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Many studies have investigated the various genetic and environmental factors regulating cyanobacterial growth. Here, we
investigated the growth and metabolism of Synechocystis sp. PCC 6803 under different nitrogen sources, light intensities, and CO2
concentrations. Cells grown on urea showed the highest growth rates. However, for all conditions tested, the daily growth rates in
batch cultures decreased steadily over time, and stationary phase was obtained with similar cell densities. Unexpectedly, metabolic
and physiological analyses showed that growth rates during log phase were not controlled primarily by the availability of
photoassimilates. Further physiological investigations indicated that nutrient limitation, quorum sensing, light quality, and light
intensity (self-shading) were not the main factors responsible for the decrease in the growth rate and the onset of the stationary
phase. Moreover, cell division rates in fed-batch cultures were positively correlated with the dilution rates. Hence, not only light, CO2,
and nutrients can affect growth but also a cell-cell interaction. Accordingly, we propose that cell-cell interaction may be a factor
responsible for the gradual decrease of growth rates in batch cultures during log phase, culminating with the onset of stationary phase.

Cyanobacteria were the first organisms on Earth that
performed oxygenic photosynthesis, and nowadays,
they arewidespread on a variety of terrestrial and aquatic
habitats, showing extensive metabolic, physiological,

and morphological diversity (Tomitani et al., 2006; Beck
et al., 2012; Schirrmeister et al., 2013). This diversity
among cyanobacteria has been related to their ability to
adapt to a series of changes that occurred on Earth, af-
fecting the availability of atmospheric oxygen, light, CO2,
and reduced nitrogen (Catling et al., 2001; Herrero et al.,
2001; Kasting and Siefert, 2002; Kühl et al., 2005;
Muramatsu and Hihara, 2012; Hagemann et al., 2016).

Synechocystis sp. PCC 6803 (hereafter termed Syn-
echocystis) is one of the cyanobacterial species com-
monly used for metabolic and genetic studies. It is easy
to culture under phototrophic, mixotrophic, and het-
erotrophic conditions, its entire genome is sequenced,
and it exhibits natural competence for the incorporation
of exogenous DNA (Kanesaki et al., 2012; Yu et al.,
2013). Like all photosynthetic organisms, the physiol-
ogy and cell cycle of Synechocystis are affected by both
light availability and intensity (Yang et al., 2010;
Schuurmans et al., 2015). Light harvesting is performed
by phycobilisomes composed of a core of allophyco-
cyanins and branches of phycocyanin (Mullineaux,
2008; Arteni et al., 2009). The light energy is transferred
from the phycobilisomes to chlorophyll a present in the
reaction centers of PSI and PSII (Liu et al., 2013). These
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transfers lead to the generation of reducing power,
which supply metabolic processes such as the Calvin-
Benson cycle and nitrogen uptake and reduction
(Valladares et al., 2002; Flores et al., 2005). The efficiency
ofCO2fixation and assimilation is, at least partially, under
the control of a carbon concentration mechanism, which
increases the CO2 concentration around the Rubisco
catalytic site (Price et al., 1998), allowing it to operate
close to its Vmax (Badger et al., 2006). Synechocystis can
take up andmetabolize different nitrogen sources (nitrate,
nitrite, ammonium, urea, and some amino acids;
Quintero et al., 2000; Valladares et al., 2002; Flores et al.,
2005; Muro-Pastor et al., 2005). Intriguingly, the control
of the expression and activity of transporters and en-
zymes related to nitrogen metabolism is regulated by a
complex network involving 2-oxoglutarate, NtcA (nitrogen
control factor of cyanobacteria), PII (nitrogen regula-
tory protein PII), and PipX (PII-interacting protein X;
Alfonso et al., 2001; Herrero et al., 2001; Llácer et al.,
2010; Zhao et al., 2010; Espinosa et al., 2014; Lüddecke
and Forchhammer, 2015).
In photobioreactors, Synechocystis can typically achieve

growth rates ranging from 1.7 to 2.5 divisions per day (i.e.
doubling times of between 14.1 and 9.6 h; Kim et al., 2011).
Faster doubling times of 6 and 5.6 h were reported by
Hihara et al. (2001) and Zav�rel et al. (2015), respectively;
however, in the case of the latter study, these division rates
could not be maintained for more 120 h. Many studies
have attempted to identify growth-limiting factors in
Synechocystis (e.g. nutrients and light; Kim et al., 2011;
Lea-Smith et al., 2014; Burnap, 2015; Touloupakis et al.,
2015; van Alphen and Hellingwerf, 2015). Understanding
of the factors controlling the limitation of Synechocystis
growth would facilitate the use of this strain as a cell fac-
tory (Yu et al., 2013) for the production of biomass (Joseph
et al., 2014), pigments (Sekar and Chandramohan, 2008),
secondary metabolite natural products (Frommeyer et al.,
2016), biofuel (Dexter and Fu, 2009; Baebprasert et al.,
2011; Liu et al., 2011), and other high-value compounds.
The commercialization of cyanobacteria-based biomass

and biomolecules still requires optimization for sustain-
able economic viability (Schenk et al., 2008; Brennan and
Owende, 2010;Wijffels et al., 2013). One recently adopted
approach in this view is the use of low-cost sources of
CO2, nutrients, and water (Markou and Georgakakis,
2011; Slade and Bauen, 2013; Iijima et al., 2015). In this
study, we grew Synechocystis in various growth condi-
tions, using three different nitrogen sources, in combina-
tionwith two light intensities and twoCO2 concentrations.
Urea is seemingly a potent source of nitrogen supporting
the growth of Synechocystis, as it promoted high cell divi-
sion rates and is less costly than nitrate and ammonium.
That said, after 4 d of culture, growth was inhibited for all
conditions tested, and this inhibition was not related to a
metabolic limitation. Indeed, we observed an uncoupling
of photosynthesis and growth, leading to the accumu-
lation of unused reserves in the cells and even their
release to culture medium. We further investigated the
reasons behind this nonmetabolic growth limitation
and conclude that nutrient limitation and quorum

sensing are not responsible for the decrease of growth
rates during the log phase and for the onset of the sta-
tionary phase. Our data also suggest that self-shading is
not responsible for the growth limitation. We hypoth-
esize that Synechocystismay be able to sense the gradual
increase of cell density occurring in batch cultures via
cell-cell interaction, leading to the gradual decrease of
division rate until the onset of stationary phase.

