overall, the expression of the genes associated to the starch synth-
esis and degradation agrees with the biochemical measurements. For
the wild type, the genes associated to starch synthesis show diurnal
regulation with higher expression during the first half of the light
period, which agrees with the accumulation of starch later on. Likewise,
the genes involved in degradation are upregulated either just before or
during the dark period, which agrees with the observed starch de-
gradation. With respect to slmil, the genes associated to the starch
synthesis are strongly upregulated during the day, which may be a
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Fig. 6. Diurnal expression of genes associated to starch synthesis. Points represent mean values for each time point (n = 2), the ribbon covers the minimum and
maximum values for each time points. The genes associated to the same EC number are plotted together with the same scale Each plot is labeled with the reaction
name, the corresponding EC number, and the color legend for each gene-strain combination. For each gene-strain combination, the number after the # symbol,
indicates the associated cluster and #0 indicates that the gene showed not significant changes in expression over time. The dark area corresponds to the dark period.

physiological response to the inability to shuttle an excess of energy and
carbon to starch. Likewise, a few of the degradation enzymes are up
regulated during late light period or during the dark period, which may
be again, a response to the lack of transient energy due to the absence of
starch.

3.6.2. Metabolism of lipids and TAGs

The wild-type expression of genes associated to lipid synthesis fits a
general trend: highest expression is reached right at the beginning of
the light period, lowest expression is reached half way of the light
period, increase of expression right before the dark period, and slight
decrease during the dark period (Fig. 8). This trend is very similar to the
TAG productivity measured in Fig. 2D, and the first peak corresponds to
the increased TAG productivity at 6 h (Fig. 2), but with a short delay.
Remarkably, the same genes in sim1 display larger variations in ex-
pression with the lowest expression during the dark and highest ex-
pression during the day. The increased expression at the peaks is
roughly 1.5 to 2 times higher in slm1 than in the wild-type. This dif-
ference suggests that the lack of the ability to synthesize starch is ac-
tively compensated by increased accumulation of lipids and TAG during
the light period. Furthermore, the presence of starch correlates with a
maintained expression of the lipid synthesis enzymes during the night,
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whereas in the absence of starch these enzymes are no longer expressed
in the night. This suggests that starch is possibly used to synthesize
lipids and TAG when there is no photosynthesis.

3.6.2.1. TAG and lipid synthesis

In the pyruvate metabolism, pyruvate dehydrogenase subunits
synthesizing acetyl-CoA (EC 1.2.4.1, 2.3.1.12, 1.8.1.4) appear in wild-
type cluster 1 and slm1 cluster 2 (Supplementary file S7), which could
be related to the fact that slm1 cannot synthesize acetyl-CoA from starch
during the dark because starch is not present. Acetyl-CoA is involved in
many processes, but most importantly, it is the building block to start
the lipid synthesis by the Acetyl-CoA carboxylase (ACC, EC 6.4.1.2). As
seen in Fig. 8, the best candidate genes for the ACC are all found in
wild-type cluster 1 and sim1 cluster 2 and 3. All these time profiles are
very similar to each other, which is synchronized with the described
synthesis of acetyl-CoA. The following reaction in the lipids synthesis is
the Beta-ketoacyl-ACP synthase I (KASI, EC 2.3.1.41). Two genes were
associated to this reaction, g16858.t1 and g14707.t1, where g16858.t1
is identified with a trans-membrane domain and g14707.t1 is not. The
two genes are expressed with near identical profiles fitting into wild-
type cluster 1 and sim1 cluster 2. Overall, the same pattern is observed
for genes associated to reactions in the lipids biosynthesis
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Fig. 7. Diurnal expression of genes associated to starch degradation. Points represent mean values for each time point (n = 2), the ribbon covers the minimum and
maximum values for each time points. The genes associated to the same EC number are plotted together with the same scale Each plot is labeled with the reaction
name, the corresponding EC number, and the color legend for each gene-strain combinations. For each gene-strain combination, the number after the # symbol,
indicates the associated cluster and #0 indicates that the gene showed not significant changes in expression over time. The dark area corresponds to the dark period.

