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A Specific Glycogen Mobilization Strategy Enables Rapid
Awakening of Dormant Cyanobacteria from Chlorosis’
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Many organisms survive stressful conditions via entry into a dormant state that can be rapidly exited when the stressor dis-
appears; this ability provides a strong selective advantage. In the cyanobacterium Synechocystis sp. PCC 6803, the exit from
nitrogen chlorosis takes less than 48 h and is enabled by the impressive metabolic flexibility of these cyanobacteria, which pass
through heterotrophic and mixotrophic phases before reentering photoautotrophic growth. Switching between these states re-
quires delicate coordination of carbohydrate oxidation, CO, fixation, and photosynthesis. Here, we investigated the contribution
of the different carbon catabolic routes by assessing mutants of these pathways during nitrogen chlorosis and resuscitation. The
addition of nitrate to nitrogen-starved cells rapidly starts the awakening program. Metabolism switches from maintenance me-
tabolism, characterized by residual photosynthesis and low cellular ATP levels, to an initial heterotrophic phase, characterized
by respiration and an immediate increase in ATP levels. This respiration relies on glycogen breakdown catalyzed by the glyco-
gen phosphorylase GIgP2. In the following transient mixotrophic phase, photosynthesis and CO, fixation restart and glycogen is
consumed. During the mixotrophic phase, parallel operation of the oxidative pentose phosphate cycle and the Entner-Doudoroff
pathway is required for resuscitation to proceed; the glycolytic route via the Embden-Meyerhof-Parnas pathway has minor
importance. Our data suggest that, during resuscitation, only the Entner-Doudoroff and oxidative pentose phosphate pathways
supply the metabolic intermediates necessary for the anabolic reactions required to reconstitute a vegetative cell. Intriguingly,
the key enzymes for glycogen catabolism are already expressed during the preceding chlorotic phase, in apparent preparation

for rapid resuscitation.

Cyanobacteria are oxygenic photoautotrophic organ-
isms adapted to a wide range of environments (Stanier
and Cohen-Bazire, 1977). Nitrogen shortage represents
one of the most common growth limitations in ter-
restrial and marine ecosystems (Vitousek and How-
arth, 1991). Nondiazotrophic cyanobacteria, including
Synechocystis sp. PCC 6803 (hereafter Synechocystis),
respond to the lack of a usable nitrogen source by un-
dergoing a process called chlorosis (Allen and Smith,
1969; Luque and Forchhammer, 2008). This adaptation
mechanism is characterized by the degradation of pho-
tosynthetic pigments, which causes cells to turn from a
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blue-green to a yellow color. During chlorosis, the cells
divide one more time and then enter cell cycle arrest,
where they degrade the bulk of cellular proteins and
the photosynthetic apparatus, leaving only residual
photosynthetic activity. Additionally, they tune down
their metabolism by minimizing energy-consuming
reactions, such as protein synthesis and anabolic pro-
cesses. These molecular adaptations lead the cells into
a dormant state that allows them to survive for a long
period of time (Gorl et al., 1998; Sauer et al., 2001). The
energy produced by the residual photosynthetic activ-
ity seems to be sufficient to keep cells alive, since they
consume almost no ATP. Furthermore, chlorotic cells
rapidly accumulate reserve polymers, including glyco-
gen and polyhydroxybutyrate (PHB; Sauer et al., 2001;
Schlebusch and Forchhammer, 2010).

Synechocystis is capable of rapidly recovering from
chlorosis when a usable nitrogen source becomes
available (Klotz et al., 2016). The resuscitation process
occurs in two major phases. First, the energy neces-
sary to reinstall central cellular processes is rapidly
provided by carbohydrate oxidation and respiration.
Second, phase 2 starts approximately 16 h after the
addition of nitrate and is characterized by reconstitu-
tion of the photosynthetic apparatus; after 48 h, cells
have turned green again and photosynthesis resumes.
We have demonstrated previously that glycogen is
the major reserve polymer required for resuscitation.
Although cells also accumulate PHB during nitrogen
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Figure 1. Depiction of glycogen catabolism in Synechocystis. Deletion of specific genes is indicated as a double red line. These
deletions resulted in a total of nine mutants that were analyzed in this study: AglgP1, AglgP2, AglgP1/2, AptkB1/2, Dzwf, Azwf/
pftkB1/2, Agnd, Aeda, and Agnd/eda. TCA, Tricarboxylic acid.

starvation, no significant decrease in PHB content is
observed during the first phase of resuscitation, and
a PHB-free mutant is able to recover from chlorosis as
efficiently as the wild type (Klotz et al., 2016). By con-
trast, mutants deficient in glycogen synthesis present
a nonbleaching phenotype and die during prolonged
nitrogen starvation, which implies that glycogen syn-
thesis is necessary for chlorosis (Griindel et al., 2012).
Upon nitrogen depletion, cells accumulate glycogen
up to 60% of the cell’s dry weight, and this glycogen is
used as a substrate for respiration during resuscitation
(Klotz and Forchhammer, 2017).