RESULTS

Rates of Cell Division Peak at the Start of Log Phase and
Then Decrease Gradually

The growth cycle and generation time (Gt) of Syn-
echocystis varied in response to the nitrogen source, light
intensity, and CO2 concentration (Fig. 1; Table I). A lag
phase was not observed when cells were grown in the
presence of ammonium under moderate light intensity
(ML; 50 mmol photons m22 s21), nitrate under ML with
CO2 supplementation, and nitrate under high light inten-
sity (HL; 200 mmol photons m22 s21; Fig. 1, A–D). The
highest number of divisions per day was typically ach-
ieved at day 2 or 3 anddecreased gradually afterward (Fig.
1, B, D, and F). The cultures reached a stable stationary
phase after 8 to 14d (Fig. 1). Curiously, the stationaryphase
occurred at similar cell densities (2.1 to 2.6 3 108; Fig. 1;
Supplemental Table S1), despite a large variation in the
duration of the growth cycles, in nine out of the 10 growth
conditions studied. In order to confirm whether cells were
in stationary phase, we analyzed the expression of the ftsZ
(cell division protein FtsZ) gene, which encodes the cell
division protein FtsZ (Supplemental Fig. S1). The relative
ftsZ expression levels of the cells at stationary phase, at the
endof theday (ED),were 4 to 10 times lower than the levels
observed for cells in log phase (Supplemental Fig. S1A). In
addition, as observedpreviously (Mori and Johnson, 2001),
the ftsZ expression levels were very low at the end of the
night (EN), with little differences between the growth
stages (Supplemental Fig. S1B), thus confirming that cells
do not divide at night.

The gradual decrease in the number of divisions per day
observed from the 3rd or 4th day of culture and the fact
that cultures reached stationary phase with comparable
cell densities regardless of differences in nitrogen source,
light intensity, and CO2 concentration raised questions
about a similar metabolic limitation occurring for all these
growth conditions due to (1) nutrient starvation, (2) re-
duction in light intensity or quality due to high cell density
(self-shading), or (3) a regulatory limitation of growth due
to quorum sensing. In order to test these hypotheses, we
analyzed the photosynthetic rates and cellular metabolic
contents and evaluated the possibilities of nutrient deple-
tion, quorum sensing, and self-shading.

Metabolic and Physiological Traits during the Log Phase

The varied growth conditions did not affect Syn-
echocystis cell size (Supplemental Table S2). Then, as our
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aimwas to document the metabolic contents of the cells
and relate this information to growth rates, the data
were normalized on a per cell basis and not on a bio-
mass basis. This method avoids biases due to specific
growth conditions leading to cells containing more
metabolites and then being heavier. Indeed, expressing
our data on a biomass basis would have wrongly led to
the conclusion of higher growth rates for some growth
conditions, while, in fact, it could just be caused by cells
accumulating more metabolites.

The rate of photosynthesis, as estimated by the de-
termination of oxygen release, varied between the
treatments (Table II). Under HL, cells grown in the
presence of nitrate supplemented with CO2, ammo-
nium, and urea exhibited the highest photosynthetic
rates (Table II). In addition, photosynthetic rates of cells
cultured with ammonium and urea showed a light ef-
fect, with an increase by almost 60%when grown under
HL (Table II). By contrast, nitrate cultures displayed
similar photosynthetic rates and were not affected by

Figure 1. Synechocystis growth cycle represented on a log(cell) basis (A, C, and E) and daily number of divisions (B, D, and F)
when grown on 10 different culture conditions. Cultures on nitrate (A and B), ammonium (C and D), and urea (E and F) were
submitted to two different light intensities, 50 mmol photons m22 s21 (red) and 200 mmol photons m22 s21 (blue). Cultures grown
on ammonium and nitrate were supplemented with 2.5 mM bicarbonate (triangles) or not supplemented (circles).
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increases in light intensity or CO2 supplementation
(Table II).
After 4 d of culture, the cellular dry weight (hereafter

termed biomass) was higher under ML than HL for all
the treatments, except for ammonium without CO2
supplementation, for which the biomass did not differ
(Supplemental Table S3). Chlorophyll a (hereafter
termed chlorophyll) content was affected by nitrogen
source and mostly by light intensity. In general, its
content was higher under ML, in particular for cultures
supplemented with nitrate (Supplemental Fig. S2A).
The highest concentrations of phycocyanin were regis-
tered for cultures grown in the presence of nitrate and
urea under ML, and the lowest concentrations were
seen for cultures grown in the presence of ammonium
and nitrate underHL (Supplemental Fig. S2B). Levels of
total soluble sugars were almost constant among the
different growth conditions (Supplemental Fig. S3A).
As documented previously (Mikkat et al., 1997), Suc
levels were below the level of detection, with the ex-
ception of cells grown on nitrate and the presence or
absence of CO2 under ML (Supplemental Tables S4 and
S5). Total soluble sugars also were detected in the
growth medium; however, their concentrations were
similar for almost all treatments (Supplemental Fig. S4).
Glycogen amounts at EDwere relatively constant for all
growth conditions, and only cells grown under HL and
supplemented with CO2 accumulated significantly
more glycogen, independently of the nitrogen source
(ammonium or nitrate; Supplemental Fig. S3B). A sig-
nificant amount of the glycogen accumulated at EDwas
used during the night for all growth conditions (from
17.1% to 66.6%), except for cells grown in the presence
of nitrate with ML (Supplemental Figs. S3B and S5).
Levels of total soluble amino acids were very stable in
cells grown under ML and did not exhibit diurnal
variation. In contrast, their levels showed large varia-
tions between the treatments under HL (Supplemental
Fig. S3C). The cellular protein content did not vary di-
urnally and was relatively similar between ammo-
nium and urea growth conditions. Cells grown on
nitrate displayed significantly higher protein con-
tent (Supplemental Fig. S3D). Cyanophycin levels did
not vary diurnally and showed small variations be-
tween all growth conditions (Supplemental Fig. S3E).

In order to obtain insights into the carbon/nitrogen
(C/N) balance and cellular redox status of the cells grown
in the 10 contrasting growth conditions, we determined
ntcA and pII expression (Supplemental Fig. S6). The rel-
ative expression levels of both genes showed no signifi-
cant variations in response to the nitrogen source andCO2
concentrations. On the other hand, their levels of expres-
sion at ED were negatively affected by the increase of the
light intensity (Supplemental Fig. S6). In addition, ntcA
and pII exhibit significant reductions in their expression at
EN for all treatments (Supplemental Fig. S6).

Metabolic and Physiological Traits during the
Stationary Phase

For most growth conditions, photosynthetic rates
decreased by 50% to 60% at 3 d after the onset of the
stationary phase (Table II), thus allowing the mainte-
nance of a significant production of photoassimilates.
Moreover, cells cultured in the presence of nitrate and
ammonium (not supplemented with CO2), under HL,
kept similar rates of photosynthesis than those ob-
served in log phase (Table II).