(Supplementary Fig. S8). The Acyl-CoA synthetase (EC 6.2.1.3) is as-
sociated to two genes, displaying very different patterns. This is because
it is a reversible reaction that is occurring also in the beta oxidation
pathway. Our results and the manual curation of the annotation con-
firm that g1817.t1 performs the forward reaction, towards synthesis,
while g4377.t1 performs the reverse reaction. The forward reaction is
in phase with the other synthesizing genes.

The synthesis of TAG can be performed by two different enzymatic
reactions, known as diacylglyceride acyltransferase (DGAT, EC
2.3.1.20) and phospholipid diacylglycerol acyltransferase (PDAT, EC
2.3.1.158). While several DGAT genes have been identified in green
algae, our functional annotation revealed two genes with high con-
fidence [35]. The expression of these two genes is noticeably different,
with g8527 being the only one with a temporal regulation. In wild-type,
the gene g8527 is highly expressed during the dark period. In slm1, its
profile is very similar to the wild-type but with overall higher expres-
sion and apparently more exclusive to the dark period. In slm1, PDAT is
displaying a somewhat opposite expression to DGAT, meaning that fatty
acids from phospholipids are transferred onto diacylglycerides (DAG) to
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form TAG during the light period and free fatty acids are added to DAG
during the dark period. This seems to agree with the findings in Chla-
mydomonas reinhardtii, where PDAT mediated membrane lipid turnover
is helping to recycle phospholipids and synthesize TAG [36]. Interest-
ingly, the monogalactosyldiacylglycerol (MGDG) synthase (EC
2.4.1.46) is highly expressed during the light period with a similar
pattern in both strains. This expression is not synchronized with any of
the other lipids synthesis reactions, but because MGDG is the main lipid
form of the chloroplast membrane, the expression of the MGDG syn-
thase is logically correlated with cellular growth and chlorophyll
synthesis.

3.6.2.2. TAG and lipid degradation. In the wild-type strain, the diurnal
expression of genes associated to TAG and lipid degradation shows a
temporal regulation very similar to that of genes associated to
synthesis, but with a lower expression. These genes are expressed
higher during the day period and lowest at night. This transcriptional
regulation is coherent with the measured accumulation of TAG and
lipids during the day and night, and with a very limited turnover.
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However, the slml strain is regulated in a complete opposite way,
strongly over-expressing the genes associated to TAG and lipid
degradation during the dark period (Fig. 9). Though the profile of
stm1 under N-limitation is very similar to that in the previously
analyzed replete condition [12], the amplitude of the up-regulation at
dark is much more important, with fold changes ranging from 1.5 to 2.5
folds. Interestingly, also the acyl-CoA oxidase (EC 1.3.3.6) is now
displaying a strong increase in expression in slml compared to the wild-
type.

The first and second step to degrade TAG is performed by the same
enzyme, the triacylglycerol lipase (EC 3.1.1.3). Its highest expression is
measured at 18h, the first time point after dark, and its expression
reduces progressively until 6 h (Fig. 9). Next, the last fatty acid chain is
removed from the glycerol by the monoacylglycerol lipase (EC
3.1.1.23). Out of the four genes annotated to this reaction, only two
displayed some expression variation, although these appear lowly ex-
pressed and do not display any temporal regulation (Fig. 9). The fol-
lowing step is the Acyl-CoA synthetase, the reversible reaction de-
scribed in the synthesis section (Fig. 8), for which we have identified
separate candidates proteins for each direction. The degrading candi-
date (g4377.t1) is highly expressed during the dark period, which is in
phase with the other degrading candidates. The four following reactions
are repeated reactions and are performed by three enzymes: Acyl-CoA
oxydase (EC 1.3.3.6), Multifunctional MPF-a (EC 1.1.1.35, 4.2.1.17),
Acetyl-CoA acyltransferase (EC 2.3.1.16), Acetyl-CoA C-acetyl-
transferase (EC 2.3.1.9). All the reactions are highly expressed in slmi
during the dark period. Only the Acetyl-CoA C-acetyltransferase is ex-
pressed with a similar time profile in the wild-type strain but at a lower
level. Additionally, the enzyme representing the beta oxidation of un-
saturated fatty-acids, enoyl-CoA isomerase (EC 5.3.3.8), is found to be
expressed in the same cluster as the other degrading enzymes (smll
cluster 5, Supplementary file S7).