Glycogen is a biopolymer composed of a-pD-glucosyl
units connected by a-1,4 linkages and branched
through a-1,6 linkages, which account for approxi-
mately 7% to 10% of the total linkages, and are orga-
nized in a specific way (Shearer and Graham, 2002).
The synthesis and degradation of glycogen granules
involve several enzymes with specific activities (Pre-
iss, 1984). Among them, glycogen phosphorylase cat-
alyzes the phosphate-dependent splitting of the a-1,4
linkage, thereby releasing Glc-1-P. Synechocystis har-
bors two homologous glycogen phosphorylase genes,
glgP1 and gIgP2 (corresponding to sll1356 and slr1367).
Fu and Xu (2006) showed the different physiological
roles of these two enzymes: GlgP1 seems to be import-
ant during heat stress, whereas GIgP2 provides the
main glycolytic activity during day/night cycles. This
functional divergence suggests that these two enzymes
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also may play different roles during resuscitation from
nitrogen starvation-induced chlorosis.

The Glc-1-P molecule released by glycogen phos-
phorylase is converted to Glc-6-P by phosphoglucomu-
tase (Pgm) and then can be channeled into different
glycolytic routes. Synechocystis also has two homologs
of Pgm, Pgm1 (sll0726) and Pgm?2 (slr1334), although
Pgm1 is responsible for 97% of the activity (Liu et al.,
2013). Conventionally, cyanobacteria were known
to oxidize Glc-6-P via the Embden-Meyerhof-Parnas
(EMP) pathway (glycolysis) and the oxidative pentose
phosphate (OPP) pathway. However, Synechocystis
was recently discovered to also possess the Entner-
Doudoroff (ED) glycolytic pathway (Chen et al., 2016).
Therefore, there are three possible degradation routes
for Glc-6-P in Synechocystis (Fig. 1). The role of these
different pathways in the process of resuscitation was
hitherto unclear.

Here, we investigated the importance of different
routes of glycogen degradation for energy metabolism
and their regulation during nitrogen starvation and re-
suscitation. We employed various deletion mutants to
identify the crucial pathways in glycogen catabolism
during resuscitation. Our results demonstrate that the
two glycogen phosphorylase paralogs have different
functions and that the ED and OPP pathways play a
major role in resuscitation. The fact that the key enzymes
for glycogen degradation are already expressed during
nitrogen starvation demonstrates that Synechocystis
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anticipates the awakening process and is prepared for
rapid glycogen degradation, once nitrogen is available.
To maintain this machinery in a quiescent state unless
it is needed requires a sophisticated, yet unknown,
mechanism of regulation.

RESULTS

Energy Metabolism during Nitrogen Starvation and
Resuscitation in Synechocystis

In order to better understand energy metabolism
during nitrogen starvation and resuscitation, we mea-
sured the ATP content of Synechocystis during these
phases. As shown in Figure 2A, after nitrogen deple-
tion, the ATP level dropped from ~400 to ~100 nm 10°
cells' mL™" and stayed constant at this level while the
cells were in dormancy. After providing the cells with
nitrate, the ATP level almost immediately increased to
~250 nm 108 cells™ mL, a level that was intermedi-
ate between that in exponentially growing cells and
that during nitrogen starvation. The ATP content then
stayed constant during the first phase of resuscitation
until about 24 h. Thereupon, concomitant with the on-
set of photosynthetic electron transport, the ATP levels
increased strongly and, at 48 h, reached a value 2 times
higher than in exponentially growing cells (greater
than 700 nm 10° cells™ mL™). At this time point, photo-
synthetic activity is completely restored, although cells
have not yet resumed cell division (Klotz et al., 2016).
These results are consistent with the metabolic adap-
tations of Synechocystis during nitrogen starvation and
resuscitation (Klotz et al., 2016).

GlgP2 Is the Crucial Enzyme for Glycogen Degradation
during Resuscitation

To understand the importance of glycogen degra-
dation during resuscitation, mutants deficient in the
two homologous glycogen phosphorylases (¢/gP1 and
glgP2) were generated. The two genes were replaced by
antibiotic resistance cassettes, resulting in a total of
three strains: AglgP1, AglgP2, and the double mutant
AglgP1/2. We starved these three phosphorylase-deficient
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Figure 2. Determination of ATP content during expo-
nential growth (EG), nitrogen starvation (—N), and re-
suscitation (+N) of the wild type (A) and AglgP1/2 (B).
The ATP content was normalized to T x 10° cells. At
least three biological replicates were measured; error
bars represent the sp.
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mutants for 1 month and analyzed their ability to
recover from nitrogen starvation on BG,, solid agar
plates in comparison with the Synechocystis wild type
(Fig. 3A). AglgP1 presented no phenotype, since it was
able to recover with the same efficiency as the wild
type. However, neither AglgP2 nor AglgP1/2 could effi-
ciently recover from nitrogen starvation. We measured
the ability of AglgP2 and AgIgP1/2 to degrade glycogen
by measuring the glycogen content of these mutants
during resuscitation (Fig. 3B). Our results showed
that neither of the two mutants degraded a significant
amount of glycogen after nitrate addition. These find-
ings indicate that glycogen degradation is essential for
recovery from nitrogen chlorosis and that GIgP2 is the
major glycogen-degrading enzyme during resuscita-
tion.