The biomass of cultures under ML exhibited a lower
variation than under HL (Supplemental Table S3). The
levels of chlorophyll and phycocyanin were similar in
almost all of the growth conditions (Supplemental Fig.
S7). Higher contents of total soluble sugars were ob-
served for all cells grown under HL, especially for those
grown in the presence of nitrate plus CO2 and ammo-
nium (Supplemental Fig. S8A). This makes sense, as
these growth conditions were the ones in which pho-
tosynthetic rates remained high at stationary phase
(Table II). By contrast, higher Suc levelswere determined
under ML (Supplemental Fig. S8B; Supplemental Tables
S6 and S7). The highest levels of glycogenwere observed
in cultures grown in the presence of nitrate under ML.
Glycogen degradation was significant for most of the
growth conditions under HL (Supplemental Fig. S8C).
As the photosynthetic rates were 2 times higher for some
growth conditions without proportional increases of
total soluble sugars and glycogen cellular contents
(Supplemental Fig. S8, A and C), we next analyzed total
soluble sugars in the culture medium. The highest levels
of sugars in medium were measured for the three
growth conditions where photosynthetic rates were
maintained (Supplemental Fig. S9), suggesting that
photosynthetic rates were higher than necessary for the
growth demand and that the excess of photosynthate
production is released to the medium. Total soluble
amino acid content also was increased in cells grown
under HL, independently of the nutrient treatments
(Supplemental Fig. S10A). In good agreement with this,
Glu levels were lower in these growth conditions
(Supplemental Fig. S10B; Supplemental Tables S6 and
S7). In addition, light intensity negatively affected
cyanophycin accumulation (Supplemental Fig. S10C),
while all treatments displayed similar protein contents
(Supplemental Fig. S10D).

Table I. Gt of Synechocystis grown under 10 culture conditions

Gt (hours) was calculated using a regression of the data within the
logarithmic growth period at 50 mmol photons m22 s21 (ML) and
200 mmol photons m22 s21 (HL), with or without the addition of CO2.
Values represent means 6 SD (n = 3). Means followed by the same
letter do not differ by 5% probability (Tukey’s test).

Culture
Gt

ML HL

Nitrate 21.41 6 1.26 fg 20.15 6 1.63 efg
Ammonium 16.95 6 0.57 abcd 19.30 6 0.95 def
Urea 14.88 6 0.61 abc 13.89 6 0.20 a
Nitrate + CO2 22.40 6 0.17 g 17.91 6 0.37 cde
Ammonium + CO2 17.44 6 2.26 bcde 14.70 6 0.44 ab
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The Decrease in Division Rates Seems to Be Unrelated to
Nutrient Limitation, Quorum Sensing, or Self-Shading

To evaluate the possible influence of nutrient deple-
tion and/or quorum sensing, we transferred cells from
a whole culture that had reached stationary phase to
fresh medium (Fig. 2). Cell density did not increase
significantly (Table III; Supplemental Tables S8 and S9).
In order to assess if the old medium obtained from the
culture that had reached stationary phase was subop-
timal for growth, we grew 3 mL of inoculum from the
same resuspended pellet in the old medium (Fig. 2).
After 4 d of culture, cell density increased 11 to 22 times,
with the division rates being statistically similar to the
rates observed when an inoculum of the same density
was gown on fresh medium (Table III; Supplemental
Tables S8 and S9). Besides, the whole growth cycle
observed using the old medium appeared very similar
to the one observed on fresh medium, and only when
we attempted to reuse the medium for a third growth
cycle we could observe a sharp decrease in division
rates. High daily cell division rates were restored by the
addition of fresh nutrients to the medium, but not by
the addition of water (Fig. 3). Thus, the slow growth
rates at stationary phase seem likely not due to a nu-
trient limitation, as ourmetabolic data suggested, nor to
quorum sensing, as the growth of an inoculum would
have been impaired in old medium due to the presence
of a signal molecule, although we cannot exclude the
possibility that this molecule had been highly unstable.

To confirm the absence of quorum sensing in our
culture conditions and also test the possibility of an
effect of light intensity and/or quality due to the high
density of the cell culture, we next inoculated cells into a
microtube fixed at the bottom of a flask containing a
culture that had reached stationary phase (Fig. 2). Im-
portantly, we allowed the exchange of medium be-
tween the culture and the cells within the microtube by
sealing a filter of 0.45 mm at the entrance of the micro-
tube. After 4 d of culture under ML, cell density in the
microtubes reached 60% of what was achieved by an
inoculum in the presence of freshmedium (Table IV), so
the cells divided only one time less. Moreover, when
cells were grown under HL, we did not observe any
difference with a fresh culture (Table IV). This indicates
that quorum sensing is not responsible for the decrease
of growth rates and for the onset of stationary phase in
Synechocystis. Moreover, self-shading had a very mod-
erate effect under ML and probably no effect under HL
(Fig. 1; Supplemental Table S1).

Given that nutrient limitation, quorum sensing, and
self-shading may not explain the gradual decrease of
growth and the onset of stationary phase, we considered
whether a regulation triggered by cell-cell interaction
could be involved in this process. For this purpose, ex-
periments were performed with cultures grown on urea
under HL to avoid the moderate self-shading effect ob-
served under ML. In order to test this hypothesis, we
started cultures using inocula at different cell densities.
Cultures initiated with higher cell density showedT
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slower division rates during the 2nd and 3rd days of
culturing, and all cultures exhibited a gradual decrease
in their division rates from day 4 (Fig. 4, A and B).
In order to evaluate how fast the rate of cell division

responded to an increase in cell density, we used cen-
trifugation to artificially increase by a factor of 10 the
density of log-phase cultures. This treatment led to
58% and 77% decreases in growth rates after 24 and
48 h, respectively. Cultures submitted to the same

centrifugation process, but resuspended without being
concentrated, did not present any alteration in their
growth rate, dividing as fast as cultures that had not
been centrifuged (Fig. 4, C and D).

In order to determine whether cell density quantita-
tively controls the rate of cell division, we grew Synecho-
cystis in a fed-batch system at two different dilution rates.
Cultures startedwith low cell density (43 106 cells mL21)
and submitted to a dilution rate of 0.53 increased in

Figure 2. Experimental setup for the
identification of the processes involved
in the onset of stationary phase.

Table III. Ratio between cell density at day 4 (D4) and day 0 (D0) of an inoculum grown on filtered medium from a previous culture that had reached
stationary phase (condition 1) or whole-cell culture that had reached stationary phase and was regrown without dilution on fresh medium (condition 2)

D4:D0 ratios were determined under 50 mmol photons m22 s21 (ML) and 200 mmol photons m22 s21 (HL), with or without the addition of CO2.
Control ratios were calculated from data obtained on growth curves shown in Figure 1 between the first 4 d of culturing (condition 1) and the last 4 d
of culturing (condition 2). Values represent means 6 SD (n = 3). The asterisk represents a significant difference between control and treatment for the
same growth condition (P , 0.05, unpaired Student’s t test). Cell densities for each growth condition and treatment are presented in Supplemental
Tables S8 and S9.