The acetyl-CoA molecules produced from the described reactions
can then be utilized by the organism. For example, the acetyl-CoA can
be broken down in the TCA cycle to generate energy or can be con-
verted into succinate and malate through the glyoxylate cycle. Next
succinate and malate can be converted into oxaloacetate through the
TCA cycle in the mitochondria, and finally converted into hexoses or
sucrose through the glyconeogenesis in the cytosol [37]. Overall, all
these points strongly suggest that a global regulatory mechanism, as
observed in A. thaliana [38], allows the organism to use TAG as a form
of transient energy storage, which accumulates during the light period
and is degraded during the dark period.

3.6.3. Nitrogen metabolism

The expression profiles of the genes associated to nitrogen meta-
bolism are displayed in Fig. 10. Very little difference is noticeable be-
tween the strains at the first sight as most of the profiles are overlapping
and only one gene stands out. Five genes from three of the six annotated
reactions are in cluster 4, resulting in an enrichment of this pathway.
These strong similarities suggest that nitrogen metabolism in both
strains is regulated in a very similar way. In other words, nitrogen
metabolism is mostly affected by nitrogen limitation and not from
starch availability.

In the previous paper on N-replete conditions we could not find a
protein for nitrate reductase. In this work we were able to identify a
candidate protein for nitrate reductase [12]. The EnzDP score for this
protein came second. However, its expression is sufficient, unlike the
top scored protein that was not found expressed in both the nitrogen
limited condition as well as the nitrogen replete condition. Both strains
display the exact same pattern and level of expression for this protein,
fitting the associated cluster 4 pattern but with only the peak of ex-
pression before the dark period (Fig. 10). This diurnal expression pat-
tern indicates that for the wild type and sim1 under nitrogen limitation,
nitrogen is assimilated gradually throughout the whole light period and
gradually reduced right before the dark period until the very early light
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period. In the nitrogen replete condition, the expression of the tran-
script for smll is identical to the one observed here in the nitrogen
limited condition, and is part of the slml cluster A as defined in the
previous N-replete paper [12]. Besides, the wild-type expression is very
different and fits the pattern of cluster 5 as defined in the N replete
paper [12], with a progressive expression throughout the light period
similar to the slml pattern in this study, but with a continued high
expression during the late day and early night, where the expression of
the slm1 dropped. Its expression reached its highest value early in the
dark period after which it decreased. This seems to indicate that ni-
trogen is probably metabolized during the dark period. Since this re-
action requires the presence of nitrogen and energy in form of NADH, it
can only occur in nitrogen replete conditions for strains with available
transient energy storage like starch.

The genes associated to the nitrite reductase and the nitrite re-
ductase NO-forming are too lowly expressed to detect any time pattern.
Hence, it is unlikely that these are used by Tetradesmus obliquus to
perform the reduction of nitrite. Besides, two genes were associated to
two forms of hydroxylamine reductase (EC 1.7.99.1, Fig. 10). These two
are expressed differently throughout the diurnal cycle, their expression
is not affected by the mutation of sim1, and the expression of the hybrid
cluster protein (HCP) is much higher (~10 folds). More interestingly,
the diurnal expression of the transcript associated to the HCP is nearly
identical to the one observed from the nitrate reductase. In addition, the
same expression is also observed between the two transcripts in ni-
trogen replete condition. Since the gene identifiers are given by their
order of appearance in the genome, it is clear that the nitrate reductase
and the HCP are neighbor genes, further indicating that these genes
have a special bound. Additionally, the hydroxylamine reductase re-
action is fairly similar to the nitrite reductase and was even found to
perform the NO forming nitrite reduction [39]. We are pushed to be-
lieve that the proteins translated from these transcripts (g618.t1 and
g619.t1), though different than known enzymes, are performing the
successive reactions of nitrate and nitrite reduction. It would then be
valuable to confirm the functionally of these two proteins.

