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1 | INTRODUCTION
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Abstract

In the filamentous cyanobacterium Anabaena sp. PCC 7120, heterocyst formation is
triggered by changes in the C/N-ratio and relies on transcriptional reprogramming.
The transcription factor PacR is considered a global regulator of carbon assimilation
under photoautotrophic conditions, influencing the carbon concentrating mechanism
and photosynthesis. It plays a role in balancing reducing power generation while protect-
ing the photosynthetic apparatus from oxidative damage. However, PacR also binds to
promoters of genes associated with heterocyst formation, although the underlying
mechanisms remain unclear. To explore this, we studied the response of a PacR-deletion
mutant to a nitrogen source shift from ammonium to nitrate. The absence of PacR led
to heterocyst formation in nitrate-containing media, as well as reduced growth and
chlorophyll content. We observed impaired nitrate uptake and disrupted ammonium
assimilation via the GS/GOGAT-cycle. This phenotype may stem from PacR-mediated
regulation of key genes of nitrogen and carbon metabolism as well as photosynthesis.
An impact on photosynthesis is also apparent in the mutant, including a slight decrease
in the size of the photo-reducible Fed-pool, suggesting that a shortage of reducing

equivalents may contribute to nitrogen metabolism impairment.

microoxic conditions are maintained by high respiration rates (Flores
et al, 2019; Harish & Seth, 2020), the flavodiiron (Flv) 3B homo-

The filamentous cyanobacterium Anabaena sp. PCC7120 (hereafter
Anabaena) is a model heterocyst-forming strain that carries out oxy-
genic photosynthesis and CO, fixation in vegetative (photosynthetic)
cells, while performing N, fixation in specialized cells called heterocysts.
In the absence of combined nitrogen [e.g. ammonium (NH4") or nitrate
(NO37)] about 10% of the vegetative cells differentiate into intercalary
heterocysts within 24 h (Flores et al., 2019; Zeng & Zhang, 2022), which
form at intervals of 10-15 vegetative cells along the filament (Flores
et al, 2019; Nieves-Morion et al., 2021). Heterocysts are specialized
microoxic cells that fix atmospheric N, into ammonia (NH3), a process
catalyzed by the heterocyst-specific O,-sensitive nitrogenase enzyme
(Flores et al., 2019; Nieves-Morion et al., 2021). In the heterocyst,

oligomer catalyzing O, photoreduction (Ermakova et al., 2014), a non-
oxygen-evolving Photosystem (PS) Il with a reduced antenna size
(Ferimazova et al., 2013; Harish & Seth, 2020; Magnuson, 2019) and the
formation of a heterocyst envelope consisting of an inner glycolipid
(Hgl) layer and an outer polysaccharide (Hep) layer (Cumino et al., 2007,
Flores et al., 2019). Vegetative cells supply heterocysts with carbon in
the form of sucrose, alanine and glutamate (Burnat et al., 2014). In het-
erocysts, the NH4* produced during N, fixation is incorporated into glu-
tamate by glutamine synthetase (GS), producing glutamine, which is
then transferred to the vegetative cell along with beta-aspartyl-arginine,
the degradation product of cyanophycine (Flores et al., 2019). The pro-

cess of heterocyst differentiation is highly complex and tightly regulated,
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with the primary factor being the C/N balance. In Anabaena, the primary
trigger for differentiation is rising levels of 2-oxoglutarate (2-OG), which
accumulates under a high C/N ratio and acts as a nitrogen starvation sig-
nal (Zeng & Zhang, 2022; Zhang et al., 2018). The global transcription
factor NtcA binds 2-OG and activates the expression of the master
regulator of heterocyst formation, HetR, via the response regulator-
like factor NtcA (Flores et al., 2019; Zeng & Zhang, 2022; Zhang
et al., 2018). NtcA and HetR together orchestrate the developmental
process of heterocyst formation (Flores et al, 2019; Zeng &
Zhang, 2022). Early in this process, PatS and PatX help to establish
the initial heterocyst pattern (Flores et al., 2019). The DevH tran-
scriptional factor regulates heterocyst-specific genes at later stages
of differentiation and plays a central role in regulating Hgl layer for-
mation as well as expression of the cox2 and cox3 operons (function-
ing in O, reduction) and the nif gene cluster (for N,-fixation) (Zeng &
Zhang, 2022). Other late-stage regulators involved in heterocyst for-
mation include the NtcA co-activator PipX and HetN, which is crucial
for pattern maintenance (Flores et al., 2019).