Culture

Condition 1 Condition 2

Control

Filtered Medium Inoculated

with 2% (v/v) Cells Control

Cell Pellet Regrown on Fresh

Medium

ML HL ML HL ML HL ML HL

Nitrate 10.9 6 1.1 19.7 6 1.8 13.3 6 3.6 14.4 6 5.4 1.4 6 0.1 1.1 6 0.1 1.2 6 0.2 1.2 6 0.2
Ammonium 16.7 6 0.4 15.5 6 1.9 17.4 6 3.4 11.9 6 1.8 1.1 6 0.1 1.3 6 0.1 1.8 6 0.4* 1.4 6 0.3
Urea 18.9 6 0.4 20.4 6 1.3 22.9 6 6.1 17. 8 6 1.9 1.3 6 0.1 1.8 6 0.1 1.4 6 0.3 1.6 6 0.2
Nitrate + CO2 19.5 6 0.4 16.7 6 2.3 14.6 6 3.5 18.2 6 0.4 1.3 6 0.1 1.2 6 0.1 1.3 6 0.3 1.4 6 0.2
Ammonium + CO2 20.5 6 4.2 17.5 6 1.1 14.7 6 2.0 19.0 6 6.6 1.2 6 0.1 1.8 6 0.1 1.5 6 0.2 1.7 6 0.1
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density during the first 4 d (Fig. 5, A and B). When cul-
tures reached a density of 73 107 cells mL21, growth and
dilution rate were counterbalanced and the culture den-
sity stayed stable, with cells dividing around 0.46 to 0.66
times per day for 7 d (Fig. 5, A and B). Next, we increased
the dilution rate to two times per day. The cells divided
faster than the dilution rate during the first 2 d, until the
culture reached a density of 3.53 107 cells mL21, when cell
division rate and dilution rate were counterbalanced.
During the followingdays, the cells divided fast,with 1.7 to
2.2 divisions per day (Fig. 5, A and B).

Next, we investigated the effect of the same dilution
rates on cultures that had reached stationary phase. At a
dilution rate of 0.53 per day, cultures divided slower
than the dilution rate on the first day, leading to a de-
crease of the cell density (Fig. 5, C and D). Then, cell di-
vision rates entered in balancewith dilution, dividing 0.46
to 0.74 times per day during the following 6 d. When we
applied a dilution rate of two times per day, we observed
a gradual increase in cell division rates, which counter-
balanced the dilution rate on the 3rd day of growth at a
cell density around 23 107 cells mL21, with cells dividing
1.6 to 2.3 times per day for the next 6 d (Fig. 5, C andD). In
summary, cell division rates appeared to be related di-
rectly to the cell density of the cultures.

DISCUSSION

Growth Rates Are Only Partially Controlled by the
Metabolic Capacity and Mostly by the Cell
Division Machinery

We built a Spearman’s rank correlation matrix to
identify potential metabolic and physiological traits
that could be linked to growth and biomass (Fig. 6;

Supplemental Fig. S11). Gt and biomass were signifi-
cantly and positively correlated (rs = 0.71; Fig. 6),
meaning that cells dividing fast accumulate less bio-
mass than cells dividing slowly. Photosynthesis did not
correlate with growth and biomass. However, photo-
synthetic rates were positively correlated with amino
acid levels at both ED and EN and with soluble sugar
pools and glycogen at EN (Fig. 6). The absence of cor-
relation between Gt and photosynthetic rate indicates
that photosynthesis and growth were unrelated on the
4th day of culture, so 3 d after the start of the log phase
formost of the culture conditions studied. This suggests
that, instead of dividing, the cells store photoassimilates
(Figs. 6 and 7). In agreement, Gt correlates positively with
proteins and Suc at ED and EN and with glycogen, sol-
uble sugars, citrate, and malate at EN. Additionally, we
observed a strong negative correlation between cell
number and protein and total soluble sugars at both ED
and EN (Fig. 6). Thus, the gradual decrease in the division
rate observed in our batch cultures (Fig. 1) does not
appear to be due to a metabolic limitation but to a
progressive decrease in the ability of cells to divide.
Altogether, we observe uncoupling of Gt and photo-
synthetic rate, a progressive increase of both the carbon
and nitrogen reserves, and, finally, the release of solu-
ble sugars in the growth medium. The release of sugars
to the medium can be seen as a strategy to avoid a
possible inhibition of photosynthesis by negative sugar
feedback (Oswald et al., 2001).

CO2 supplementation did not promote increments in
photosynthesis. Importantly, photosynthesis in this
study is defined as oxygen release, which is related to the
capacity to produce ATP and NADPH, and not to CO2
assimilation. Therefore, we cannot exclude a higher
Calvin-Benson cycle activity in the presence of higher

Figure 3. Growth cycles of Synechocystis on fresh BG-11 (blue circles), old BG-11 (brown circles), and reused old BG-11 (pink
circles). Red arrows showwhen the entire culturewas centrifuged and the supernatant was filtered and used to growan inoculum,
obtained from the resuspended pellet, during an additional 8 d. The black arrow showswhen cultureswith reused old BG-11were
divided in two parts and supplemented in a proportion of 1:1 with fresh BG-11 (yellow circles) or water (red triangles). As a
control, cultures we maintained growing as a batch for the entire period of 32 d (green squares).
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CO2 levels due to an inhibition of the photorespiratory
pathway. However, it is highly unlikely, because we did
not notice significant changes in cellular contents of Gly
and Ser (Fig. 7; Supplemental Tables S4 and S5). An in-
crease in light intensity only increased photosynthetic
rates for cultures grown in the presence of ammonium
and urea, and in fact, HL treatment mostly led to de-
creases in the amount of chlorophyll and phycocyanin
(Table II; Supplemental Fig. S2). The lower pigment
content observed under HL might lead to a lower redox
state of the electron transport chain (Alfonso et al., 2000),
which might be a strategy to avoid the production of
reactive oxygen species and the inhibition of photosyn-
thesis (Hihara et al., 2001; Muramatsu et al., 2009), par-
ticularly when photoassimilates cannot be used for cell
division. Interestingly, Kopecná et al. (2012) showed that,
even with a lower cellular chlorophyll content under HL,
the rate of chlorophyll synthesis was higher than at lower
light intensity. This was explained by a reduction of the
half-life of chlorophyll molecules and a greater demand
for chlorophylls as a result of faster growth rates.

pII and ntcA aremajor proteins involved in sensingC/N
balance in cyanobacteria (Flores and Herrero, 2005).
The expression levels of ntcA were not affected by
nitrogen sources, as described previously (Alfonso
et al., 2001). pII and ntcA transcript levels were posi-
tively correlated (rs = 0.83; Supplemental Fig. S11),
which was expected because ntcA controls pII expres-
sion (García-Domínguez and Florencio, 1997; Lee et al.,
1999). ntcA and pII transcript levels correlated nega-
tively with total amino acid levels and positively with
chlorophyll, citrate, isocitrate, fumarate, malate, and
Glu, in agreement with their role in sensing C/N bal-
ance (Supplemental Fig. S11). pII expression correlated
positively with biomass (rs = 0.83; Fig. 6) but not with
Gt. This is likely explained by the positive correlation
between Gt and biomass, showing that cells dividing
slowly accumulate more biomass and, in particular,
carbon-rich compounds. Thus, cells dividing slowly
were not metabolically limited, although another factor
clearly limits their growth.

When Synechocystis was grown in the presence of
urea, it displayed fast division rates, one of the shortest
growth cycles, and lower metabolite contents (Figs.
1 and 7; Table I), suggesting that urea may be a prom-
ising alternative to nitrate and ammonium for growing
cyanobacteria species of biotechnological interest. In
this condition, cells displayed higher photosynthetic
rates when cultured under HL, although this did not
lead to increased growth rates (Tables I and II). These
data reinforce our observations that growth and pho-
tosynthesis are not directly linked.Moreover, evenwith
a fast growth rate and lower reserves, cells may still
present sink limitations to support the rate of photo-
assimilate synthesis, since the cellular levels of soluble
sugars and their concentrations in the medium were
similar to those observed under the other nine treat-
ments (Supplemental Figs. S3A and S4).