The glutamine synthetase (GS, EC 6.3.1.2, g10416.t1) is highly ex-
pressed throughout the whole light period, and lowly expressed during
the dark period, effectively fitting clusters 2 and 3 of wild-type and slm1
respectively. In both strains the expression is very similar. Compared to
our previous observations in nitrogen replete conditions, its maximum
expression in nitrogen limiting conditions is about 3 times lower and its
expression profile is very different. In the nitrogen limited condition, its
expression is high throughout the whole light period, while in nitrogen
replete, its expression was high during the early light period and the
dark period. Among the glutamate synthase (GItS, EC 1.4.1.14) in ni-
trogen replete condition, only the ferredoxin-dependent glutamate
synthase (fd-GltS) was displaying significant differences between the
strains and it was down-regulated in sim1. However, in this nitrogen
limited condition, fd-GItS only displays a marginal difference at 3h
between the strains with a slight overexpression. The levels of expres-
sion are comparable to slml in nitrogen replete condition. Most im-
portantly, while the two NADH dependent GItS are displaying a similar
profile between strains, their expression is roughly 2 folds higher in
slm1 than in the wild-type. Overall, it appears that when T. obliquus is
exposed to nitrogen limitation, it relies more on the NADH dependent
GItS than the fd-GltS, and with an even stronger expression for sim1. It
would seem that with increasing stress, GItS is more prominent over fd-
GItS, possibly due to stopped ferredoxin oxidation by the photosystem I.

Green algae are known to synthesize glutamate with GS, GItS, and
fd-GltS, while ammonia is recycled by the glutamate dehydrogenase
(GDH, EC 1.4.1.3) from metabolites such as amino acids [40]. Deami-
nation by GDH suggests that amino acids are used as source of energy
and possible ammonium for protein recycling during the heterotrophic
condition present in the dark period. Proteins are recycled for different
purposes: to regulate enzyme activities, to remove abnormal proteins,
to generate energy and to adapt to the changing environment [41].
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Fig. 10. Diurnal expression of genes associated to nitrogen metabolism. Points represent mean values for each time point (n = 2), the ribbon covers the minimum
and maximum values for each time points. The genes associated to the same EC number are plotted together on the same scale. Each plot is labeled with the reaction
name, the corresponding EC number, and the color legend for each gene-strain combination. For each gene-strain combination, the number after the # symbol,
indicates the associated cluster and #0 indicates that the gene showed not significant changes in expression over time. The dark area corresponds to the dark period.

Protein turnover is believed to be an adaptive process and also to be one
of the most energy demanding processes during dark respiration
[42-44]. Similarly to our previous findings in nitrogen replete

conditions, among the genes associated to GDH, only g547.t1 displays a
difference between the strains with for slmI a lower peak of expression
just before dark and a higher peak of expression just after the start of
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the dark period. Even if the difference between the strains is not large
and the peak before dark has overlapping values, the values in the
second peak are significantly different. In fact, the replicate values are
much closer to each other, and the minimum difference between the
strains is ~1.5 folds higher for slmI. More subtly, after being subjected
to nitrogen limitation, only slm1 kept the high peak of expression after
dark. The stronger GDH activity, the enrichments for “generation of
precursor metabolites and energy”, enrichment for diverse amino acids
pathways (including degrading ones), transaminases candidate pro-
teins, and other enzymes involved in the amino acids degradation, in-
dicate that amino acids are actively degraded at the end of the light
period and during the dark period, with higher sim1 activity in the dark
period.