Glycogen Degradation Is Necessary for Turning on
Respiration during Resuscitation

Degradation of glycogen is necessary for successful
resuscitation, but it is not known how glycogen degra-
dation affects the onset of respiration and the switch to
heterotrophic metabolism upon the addition of nitrate.
To address this, we further characterized the AglgP1/2
mutant by measuring its oxygen evolution during
resuscitation. Figure 4 shows a comparison of how
oxygen is consumed/produced in the wild type and
AglgP1/2. While the wild type turned on respiration
soon after nitrate addition, no significant oxygen con-
sumption was observed for AglgP1/2 in the first 24 h of
recovery. Rather, this mutant exhibited a tiny amount
of oxygen evolution after 6 h of resuscitation, while the
wild type was still respiring. In the wild type, resid-
ual photosynthesis is completely suppressed after the
addition of nitrate (Klotz et al., 2016), suggesting that
ATP is obtained from respiration. Suppression of pho-
tosynthesis during illumination might be due to the
induction of respiration, resembling an inverse Kok
effect. The Kok effect describes the phenomenon that,
during exponential growth, photosynthesis inhibits
respiration (Healey and Myers, 1971), the opposite of
which seems to occur during Synechocystis resusci-
tation. In the AglgP1/2 mutant, since respiration is
not turned on, residual photosynthesis may continue

Plant Physiol. Vol. 177, 2018
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Figure 3. Characterization of glycogen phosphorylase-deficient mutants (AglgP1, AglgP2, and AglgP1/2). A, Spot assay on solid
BG,, agar of the phosphorylase-deficient mutants to test resuscitation from long-term chlorosis. Dilutions are indicated on the
top row. B, Determination of the glycogen content during resuscitation from 1-month chlorosis of AglgP2 and AglgP1/2. The
glycogen content was normalized to 1 x 10° cells. At least three biological replicates were measured. Error bars represent the

so. WT, Wild type.

after nitrate addition. To test this hypothesis, we used
pulse-amplitude modulation (PAM) fluorometry to
determine the PSII activity of the AglgP1/2 mutant
during resuscitation (Supplemental Fig. S1). In fact,
instead of being suppressed, the PAM-measured PSII
activity increased slightly during the first hours of
resuscitation, confirming that AglgP1/2, unable to de-
grade glycogen, does not turn on respiration but, in-
stead, continues its residual photosynthesis.

To investigate how this residual photosynthesis in
the AglgP1/2 strain affects its energy metabolism, we
measured the ATP levels during resuscitation (Fig. 2B).
Strikingly, as in the wild type, the ATP concentration
increased after the addition of nitrate and stayed con-
stant during the first few hours of resuscitation. How-
ever, in contrast to the wild type, wherein a further
increase in ATP levels was observed after 24 h, the ATP
levels in the mutant decreased at the later time points,
consistent with its inability to recover from chlorosis.
Conversely, in the dark, only a small increase in ATP
levels was observed in the AglgP1/2 mutant (Supple-
mental Fig. 52).
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Figure 4. Oxygen evolution of AglgP1/2 and the wild type (WT) during
recovery. At least three biological replicates were measured; error bars
represent the sp.
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Functionality of the ED and OPP Pathways Plays a Key
Role during Resuscitation

To determine the importance of the different glyco-
lytic routes during resuscitation, mutants of the key
enzymes of these pathways were analyzed. Phos-
phofructokinase (Pfk), unique to the EMP pathway,
catalyzes the phosphorylation of Fru-6-P to Fru-1,6-
bisphosphate. Synechocystis harbors two pfk paralogs,
pfkB1 and pfkB2. Glc-6-P dehydrogenase (Zwf) converts
Glc-6-P to 6-phosphogluconate, which can be further
metabolized via the ED or OPP pathway. 6-Phospho-
gluconate dehydrogenase (Gnd) is unique to the OPP
pathway, catalyzing the conversion of 6-phospho-
gluconate to ribulose-5-phosphate. The key enzyme
unique to the ED pathway is 2-keto-3-deoxy-6-phos-
phogluconate (KDPG) aldolase (Eda), which converts
KDPG into glyceraldehyde-3-phosphate and pyruvate.
The following mutants were analyzed: single mutants
Aeda, Agnd, and Azwf, the double mutants ApfkB1/2
and Agnd/eda, and the triple mutant Azwf/pfkB1/2. A
depiction of the blocked pathways is shown in Fig-
ure 1. The mutants were starved for 1 month and then
resuscitated on solid BG,, agar plates in parallel with
the wild type (Fig. 5A). If the possible bypass via Glc
dehydrogenase (Gdh) and gluconate kinase (Gk; indi-
cated in gray in Fig. 1) can be neglected, the deletion
of zwf and pfkB1/2 should block all glycogen catabolic
pathways. In fact, the respective mutant Azwf/pfkB1/2
could not recover from nitrogen starvation. This result
confirmed that Glc, which arises as a minor by-prod-
uct from the hydrolytic activity of the debranching
enzyme (GlgX), is not efficiently metabolized via Gdh
and Gk. In contrast to the zwf mutant, no substantial
difference between the recovery of ApfkB1/2 and the
wild type could be observed, indicating that the EMP
pathway does not play a role in resuscitation. Deletion
of the ED pathway alone in Aeda resulted in poorer re-
covery compared with the wild type, whereas when
the OPP pathway alone was interrupted in Agnd, the
effect was even more pronounced. Interruption of both
the ED and OPP pathways in Azwf resulted in a mutant
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Figure 5. Characterization of glycolytic mutants ApfkB1/2, Azwf, Azwf/pfkB1/2, Agnd, Aeda, and Agnd/eda. A, Spot assay on
solid BG,, agar of glycolytic mutants to test resuscitation from long-term chlorosis. Dilutions are indicated in the top row. B,
Determination of the glycogen content of glycolytic mutants during resuscitation from 1-month chlorosis of the same mutants.
The glycogen content was normalized to 1 x 10° cells. At least three biological replicates were measured; error bars represent

the so. WT, Wild type.