Altogether, our metabolic and physiological data in-
dicate the absence of a metabolic limitation of growth atT
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log phase. The photosynthetic rates observed were high
enough to support the synthesis of sugars and amino
acids required for growth, which, instead of being used
for it,were redirected for the synthesis of storage proteins.
Indeed, at day 4 of culture, the protein content was pos-
itively correlatedwithGt and negativelywith the number
of cells, suggesting that a major fraction of proteins was
used as nitrogen storage. Moreover, a significant amount
of sugars was released to the growth medium instead of
being used by the cellular metabolism.

Is Stationary Phase Reached Because of Metabolic/
Nutrient Limitation?

Cultures grown under the different growth condi-
tions reached stationary phase with similar cell densi-
ties (Supplemental Table S1), despite varying durations
of culture due to slightly different division rates (Fig. 1;
Table I). This suggests that a nonmetabolic factor is
responsible for the onset of stationary phase. In order to

provide further support for the above hypothesis, we
investigated the role of metabolism, nutrients, quorum
sensing, and self-shading in the onset of stationary
phase.

At stationary phase, the rate of photosynthesis
remained high compared with that observed at log
phase, decreasing by 50% to 60% under ML and being
largely unaffected under HL (Table II). The decrease
under ML is likely explained by self-shading, and this
difference between HL and ML led to dramatic differ-
ences in the metabolic profiles of cells grown under ML
and HL. The rate of photosynthesis correlated nega-
tively with Glu at both ED and EN and positively with
total soluble sugars (in cells and culture medium),
proteins, total soluble amino acids, as well as the levels
of some individual amino acids, such as Leu, Ile, Ala,
Gly, and Phe at ED and Pro at both ED and EN (Fig. 8).
Total soluble amino acids correlated negatively with
chlorophyll, cyanophycin, citrate, isocitrate, and Glu
and positively with total soluble sugars (in cells
and culture medium), proteins, and Pro (Fig. 8). The

Figure 4. Experimental setups to test the effects of cell density on Synechocystis growth. A and B, Effects of different initial cell
densities on growth cycle (A) and daily number of divisions (B): 2 3 106 (black), 4 3 106 (red), 6 3 106 (green), and 2 3 107

(yellow) cells mL21. C and D, Effects of an artificial increase of cell density on growth cycle (C) and daily number of divisions (D).
The red arrow in C indicates an artificial increase of cell density. Control cultures (black) were not disturbed during their growth;
control centrifugation cultures (red) were submitted to the same pipetting, centrifugation, and growth conditions of 103 con-
centration but not concentrated after centrifugation; 103 concentration cultures (green) were artificially concentrated after
centrifugation. Asterisks represent significant differences from 23 106 cells mL21 (B) or control (D) at P, 0.05 (Student’s t test).
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negative correlations of amino acids with citrate, iso-
citrate, and Glu suggested that these metabolites had
been used mainly as a source of carbon skeleton for
amino acid synthesis. Additionally, the correlations of
total amino acids and soluble sugars with proteins (rs =
0.7 and 0.79, respectively) and cyanophycin (rs =20.82
and 20.62, respectively) indicate that protein synthesis
was the main sink of these metabolites (Fig. 8;
Supplemental Fig. S12). Moreover, positive correlations
between Arg, proteins, and biomass, at this stage, were
observed (Fig. 8; Supplemental Fig. S12).
As the photoassimilates were not used for growth,

we observed an accumulation of soluble sugars, con-
comitant to an accumulation of amino acids, and en-
hanced export of sugars to the culture medium (Fig. 8).
Because of the higher export of sugars to the medium
under HL than ML, the levels of Suc in cells under HL
were much lower than under ML (Supplemental Fig.
S8B). This disaccharide is described as a compatible
solute with no net charge, and it is proposed that it can
be accumulated without interfering in cellular homeo-
stasis (Brown, 1976; Mackay et al., 1984; Mikkat et al.,
1997; Miao et al., 2003; Hagemann, 2011). However, our
data suggest that Suc might have an effect on cellular
homeostasis, and in particular photosynthesis, possibly

by sugar feedback inhibition of photosynthesis (Stitt
et al., 1991). Indeed, in contrast to ML, cells grown
under HL couldmaintain a high level of photosynthesis
while exporting larger amounts of Suc in the medium
and accumulating much lower amounts of Suc within
their cells. Altogether, the correlations suggest that
stationary phase was not achieved due to a limitation in
the availability of building blocks and/or energy nec-
essary to maintain cell division.

Considering that the metabolism does not control the
rate of cell division, we tested whether already known
factors were responsible, such as (1) nutrient starvation
(Lazazzera, 2000; Berla and Pakrasi, 2012), (2) quorum
sensing (Sharif et al., 2008), and (3) reduction of light
quality and intensity available to the cells due to high
cell density (self-shading; Raven and Kübler, 2002; Ort
and Melis, 2011; Lea-Smith et al., 2014).

Nutrient deficiency could not account for the gradual
decrease of cell division rate because (1) a whole culture
that had reached stationary phase did not restart its
growth when transferred to a fresh medium and (2)
when we grew an inoculum into the medium obtained
from a culture at stationary phase, the inoculum could
grow at the same rate as in fresh medium, and an in-
hibition of growth was observed only if we attempted

Figure 5. Experimental setups to test the effects of cell density on Synechocystis growth. Growth cycle and daily number of
divisions are shown for cultures grown in fed-batch condition starting at low cell density (A and B) and high cell density (C andD).
The red arrow in A indicates that cultures were diluted to the same initial density of day 0.
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to reuse the medium a third time (Fig. 3; Table III;
Supplemental Tables S8 and S9). For the same reason,
low cell viability could not account for the decrease in
cell division. Our conclusion differs from that of
Schuurmans et al. (2017), who concluded that the transi-
tion to stationary phase is caused by nutrient limitation.
However, the authors artificially stopped growth by
bubbling cultures with nitrogen gas (N2), which deprived
cells of CO2 and oxygen and, indeed, led to carbon

starvation and growth arrest. However, this does not
mean that a culture not deprived of CO2 and oxygen
would reach stationary phase for the same reason.

Quorum sensing is unlikely responsible because (1)
an inoculum could grow normally on a medium
obtained from a culture that had reached stationary
phase (Table III) and (2) an inoculum in a microtube
fixed at the bottom of a culture that had reached sta-
tionary phase could grow almost normally under ML
and normally under HL (Table IV). This second obser-
vation also led us to conclude that light intensity and
quality had minor impacts on the onset of stationary
phase. Moreover, cell density reached at stationary
phase was the same for nine out of the 10 growth con-
ditions we tested and, thus, independent of the two
contrasting light intensities we applied (Fig. 1;
Supplemental Table S1). Schuurmans et al. (2017)
showed that a gradual increase of light intensity can
lead cells to divide faster and avoid a linear phase.
Based on this observation, the authors affirmed that the
decrease of cell division from log to linear phase is
caused solely by light limitation (self-shading). The
authors used 30 mmol photons m22 s21 and, indeed,
cells might have been light limited, thus leading to
lower CO2 assimilation and limitation of the photo-
assimilates available for growth. Moreover, the authors
stopped their experiment after 72 h by bubbling N2,
which led to acute carbon starvation and growth arrest,
while in our study, we observed delayed growth due to
cell density after 72 to 96 h of growth. Based on our
results, we suggest that cells can continue growing after
72 h and then will exhibit a gradual decrease of their
growth rates, reaching linear phase before the onset of
stationary phase, irrespective of the light intensity.