3.6.4. Glyoxylate cycle

The “Glyoxylate and dicarboxylate metabolism” that is enriched in
wild-type cluster 1 and 3, and is enriched in slm1 cluster 4 and 5. The
glyoxylate pathway converts Acetyl-CoA, which is a breakdown product
of amino acids, fatty acids and nucleic acids, to compounds containing
4 carbon atoms like succinate, fumarate, malate and oxaloacetate.
These C4 compounds in turn can then be converted to building blocks
for biomass components. This is a sign that components from de-
gradation pathways are recycled to new biomass components for ex-
ample for remodeling the protein and fatty acid composition of the cell.
In the previous sections we have shown that the gene expression data
during the dark period display clear signs of degradation of amino-
acids, fatty-acids and TAG for slm1. However, looking at the biochem-
ical measurements for slml1, degradation during the dark period cannot
be observed (Fig. 2, Supplementary Fig. 1).

The glyoxylate cycle converts two acetyl-coA molecules to one
malate molecule and contains two specific enzymes that are not found
in the TCA cycle. The transcripts associated to these key enzymes, cycle
malate synthase (MS, g18100.t1) and isocitrate lyase (ICL, g13192.t1),
are both found in wild-type cluster 3, while for sim1 they are in cluster
5. Their expression profile in slml is identical to the lipid degrading
enzymes (I.g. ACC, Fig. 9), and most importantly, orders of magnitude
higher than the wild-type. We have also analyzed the other reactions
involved in the glyoxylate cycle, and we have identified candidate
proteins that agree with sim1 dark period activity (Supplementary file
S9). These results suggest that the glyoxylate cycle is only active in slm1
and exclusively during the dark period. This confirms that in slm1 fatty
acids are broken down to acetyl-CoA to directly generate energy from.
At the same time the glyoxylate pathway is used to convert acetyl-CoA
to intermediates of the TCA cycle to keep this cycle running, or use
them to make various biomass components. Finally also some amino
acids are broken down to glyoxylate or acetyl-CoA and can be used in
this way.

4. Conclusions

Under continuous nitrogen limitation, both T. obliquus wild-type
and slml showed a repeated diurnal dilution pattern, with the slml
showing a lower 24 h dilution rate (growth rate) compared to the wild-
type. The transcriptome analysis revealed a similar diurnal pattern,
with a reduced amplitude of the changes in expression for slml. Under
nitrogen limitation, T. obliquus wild-type continued to prefer starch to
store energy and carbon. Starch was accumulated to an average content
of approximately 0.25g-gpw '. Additionally, starch showed small
diurnal oscillations, confirming its role as a transient energy storage
compound, but to a lower extent than under nitrogen replete condi-
tions. Analysis of expression changes during the cycle of genes asso-
ciated to starch synthesis and degradation correlate with the measured
productivity. The possibility to synthesize starch provides an advantage
for the wild-type as compared to slml as it has a higher energy con-
version efficiency into the biomass components. With respect to the
diurnal cycle this higher efficiency of the wild-type is reached
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especially during the last hours of light, where starch is accumulated.
The energy conversion efficiency of photons into biomass components
for the sim1 was only half of the one obtained for the wild-type, which
resulted in a decrease in biomass productivity in slml (from
1.29 gpwL~Yday ™! for the wild-type to 0.52 gpwl ™ “day ™' for the
sim1). However, the TAG content in the sim1 was higher than for the
wild-type (average steady state values of approximately 0.27 g-gpw ~*
for slm1 compared to 0.07 g-gpw ! for the wild-type), which resulted in
a slightly higher TAG volumetric productivity for the siml as compared
to the wild-type (0.09gL 'day™! for the wild-type and
0.14 gL~ “day ! for the slm1I).

The transcriptome analysis revealed breakdown of lipids and pro-
teins in slml during the dark period, which are probably used for the
generation of energy in the absence of starch. In agreement with this,
the enzymes in the glyoxylate cycle are upregulated in the sim1 mutant.
This cycle is used to convert the acetyl-CoA from amino acid and fatty
acid breakdown to intermediates of the citric acid cycle to either keep
this cycle running or to be converted to other biomass components. Our
measurements do not show significant diurnal variation in DW proteins
and TAG content, which indicates that substantially less energy is
generated in the mutant during the dark period.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.algal.2020.101937.
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