that recovered poorly, demonstrating that the EMP
pathway could only very inefficiently compensate for
the loss of the ED and OPP pathways (compare Azwf/
pfkB1/2 and Azwf). Strikingly, the double mutant Agnd/
eda could not recover at all. Since, in both mutants, nei-
ther the OPP nor the ED pathway is functioning, we
expected no difference in recovery between Azwf and
Agnd/eda. Thus, there must be another reason why Azwf
recovered, albeit inefficiently, whereas Agnd/eda did
not recover at all. We hypothesized that 6P-gluconate
might accumulate in Agnd/eda but not in Azwf, thereby
possibly inhibiting CO, fixation as soon as photosyn-
thesis starts. 6P-gluconate is known to bind to Rubisco
with the potential to inhibit CO, fixation. Measure-
ment of 6P-gluconate levels under chlorotic conditions
confirmed that this metabolite heavily accumulated

-~ Agnd/eda

in Agnd/eda, whereas it was barely detectable in either
Azwf or wild-type cells (Fig. 6A). In agreement with
this, CO, fixation was severely impaired in Agnd/eda,
whereas the wild type first evolved CO, as a conse-
quence of respiration and only then turned on CO,
fixation with the onset of photosynthesis (Fig. 6B).
Taken together, these results indicate that the EMP
pathway does not play an important role in resuscita-
tion, whereas the OPP and ED pathways are the main
glycogen-degrading routes during this process. As the
Aeda mutant showed a slightly better recovery than the
Agnd mutants, it appears that the OPP pathway plays
a more crucial role than the ED pathway during resus-
citation. Furthermore, initiation of CO, fixation via the
Calvin-Benson cycle following the respiratory phase is
essential for a successful recovery.

Figure 6. Intracellular 6-phosphogluconate
content and CO, uptake of mutants blocked
in the ED and OPP pathways (Agnd/eda and
Azwf). A, Intracellular 6-phosphogluconate
content during resuscitation from chlorosis
of the wild type (WT), Agnd/eda, and Azwf.
Slightly negative values were set to 0. B, CO,
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uptake of the wild type and Agnd/eda during
resuscitation. At least three biological replicates
were measured; error bars represent the sp.

T T T

T
12 16 20 2
Time [h]

Plant Physiol. Vol. 177, 2018



To reveal how the various mutations affect glycogen
consumption, we measured the glycogen content of all
six glycolytic mutants during resuscitation. As shown
in Figure 5B, the initiation of resuscitation caused a lin-
ear degradation of glycogen in the wild type as well as
in ApfkB1/2. However, Azwf, Azwf/pfkB1/2, Agnd, Aeda,
and Agnd/eda seemed to accumulate more glycogen
than the wild type and showed a much slower degra-
dation of this polymer. Degradation of a portion of the
glycogen (20%—40%) in these mutants is possible be-
cause they have a functional GlgP2, but degradation of
hexose phosphates is totally or partially blocked, and
this inhibits further glycogen degradation. To prove
this, we measured the levels of Glc-6-P and Fru-6-P in
the wild type and Azwf/pfkB1/2, which is blocked in all
hexose phosphate degradation routes. Already during
nitrogen starvation, both hexose phosphates accumu-
lated in Azwf/pfkB1/2 when compared with the wild
type. After the onset of resuscitation, the levels of both
sugars dropped below the detection limit in the wild
type, indicating their fast consumption. By contrast,
in the Azwf/pfkB1/2 triple mutant, the level of Glc-6-P
continued to increase and that of Fru-6-P is maintained
at high levels, confirming the inability of the mutant
to metabolize these molecules (Supplemental Fig. S3).
These results show that glycogen breakdown is acti-
vated by nitrate addition independent of the start of
the glycolytic reactions, explaining the degradation of
glycogen in the various glycolytic mutants.

Synechocystis Is Prepared for Glycogen Degradation
during Nitrogen Starvation

Previously, we performed a transcriptomic analysis
of cells undergoing chlorosis and resuscitation (Klotz
etal., 2016). The transcriptional regulation of the genes
involved in glycogen catabolism is shown in Figure 7.
The experiments described above led us to conclude
that GlgP2 is the major glycogen-degrading enzyme
during resuscitation, while GlgP1 does not play a rel-
evant role here. In accord, our transcriptomic data set
revealed that gIgP1 is not subjected to strong regula-
tion, whereas gIgP2 is strongly up-regulated during
nitrogen starvation but repressed when resuscitation
is induced. Intriguingly, the genes for the key enzymes
for the OPP and ED pathways, zwf and gnd, which play
a major role in recovery from chlorosis, showed a sim-
ilar regulation to gIgP2: they were up-regulated during
nitrogen starvation and down-regulated during resus-
citation. A quantitative proteomic analysis of chlorotic
and recovering cells (Spaet et al., 2018) revealed that
protein levels of GlgP2, Zwf, and Gnd were indeed
higher during nitrogen starvation than in exponen-
tially growing cells (Supplemental Fig. S4), confirm-
ing that the glgP2, zwf, and gnd genes are not only
transcribed but also translated into proteins during
chlorosis. This shows that the cells produce the gly-
cogen-degrading enzymes together with the glycogen
granules, so that degradation can start as soon as ni-
trogen is available again. During resuscitation, gIgP2,