Our results indicate that cell density may negatively
affect the growth rates of cultures at relatively high
densities, as an artificial increase of density by 10 times
led to a decrease in the daily growth rate by 58% after
24 h (P, 0.001) and 77% after 48 h (P, 0.0001; Fig. 4, C
and D). Moreover, cell density seems to be involved in
the control of growth rates, as demonstrated by fed-
batch data. Indeed, we could stabilize cell division
over several days by maintaining cells at two given
densities, applying different dilution rates. Interest-
ingly, a dilution rate of 0.53 per day led to a division
rate of 0.5 times per day, while a dilution rate of 23 per
day led to two divisions per day (Fig. 5, C andD), which
is close to the maximal division rates we observed in
our batch cultures and in line with Kim et al. (2011).
Moreover, when applying a dilution rate of 23, we first
observed higher division rates (around four divisions
per day), which is close to those reported by Hihara
et al. (2001) and Zav�rel et al. (2015). This fast growth
rate led to an increase in the density of the culture be-
fore the division rates stabilize and quantitatively
counterbalanced the daily dilution applied. Altogether,
these data suggest that cell density is involved in the
control of the division rates in Synechocystis.

It is important to highlight that the observations in
fed-batch cultures are not an effect of fresh nutrients on

Figure 6. Spearman’s rank coefficient of correlation between Gt, bio-
mass, photosynthetic rate (A), and cell number, and metabolite and
gene expression levels determined at ED and EN on the 4th day of
culture. Total soluble sugars (medium) was determined only at EN.
Significant correlations at 5% probability are highlighted in green
(positive) and red (negative). Additional correlations between all
growth, physiologic, metabolic, and molecular traits are presented in
Supplemental Figure S11.
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growth, since previous data indicate that medium from
cultures at stationary phase contain enough nutrients to
support a second entire growth cycle with similar
growth rates (Fig. 3). Even though self-shading showed
a moderate effect at ML (Table IV), we propose that a
cell-cell interaction process (Belas, 2014; Ellison and
Brun, 2015) is involved in the control of cell division rate
and that this mechanism may be responsible for the
gradual decrease in daily growth rates until the onset of
stationary phase, when cells are cultured in batch. At
stationary phase, cells can still divide at very slow rates
and reach higher densities. Cultures maintained for
24 d after the onset of stationary phase reached cell
densities around 1.23 109 cells mL21 (Fig. 3). However,
during this period, cells only divided 3.5 times.
Even though our data suggest that a mechanism in-

volving cell-cell interaction is possibly involved in the
control of division rates of Synechocystis when grown
planktonically, this regulation seems absent when cells

are grown on agar. Indeed, Synechocystis normally
forms dense colonies on agar, exhibiting log growth
and fast doubling times of approximately 8 h (Law
et al., 2000; Lamb et al., 2014). This observation suggests
that Synechocystis growth regulation differs when
cultured on an agar surface or in liquid. Data from the
literature show that heterotrophic bacteria exhibit dif-
ferent gene expression patterns in biofilm and in
planktonic growth (Imanaka et al., 2010; He and Ahn,
2011; Romero-Lastra et al., 2017). Among the genes that
are up-regulated under biofilm conditions, some en-
code proteins located in the outer membrane or cell
envelope and involved in transport or binding
(Romero-Lastra et al., 2017). Furthermore, a significant
number of the genes differentially expressed encode for
proteins of unknown functions (Imanaka et al., 2010).
Compared with heterotrophic bacteria, there is little
information about biofilm formation in cyanobacteria
(Parnasa et al., 2016). However, recent studies have

Figure 7. Heatmap ofmetabolite levels. Culture conditions are ordered based on growth rates, from the fastest (left) to the slowest
(right). A, Ammonium; C, CO2; N, nitrate; U, urea; 50, 50 mmol photons m22 s21; 200, 200 mmol photons m22 s21.
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shown that Synechocystis and Synechococcus elongatus
PCC 7942 also exhibit variations in gene expression
pattern when grown on a solid surface or in liquid
(Nakasugi and Neilan, 2005; Schatz et al., 2013;
Agostoni et al., 2016). Interestingly, the Synechocystis

strain used in this study, which is not identified as Glc
tolerant, grew well in liquid BG11 supplemented with
Glc concentrations from 0.2 to 20 mM (Supplemental
Fig. S13). However, as observed by Williams (1988),
colonies of the strain could not grow on agar containing
more than 0.2 mMGlc (Supplemental Fig. S13). It is thus
possible that Synechocystis exhibits variations in its
regulation of growth when grown on solid or liquid
medium and that the control of growth via cell-cell in-
teraction we observed in liquid medium does not occur
on solid medium.

This process of cell-cell interaction might be a strategy
to avoid competition for nutrients and light and, thus,
starvation and death. If cells keep a constant rate of cell
division, they would become limited by light and nutri-
ents due to depletion of the nutrients in the environment
and self-shading. Thus, theywould die due to starvation,
since their cellular reserves are finite. Hence, a natural
selection of individuals able to sense a gradual increase in
density and regulate their division rates accordingly.
Besides, cells that did not have this mechanism and
exhibited an unrestricted growth probably would be
more susceptible to environmental variations, as they
would likely have less reserves to buffer environmental
variations. Our conclusions, therefore, vary significantly
from what is usually observed in nonphotosynthetic
bacteria, where starvation and quorum sensing are re-
sponsible for the onset of stationary phase (Lazazzera,
2000; Shiloach and Fass, 2005).

CONCLUSION

Our data suggest that cell-cell interaction possibly
affects growth and promotes a gradual decrease of
the division rate during the log phase. As a consequence,
the photoassimilates start to be stored instead of being
used for growth, leading to a decoupling between
growth and photosynthesis. This storage of metabolites
decreases the cellular sink capacity, and cells start to
export sugars to the medium as an alternative to avoid
an inhibition of photosynthesis by negative feedback. As
the growth rates in batch cultures seem to be regulated
primarily by cell density, dilutions are necessary to
maintain fast division rates for a long period. Our con-
clusions not only have biotechnological implications but
also suggest that studies investigating major drivers of
the metabolic control of growth should be performed
with care at culture densities where a possible growth
inhibition by cell density does not occur, ideally in fed-
batch or continuous cultures in order to precisely control
cell densities and then cell division rates. Another
outcome of this study is that urea is a valuable nitro-
gen source, as we could get high division rates and
short growth cycles. This nitrogen source can be an
alternative to grow some cyanobacteria as an eco-
nomically viable biomass production, since urea is
cheaper than ammonium and nitrate, its transport
does not require metabolic energy, and during its as-
similation there is a release of CO2 into the cell.

Figure 8. Spearman’s rank coefficient of correlation between biomass,
photosynthetic rate (A), and total amino acids, and metabolite levels
determined at ED and EN in cells 3 d after the onset of the stationary
phase. Total soluble sugars (medium) was determined only at EN. Sig-
nificant correlations at 5% probability are highlighted in green (positive)
and red (negative). Additional correlations between all growth, physi-
ologic, metabolic, and molecular traits are presented in Supplemental
Figure S12.
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MATERIALS AND METHODS
We selected the strain Synechocystis sp. PCC 6803 for our study since it is

a major cyanobacterial model with a very large amount of literature avail-
able about its physiology and molecular characteristics. The strain was
obtained directly from the French Pasteur Culture Collection (PCC strain)
and shows positive phototaxis when grown on BG-11 agar plates (Kanesaki
et al., 2012).

Growth Conditions

Synechocystis was cultivated under two light intensities (50 and 200 mmol
photons m22 s21), two CO2 concentrations (ambient and 2.5 mM bicarbonate),
and three nitrogen sources (nitrate, ammonium, and urea), for a total of
10 different growth conditions. All cultures were grown under an 18-h/6-h
day/night photoperiod, at a constant temperature of 26°C 6 1°C, and con-
stantly shaken at 120 rpm. To allow complete acclimation to each treatment,
Synechocystis was cultivated three times from log to stationary phase in all
growth conditions before analyses were performed.

Cultures were initiated with 3 mL of inoculum in a conical flask (500 mL)
containing 147mL of BG-11medium (2%, v/v; Rippka et al., 1979), for a starting
cell density ranging from 4 to 63 106 cells mL21. BG-110 (without nitrogen) was
supplemented with sodium nitrate (17.7 mM) or ammonium (5 mM) or urea
(2.5 mM). Due to the release of CO2 when urea is hydrolyzed, the same con-
centration of CO2 (2.5 mM) was added in ammonium and nitrate cultures in the
form of sodium bicarbonate (NaHCO3; hereafter CO2). To maintain the pH at
7.5 6 0.5, HEPES (20 mM) was added in the medium.

Estimation of Gt

Growth cycle was evaluated by counting cells in a Neubauer chamber
(Optik Labor) at intervals of 24 h, until the third subsequent day showing no
significant increases in cell density (stationary phase). The Gt for each treat-
ment was calculated using a regression of the data within the logarithmic
growth period.

Experimental Protocols to Test Nutrient Limitation,
Quorum Sensing, and Self-Shading

To evaluate the possibility that nutrient depletion and/or quorum sensing
affect cell density at stationary phase, Synechocystis was cultured for 15 d in
the different growth conditions described above in order to reach stationary
phase. Then, all the volume was centrifuged. The pellet was resuspended in a
fresh BG-11 medium (new BG-11), and the volume was adjusted to 150 mL.
The supernatant (old BG-11) was filtered on a nitrocellulose membrane
(47 mm 3 0.22 mm; Sarstedt) and inoculated with 3 mL of the respective
resuspended pellet. Cell density was determined and cultures were grown in
the same conditions as previously. After 4 d of cultivation, the cellular density
was determined to assess growth rates.

One growth condition, urea as the nitrogen source and a light intensity of
200 mmol photons m22 s21, for which maximum growth rates were achieved,
was selected to evaluate how many growth cycles of Synechocystis BG-11 could
support. Synechocystis was cultured for 8 d in fresh BG-11 until the onset of
stationary phase. Subsequently, the entire culture was centrifuged and the su-
pernatant (old BG-11)was filtered and used to grow an inoculum obtained from
the resuspended pellet for an additional 8 d. At the end of this period,
cultures were centrifuged and the supernatant was filtered and reused
again (reused old BG-11) to culture for 8 d an inoculum obtained from the
previous pellet. Finally, cultures were divided into two equal volumes,
supplemented in a proportion of 1:1 with fresh BG-11 or water, and kept
growing for an additional 8 d.

To test for quorum sensing and light quality/intensity, cultures of Syn-
echocystiswere cultivated on urea at 50 or 200 mmol photons m22 s21 for 15 d in
order to obtain cultures at saturation phase. For both light intensities, three
translucent microtubes (2 mL) were filled with 1.5 mL of BG-11 culture medium
(supplemented with urea) containing 2% (v/v) of the respective Synechocystis
culture. These tubes were glued at the bottom of conical flasks (500 mL) after
being sealedwith filters (Sigma Iso-Disc Filters PFTE-4-4; 4mm3 0.45mm). The
filters allowed for medium exchange, but cells could not go in or out. Then, the
conical flasks were filled with 150 mL of the respective Synechocystis culture at
stationary phase or with fresh BG-11 culture medium. The flasks were kept
shaking for 4 d in the same light intensity the cultures grew in before. After 4 d
of culture, the cellular density in the tubes was determined.

Experimental Protocols to Evaluate the Effect of Cell
Density on Growth

To investigatewhether a cell-cell interaction can negatively affect the growth
rate of Synechocystis and how the effect is related quantitatively to the cell
density of the culture, three different experiments were performed. All the
experiments were performed with cultures on urea under 200 mmol photons
m22 s21, where maximum growth rates were achieved.

In the first experiment, the growth cycle of Synechocystis was evaluated in
cultures startingwith four different initial cell densities: 23 106, 43 106, 63 106,
and 2 3 107 cells mL21. The growth cycle and Gt of each treatment were
evaluated as described before.

In the second experiment, cell density was artificially increased by 10 times
during logphase. For that, cultures of 150mLweregrownuntil a density of 13107

cells mL21 was reached. They were then separated into three groups: (1) cultures
were used as controls (i.e. they were maintained growing); (2) cultures were
centrifuged and concentrated 10 times to a final density of 13 108 cells mL21; and
(3) cultures were submitted to the same pipetting and centrifugation steps as in
group 2 but resuspended without being concentrated (centrifuged controls). The
growth of the three groups was then monitored daily as described above.

In the third experiment, Synechocystiswas grownunder fed-batch conditions to
evaluate how its growth responds to different dilution rates and cell densities.
First, cultures were grown as batch, to assess if their growth properties in a pho-
toreactorwere similar to those observed previously in conicalflasks. Once cultures
reached stationary phase with a similar growth cycle to that used previously,
cultures were diluted at a density of 4 3 106 cells mL21. The medium feed pump
was started after 24 h, and the medium was fed at a rate of 5.6 mL medium per
hour. Thiswas carried out only during the 180 h of the light period, whichmeant a
daily volume of 100 mL of medium and a daily dilution rate of 0.53, as the initial
volume of culture in the photoreactor was 200 mL. Every day at the beginning of
the light period, the volume of the cultures was readjusted to the initial volume
of 200mL.A second daily dilution rate of 23 alsowas tested by adding 33.4mL of
medium per hour during the light period. Both dilution experiments were also
performed with cultures at stationary phase (23 108 cells mL21).