Plant Physiol. Vol. 177, 2018
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zwf, and gnd transcripts decrease while the protein
levels are maintained, indicating that these enzymes
are not turned over as long as they are active. Of the
glycogen-degrading enzymes, the major phosphoglu-
comutase Pgml is the only one that is regulated in a
different way. The pgm1 gene is repressed during chlo-
rosis and turned on during resuscitation, and the same
trend is observed at the protein level. Moreover, Pgm1
is strongly subjected to posttranslational modification
via Ser phosphorylation at two sites (Spaet et al., 2018),
indicating that it might play a key role in the control of
glycogen degradation upon nitrate addition.

To further reveal the activation of the glycogen-
degrading enzymes in chlorotic cells, we measured
the oxygen-exchange rate after dark incubation in the
wild type and the Aglgp1/2 mutant (Supplemental Fig.
S5). In the light, chlorotic wild-type cells neither con-
sume nor produce oxygen; however, upon transfer to
darkness, a low but clearly measurable consumption
of oxygen could be observed. By contrast, Aglgp1/2 was
unable to start respiration in the dark, like due to its in-
ability to initiate respiration upon nitrate addition (see
above). These results suggest that the equipment of
chlorotic cells with the glycogen-degrading enzymes
serves a double role: it allows rapid resuscitation when
nitrate becomes available again and it enables cells to
use glycogen for survival in the dark.

DISCUSSION

Synechocystis is able to survive long-term periods
of nitrogen starvation and to rapidly resuscitate after
the readdition of a usable nitrogen source. Glycogen,
which quickly accumulates during nitrogen starvation
and plays a major role in the transition to chlorosis,
is rapidly mobilized upon the onset of resuscitation
(Klotz et al., 2016). In this study, we investigated the
importance of glycogen degradation for revival and
the implication of the different glycogen catabolic
pathways during resuscitation.

When Synechocystis is exposed to nitrogen starva-
tion, cells tune down their metabolism and remain
alive with minimal photosynthetic activity (Klotz
et al., 2016). The metabolic adaptations during chloro-
sis reduce both energy consumption and generation,
reaching a metabolic equilibrium that allows them to
survive for a long time under starvation conditions. In
agreement with the assumption that, even in the dor-
mant state, a minimal amount of energy is necessary
to keep cells alive (Sauer et al., 2001), ATP levels were
shown to be maintained at a level that corresponds
to one-fourth of the value at exponential growth (Fig.
2A). We propose that this residual level is adjusted to
keep dormant cells alive. Chlorotic cells consume only
very low amounts of ATP, since they perform almost
no anabolic reactions or protein synthesis. As such,
ATP regeneration should be tuned down correspond-
ingly. In agreement, our previous transcriptomic data
showed that genes encoding the F-ATPase machinery
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Figure 7. Transcriptional regulation of genes needed for glycogen catabolism during nitrogen starvation (16 h, 5 d, and 14 d)
and resuscitation (4, 12, 24, and 48 h). Analysis was performed using a high-resolution microarray (Agilent; format, 8 x 60
K; slide layout = 1S-62976-8-V2) as described by Klotz et al. (2016). Relative transcript abundance normalized to exponential
growth is shown as log, and encoded in a color code from blue (23%) to yellow (22).

were strongly repressed in long-term chlorotic cells
(Klotz et al., 2016). When resuscitation was initiated
by the addition of nitrate, the first genes that were in-
duced comprised all components for the translational
apparatus, for nitrogen assimilation, and the FO-AT-
Pase subunits. This implies an increased need for ATP
due to the onset of anabolism and protein synthesis,
which must be matched with an increased capacity for
ATP regeneration by reinstallation of the F-ATPase ma-
chinery (Klotz et al., 2016). In line with this scenario,
the measurement of ATP levels revealed a sudden in-
crease of ATP upon the addition of nitrate. This first
increase reaches a plateau, lying between the levels in
dormant and vegetative growing cells. This plateau
indicates that the increased need for ATP is perfectly
balanced by the increased capacity to regenerate ATP.
Only after 24 h of the resuscitation process does the
concentration of ATP start to increase further, reaching
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almost double the value of normal growing cells after
48 h. At this point, cells have restored the powerful
energy-generating photosynthetic machinery, but they
have not yet consumed all reserve polymers and have
not yet entered exponential growth, which gives rise to
a transient surplus of energy.

This study confirmed our previous assumption
that glycogen degradation is pivotal for resuscitation.
Characterization of the individual glycogen phosphor-
ylase mutants (AglgP1 and AglgP2) revealed that only
GlgP2 plays a crucial role for glycogen breakdown
during recovery from chlorosis. GlgP2 also is known
to be responsible for glycogen degradation during
periods of darkness (Fu and Xu, 2006). By contrast,
GlgP1 has only been shown to play a crucial role during
heat stress conditions (Fu and Xu, 2006), and any
further physiological function remains elusive. Both
AglgP2 and the AglgP1/2 double mutant were unable to
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degrade glycogen during resuscitation (Fig. 3B), con-
firming that no other pathway can degrade glycogen.
Furthermore, we showed that glycogen degradation is
essential for the initiation of respiration upon nitrate
addition, since no significant oxygen consumption is
observed in the AglgP1/2 double mutant (Fig. 4). In the
wild type, respiration during the first hours of resusci-
tation leads to a complete inhibition of photosynthesis
(Klotz et al., 2016). The AglgP1/2 double mutant, how-
ever, does not respire and, therefore, photosynthesis
is not shut down. Rather, it seems that these mutant
cells attempt to awake their metabolism when nitrate
is added and use the remaining photosynthetic ma-
chinery to produce ATP (Fig. 2B). However, due to the
lack of metabolic intermediates provided by glycogen
catabolism, resuscitation is abortive. Nevertheless, the
initial increase in ATP in these mutants suggests that
the ATP levels are actively regulated by an unknown
metabolic trigger, which responds to the addition of
nitrate.

Glycogen phosphorylase catalyzes the excision of a
Glc-1-P molecule by breaking the a-1,4 linkage. This
Glc-1-P can be further catabolized via three differ-
ent glycolytic routes, namely, the EMP, ED, and OPP
pathways. Our findings indicate that the ED and OPP
pathways are the major glycogen-degrading routes
during resuscitation, since the mutants blocked in ei-
ther or both pathways (Azwf, Agnd, Aeda, and Agnd/eda)
are either retarded or inhibited in their ability to re-
cover from chlorosis and degrade glycogen. The lack
of phenotype of the ApfkB1/2 mutant indicates that
the EMP pathway does not play a crucial role in this
process (Fig. 5). However, a minor contribution of the
EMP pathway in glycogen breakdown might not be
specific to the resuscitation process. During resuscita-
tion, a first heterotrophic phase (0-24 h +N), in which
glycogen is degraded and fuels respiration, is fol-
lowed by a gradual increase in photosynthetic activity,
while glycogen degradation continues (1648 h; Klotz
et al., 2016). It appears that CO, fixation is activated
as soon as photosynthesis is initiated. The concomitant
use of glycogen as a carbon source with photosyn-
thetic energy generation and CO, fixation resembles
mixotrophic conditions. Finally, cells reenter fully
autotrophic conditions under which they again rely
only on photosynthesis. The restoration of transcrip-
tion and translation takes place early in resuscitation
(Klotz et al., 2016) and requires precursors for nucleic
and amino acids. As long as the Calvin-Benson cycle
is not running, ribose components for the synthesis
of RNA and erythrose-4-phosphate for the synthesis
of aromatic compounds can be provided exclusively
via the OPP pathway. In line with this, deleting genes
that participate in the OPP pathway has the severest
impact on the cell’s ability to recover from chlorosis
(Agnd, Azwf, AzwfpfkB1/B2, and Agnd/eda). Following
the first respiratory phase, mixotrophic conditions are
created when glycogen degradation continues while
photosynthesis starts. During this phase, the Cal-
vin-Benson cycle, which in many steps is a reversal
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of the OPP pathway, is activated. The transcriptomic
data (Klotz et al., 2016) show that genes encoding en-
zymes of the Calvin-Benson cycle (e.g. Prk, RubiscoL,
RubiscoS, Pgk, Gapdh2, Tkt, Rpi, and Rpe) are already
up-regulated in the early phase of resuscitation (4 h +N).
Under mixotrophic conditions, the ED pathway is
probably the most physiologically important (Chen
et al.,, 2016). The ED pathway does not share reactions
and intermediates with the Calvin-Benson cycle; this
allows concomitant glycogen breakdown via the ED
pathway and operation of the reductive pentose phos-
phate cycle. The ED pathway might thus be especially
important in the mixotrophic phase of resuscitation.
Furthermore, this pathway provides a shortcut for
the delivery of pyruvate to the tricarboxylic acid cy-
cle. In line with this, the impact of deletion of the ED
pathway on resuscitation is less severe than deletion
of the OPP pathway. Remarkably, deletion of both gnd
and eda completely abrogated resuscitation, whereas
deletion of zwf resulted in a mutant that was still able
to recover poorly (Fig. 5A). In line with this, we de-
tected an overaccumulation of 6P-gluconate in Agnd/
eda but not in Azwf (Fig. 6A). 6P-gluconate is known
to compete with ribulose-1,5-bisphosphate for binding
to Rubisco (Badger and Lorimer, 1981). It follows that
CO, fixation is impaired in Agnd/eda in addition to the
lack of the OPP and ED pathways (Fig. 6B). The limited
recovery of Azwf is thus probably enabled by a minor
consumption of Glc-6-P via the EMP pathway in the
early phase followed by CO, fixation as soon as photo-
synthesis starts (compare Azwf and Azwf/pfkB1/2 in Fig.
5A). However, in Agnd/eda, the consumption of Glc-6-P
via the EMP pathway is not followed by CO, fixation
and, accordingly, resuscitation is not successful. These
results convincingly show that the awakening of dor-
mant cyanobacteria from chlorosis requires glycogen
breakdown in the early phase followed by CO, fixa-
tion.