Biomass, Photosynthesis, Metabolic Profile, and Gene
Expression Determination

All the physiological, metabolic, and molecular analyses were performed
with samples harvested at day 4 (log phase) and 3 d after the onset of the sta-
tionary phase, both at ED and EN.

Dry Biomass

Biomass was determined by filtering 50 mL of cultures on nitrocellulose
membranes,whichhadbeenweighedpreviously.Thematerialwasdriedat70°C
for 48 h and then maintained for 24 h in a desiccation chamber with blue silica
gel. The weight of the membrane plus biomass was then determined, and the
dry biomass weight was obtained by subtraction of the membrane weight.

Oxygen Evolution Analysis

Photosynthesis was analyzed using noninvasive optical oxygen sensors
(PreSens). Oxygen sensor spots were glued inside the conical flasks (500 mL) so
that theywere in contactwith the culture. The instrumentwas calibrated using a
solution of sodium hydrosulfite to set 0% saturation and after with distilled
water. Analysis was started at the end of the dark period, and after obtaining a
stable readoutof oxygen levels, the lightwas switchedon.Oxygenevolutionwas
then measured for at least 10 min.

Determination of Metabolite Contents

Samples were collected with a syringe filled with a quenching solution (60%
[v/v] methanol in water) precooled to less than220°C. The solutions were then
transferred quickly to centrifuge tubes stored in an ice bath. Each quenched
samplewas centrifuged for 20min at 4,000 rpm (Young et al., 2011). Pellets were
subjected to hot ethanol extraction (Cross et al., 2006). The soluble fraction was
used for the determination of chlorophyll a (Ritchie, 2006) and total amino acid
contents (Schippers et al., 2008). In the insoluble fraction, protein and glycogen
contents were determined according to Lowry et al. (1951) and Hendriks et al.
(2003), respectively. Total soluble sugars were determined as described previ-
ously (Dubois et al., 1956). The determination of a large set of primary
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metabolites was performed by gas chromatography coupled with mass spec-
trometry (GC-MS; Krall et al., 2009), using palatinose as an internal standard. For
cyanophycin and phycocyanin determination, samples were sonicated (40%
amplitude for 4 min) and subsequently centrifuged for 40 min at 4,000 rpm.
Phycocyanin was determined from the supernatant (Tandeau de Marsac, 1977),
and cyanophycinwas extracted from the remaining pellet as described previously
(Burnat et al., 2014) and determined by Sakaguchi reaction (Messineo, 1966).

Gene Expression Analysis

RNAwas extracted according to Kim et al. (2006), applying the freeze-thaw
step described by Kim et al. (2012) before disrupting the cells in a Tissuelyser
(Qiagen). RNA concentrationwas quantified spectrophotometrically at 260 nm,
and its integrity was checked by electrophoresis on a denaturing agarose gel
(1.6% [m/v]; Goda and Minton, 1995). Due to the presence of DNA, samples
were treated with RNase-free DNase I (Sigma) according to the manufacturer’s
instructions. For cDNA synthesis 1,000 ng of total RNAwas reverse transcribed
with the SensiFAST cDNA Synthesis Kit (Bioline) in a final volume of 20 mL,
following the manufacturer’s instructions. Subsequently, cDNA was diluted
three times and stored at 220°C. RT-qPCR was performed on 96-well PCR
plates covered with a sealing tape (Thermo), using SensiMix SYBR No-ROX Kit
(Bioline), following the manufacturer’s instructions. To calculate the relative
expression levels of ntcA, pII, and ftsZ, rnpB (RNA subunit of RNase P) was
selected as the reference gene, as described previously (Pinto et al., 2012).

Experimental Design and Statistical Analysis

The experiments were performed and analyzed according to a randomized
block design with three replications. The data obtained at ED and EN were
subjected to Student’s t test at 5% probability. ANOVA (P, 0.05) was performed
to compare the data obtained for the different growth conditions, and the means
were compared by Tukey’s test at 5% probability, using the lowest value as a
reference. All these analyses were performed with the software package SPSS
22 Windows & Macintosh (Armonk). Finally, the results obtained were analyzed
independently via Spearman’s correlation using Excel 2013 (Microsoft).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Relative expression levels of ftsZ at ED and EN
on the 4th day of culture and 3 d after the onset of the stationary phase.

Supplemental Figure S2. Chlorophyll a and phycocyanin levels deter-
mined on the 4th day of culture.

Supplemental Figure S3. Total soluble sugars, glycogen, total soluble
amino acids, proteins, and cyanophycin levels determined on the 4th
day of culture at ED and EN.

Supplemental Figure S4. Total soluble sugar concentrations in the growth
medium after 4 d of culture in samples harvested at EN.

Supplemental Figure S5. Percentage of glycogen degraded during the
night of the 4th day of culture.

Supplemental Figure S6. Relative expression levels of ntcA and pII at ED
and EN of the 4th day of culture.

Supplemental Figure S7. Chlorophyll a and phycocyanin levels 3 d after
the onset of stationary phase.

Supplemental Figure S8. Total soluble sugars, Suc, and glycogen levels 3 d
after the onset of stationary phase.

Supplemental Figure S9. Total soluble sugar concentrations in the growth
medium 3 d after the onset of stationary phase.

Supplemental Figure S10. Total soluble amino acids, Glu, cyanophycin,
and protein contents in cells 3 d after the onset of the stationary phase.

Supplemental Figure S11. Spearman’s rank coefficient of correlation be-
tween all growth, physiological, metabolic, and molecular traits deter-
mined at ED and EN on the 4th day of culture.

Supplemental Figure S12. Spearman’s rank coefficient of correlation be-
tween all growth, physiological, and metabolic traits determined at ED
and EN in cells 3 d after the onset of the stationary phase.

Supplemental Figure S13. Glc tolerance test with Synechocystis sp. PCC
6803 cultured in mixotrophic conditions in liquid and agar BG11 sup-
plemented with nitrate and different Glc concentrations.

Supplemental Table S1. Cell number after 4 d of culture (log phase) and
3 d after the onset of the stationary phase.

Supplemental Table S2. Cell size in log and stationary phases.

Supplemental Table S3. Cellular dry weight in log and stationary phases.

Supplemental Table S4. Primary metabolites determined by GC-MS at ED
on the 4th day of culture.

Supplemental Table S5. Primary metabolites determined by GC-MS at EN
on the 4th day of culture.

Supplemental Table S6. Primary metabolites determined by GC-MS at ED
of the 3rd day after the onset of stationary phase.

Supplemental Table S7. Primary metabolites determined by GC-MS at EN
of the 3rd day after the onset of stationary phase.

Supplemental Table S8. Cell density of an inoculum grown on filtered
medium from a previous culture that had reached stationary phase or
whole cell culture that had reached stationary phase and was regrown
without dilution on fresh medium.

Supplemental Table S9. Cell density of an inoculum grown on filtered
medium from a previous culture that had reached stationary phase or
whole cell culture that had reached stationary phase and was regrown
without dilution on fresh medium.
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