A transcriptomic analysis of the chlorosis and re-
suscitation processes revealed that Synechocystis antic-
ipates and prepares for glycogen degradation during
nitrogen starvation (Klotz et al., 2016). Transcription of
glgP2, zwf, and gnd, which we found to be the main
enzymes in glycogen catabolism during resuscita-
tion, was up-regulated during nitrogen starvation and
turned down during resuscitation (Fig. 7). Moreover,
quantitative proteomic analyses (Spaet et al., 2018)
showed that the GlgP2, Zwf, and Gnd protein levels
also increased during chlorosis and are maintained af-
ter the addition of nitrate. This indicates that the cells
anticipate the resuscitation process and produce the
proteins necessary to degrade glycogen while they un-
dergo chlorosis, which allows an immediate response
when a nitrogen source is available. Furthermore,
chlorotic cells are able to rapidly turn on respiration
in the dark (Supplemental Fig. S5), which substanti-
ates that GlgP2 is present and active during chlorosis.
These findings raised the question of how glycogen
mobilization is initiated, since most of the enzymes in-
volved in the first steps of glycogen catabolism (GlgP2,
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Zwf, and Gnd) are present throughout the course of
chlorosis and resuscitation, yet glycogen degradation
only starts after the addition of nitrate. This requires a
mechanism that prevents unintended degradation of
glycogen during chlorosis by GlgP2. Direct regulation
of GlgP2 activity is conceivable; however, posttransla-
tional control of glycogen phosphorylase activity in cy-
anobacteria has not been demonstrated so far. Another
key enzyme that might control glycogen degradation
is Pgm1. This enzyme has been described as a target
of thioredoxin regulation in Synechocystis (Lindahl and
Florencio, 2003) and showed conspicuous protein Ser
phosphorylation dynamics during chlorosis and resus-
citation (Spaet et al., 2018). Whatever the mechanism
involved, glycogen mobilization must be activated
upon the onset of nitrogen assimilation as well as after
transfer to darkness. How these signals are perceived
by the cells and transmitted to activate the necessary
enzymes requires further investigation. These studies
will lead to insights into how cyanobacteria coordinate
metabolic transitions, which is poorly understood. The
awakening of dormant Synechocystis cells from chloro-
sis offers a unique model system in which to study the
delicate interplay of carbohydrate oxidation, CO, fixa-
tion, and photosynthesis.

MATERIALS AND METHODS
Cultivation of Escherichia coli

Escherichia coli was grown in Luria-Bertani medium at 37°C (Bertani, 1951).
For growth on solid medium, 1.5% (w/v) agar-agar was added to the regu-
lar Luria-Bertani medium. Strains containing plasmids have been propagated
with the appropriate concentration of antibiotics.

Cyanobacterial Cultivation Conditions

All Synechocystis sp. PCC 6803 strains used in this study were grown in
BG,, supplemented with 5 mm NaHCO,, as described previously (Rippka
et al., 1979). A list of the strains used is provided in Supplemental Table S1.
Two kinds of wild-type strains, Glc sensitive and Glc tolerant, were used; both
strains responded equally during nitrogen starvation and resuscitation. Cul-
tivation was performed with continuous illumination (40-50 pmol photons
ms™) and shaking (130-140 rpm) at 27°C. Induction of nitrogen starvation
and resuscitation was induced as described previously (Schlebusch and Forch-
hammer, 2010; Klotz et al., 2016). If mutants or strains containing antibiotic
markers were used, the precultures were propagated with the appropriate
concentration of antibiotics. Biological replicates were inoculated with the
same precultures but propagated, nitrogen starved, and resuscitated inde-
pendently in different flasks under identical conditions.

Isothermal, Single-Reaction DNA Assembly (Gibson
Cloning)

Cloning was performed as described by Gibson et al. (2009) using primers
containing sequences of the specific vector backbones (Supplemental Table

S2). pUC19 (New England Biolabs) was used for the generation of cyanobac-
terial mutants.

ATP Determination

One-milliliter aliquots of bacterial cultures were taken and immediately
frozen in liquid nitrogen. ATP was extracted by boiling and freezing samples
three times consecutively (boiling at 100°C and freezing in liquid nitrogen)
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and spinning them down at 25,000¢ for 1 min at 4°C. ATP in the supernatant
was quantified with the ATP Determination Kit (Molecular Probes; A22066)
following the manufacturer’s protocol. A total of 450 uL of a reaction mix con-
taining 25 mwm Tricine buffer, pH 7.8, 5 mm MgSO,, 0.1 mm EDTA, 0.1 mm
sodium azide, 1 mm DTT, 0.5 mMm p-luciferin, and 1.25 pg mL™" firefly lucif-
erase was mixed with 50 pL of the samples, and the luminescence was read
in a luminometer (Sirius Luminometer; Berthold Detection Systems). An ATP
standard curve was generated and used to calculate ATP content in the col-
lected samples.

Spot Assay

Serial dilutions of chlorotic cultures were prepared (10°, 10,102, 10,10,
and 1079), starting with an OD, of 1.5 uL of these dilutions, dropped on solid
BG,, agar plates, and cultivated at 50 pmol photons m™ s and 27°C for 5 to
7d.

Glycogen Determination

Glycogen determination was performed as described previously (Griindel
et al., 2012) with modifications described by Klotz et al. (2015).

Oxygen Evolution Measurement

Oxygen evolution was measured in vivo using a Clark-type oxygen elec-
trode (Hansatech DW1). Light was provided from a high-intensity white light
source (Hansatech L2). Oxygen evolution of 2 mL of recovering cultures at an
OD,; of 0.5 was measured at room temperature and 50 pumol photons m=s".

PAM

PSII activity was analyzed in vivo with a WATER-PAM chlorophyll fluoro-
meter (Walz). All samples were dark adapted for 5 min before measurement.
The maximal PSII quantum yield was determined with the saturation pulse
method (Schreiber et al., 1995). Cultures were diluted 1:20 in BG, medium
before the measurements in a final volume of 2 mL.

Quantification Assay for 6P-Gluconate

A total of 100 uL of cells with an OD,, of 50 was pelleted, resuspended
in 1 mL of 0.2 m HCI, and incubated at 95°C for 15 min. The solution was
centrifuged (10 min at 18,000g at room temperature), and the supernatant was
transferred to a new cup and neutralized with 1 mL of 1 m Tris-HCI (pH 8).
The solution was divided into two parts (2 x 900 uL) for a positive and a blank
sample. A total of 90 pL of 11 mm NADP* solution was added to all samples as
well as 10 pL of 5 units mL™' Gnd (Megazyme) solution to all positive samples
and 10 uL of water to all blank samples. Absorption at 340 nm was measured,
and blank sample absorption values were subtracted from positive sample ab-
sorption values. The 6-phosphogluconate concentration was then calculated
by using a standard curve.

Quantification Assay for Glc-6-P

A total of 100 pL of cells with an OD,, of 50 was pelleted, resuspended
in 1 mL of 0.2 m HCI, and incubated at 95°C for 15 min. The solution was
centrifuged (10 min at 18,000¢ at room temperature), and the supernatant was
transferred to a new cup and neutralized with 1 mL of 1 m Tris-HCI (pH 8).
The solution was divided into two parts (2 x 900 uL) for a positive and a blank
sample. A total of 90 uL of 11 mm NADP* solution was added to all samples as
well as 10 pL of 5 units mL™" Glc-6-P dehydrogenase (Sigma-Aldrich) solution
to all positive samples and 10 uL of water to all blank samples. Absorption at
340 nm was measured, and blank sample absorption values were subtracted
from positive absorption values. Glc-6-P concentration was then calculated by
using a standard curve.

Quantification Assay for Fru-6-P

A total of 100 pL of cells with an OD,, of 50 was pelleted, resuspended
in 1 mL of 0.2 m HCl, and incubated at 95°C for 15 min. The solution was
centrifuged (10 min at 18,000g at room temperature), and the supernatant was
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transferred to a new cup and neutralized with 1 mL of 1 m Tris-HCI (pH 8).
The solution was divided into two parts (2 x 900 pL) for a positive and a blank
sample. A total of 90 uL of 11 mm NADP* solution containing 5 units mL™ Glc-
6-P dehydrogenase (Sigma-Aldrich) was added to all samples as well as 10 pL
of 5 units mL™" phosphoglucose isomerase (Boehringer Mannheim) solution
to all positive samples and 10 uL of water to all blank samples. Absorption at
340 nm was measured, and blank sample absorption values were subtracted
from positive absorption values. Fru-6-P concentration was then calculated by
using a standard curve.

CO, Gas-Exchange Measurement

BG,, medium devoid of bicarbonate was mixed with agar, heated, and
poured onto cutoff lids of 5-mL centrifugation cups. After solidification of the
agar, 100 uL of cells with an OD, of 50 was added and dried in front of a ven-
tilator while being exposed to 50 uE of light emitted by a fluorescent tube. Two
such lids were loaded simultaneously into the cuvette of a GFS-3000 gas-ex-
change measuring system from Walz containing an atmosphere of 400 uL L™
CO, and 60% humidity at 28°C. The cuvette was exposed to 50 uE of light
emitted by a fluorescent tube. After a short adaptation period, CO,-exchange
rates were monitored for 90 s, while measurements were taken every 15s. The
six measurements were averaged. In order to correct for diffusion of CO, into
or out of the agar, the CO, exchange of cell-free agar lids was measured and
subtracted from sample values.

Accession Numbers

Sequence data from this article can be found in the UniProt database
under accession numbers P73511 (GlgP1), P73546 (GlgP2), P74643 (Pgml),
P73411 (Zwf), P72830 (PfkB1) Q55988 (PfkB2), P52208 (Gnd), and Q55872
(Eda). The accession number of the microarray data cited in this article is
GEO:GSE83363.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. PSII quantum yield determined by PAM fluo-
rometry of Synechocystis wild type and AglgP1/2 during recovery from
chlorosis.

Supplemental Figure S2. ATP content during nitrogen starvation and re-

suscitation of AglgP1/2 in the absence of light.

Supplemental Figure S3. Glc-6-P and Fru-6-P levels in Synechocystis wild
type and Azwf/pfkB1/2 during nitrogen starvation and resuscitation.

Supplemental Figure S4. Expression ratios of transcripts and proteins of
the main enzymes involved in glycogen degradation during resuscita-

tion.

Supplemental Figure S5. Oxygen-exchange rate of chlorotic AglgP1/2 and
wild-type cells in the light and after 3 min of incubation in the dark.

Supplemental Table S1. List of strains used.

Supplemental Table S2. List of primers used in this study.
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