LysR-type transcriptional regulators (LTTRs) are the largest
known family of bacterial DNA-binding proteins, playing a diverse role
in regulating a wide range of biological processes. They may act as
activators or repressors, often in response to a co-inducer molecule
(Lopez-lgual et al., 2012). Among the LTTRs subfamily, the CbbR fac-
tors specifically control genes involved in the Calvin-Benson-Bassham
(CBB) cycle. In Anabaena, there are three CbbR-like LTTRs. One of
them, CmpR (all0862), activates the cmp operon (alr2877-alr2880),
which encodes an ABC transporter complex for HCO3™ transport.
CmpR also controls its own expression in response to C;limitation and
coordinates this with nitrogen availability through its response to NtcA
(Picossi et al., 2015). Another member, CcmR (also known as NdhR),
acts as a repressor for carbon transporters and its own expression
(Lopez-lgual et al., 2012; Picossi et al., 2015). The third member, PacR
(rbeR, all3953), is a global regulator. In Anabaena, PacR regulates a large
number of genes associated with Ci-fixation [e.g. elements of the car-
bon concentrating mechanisms (CCM) and RuBisCo]. Remarkably, PacR
was the first transcriptional factor described in cyanobacteria that can
adjust the expression of photosynthetic genes (e.g. the core PSI reac-
tion center psaA gene) to Ci-availability, with most genes showing upre-
gulation by PacR under C;-limitation (Picossi et al., 2015). Noteworthy,
most photosynthetic genes targeted by PacR probably function in pro-
tection against reactive oxygen species, which can be generated due to
C;-limitation or exposure to high light. It has been proposed that PacR
plays a crucial role in modulating the generation of reductive power
based on C;-availability while safeguarding the photosynthetic appara-
tus from oxidative stress. Notably, the PacR expression appears to be
independent of the C/N regime (Picossi et al., 2015).

Despite PacR being identified as a global transcription factor in
Anabaena, its role has primarily been studied in relation to the regula-
tion of Cj-assimilation and photosynthetic genes, while its potential
role in other parts of the global metabolic network, including nitrogen
assimilation, remains largely unexplored. In this study, we analyzed a
PacR deletion mutant using transcriptomics, combined with metabolic,

physiological and photosynthetic measurements, during the shift from

NH," to NO3;~ as the available nitrogen source in the growth
medium. Our results suggest that PacR plays a role in regulating nitro-
gen metabolism, including adaptation to NO5;™ as a nitrogen source,
thus influencing heterocyst differentiation in NO3;~ medium. This
study broadens our understanding of PacR's role in global regulatory
processes, highlighting its contribution to adaptation to various nitro-
gen sources and involvement in heterocyst formation alongside other

key transcriptional regulators.

2 | MATERIALS AND METHODS

2.1 | Strains and culture conditions

The ApacR deletion mutant of the Anabaena sp. PCC7120 wild type
strain (CSS74) and control strain (CS) with a spectinomycin resistance
cassette (CSS77) were described previously (Picossi et al., 2015). The
starting cultures were maintained in BG11 medium buffered with
20 mM HEPES-NaOH (pH 7.5) and supplemented with 25 ug/ml of
spectinomycin. The cultures were grown at 30°C with 1% CO,,
~ 50 pmol photons m™2 s~ and agitated at 80 rpm. Pre-cultures were
generated by harvesting cells from starting cultures after 4 days and
resuspending cells at OD,50 = 0.1. Pre-cultures were then grown for
4 days in BG11p medium buffered with 20 mM HEPES-NaOH (pH 7.5)
supplemented with 6 mM NH,4Cl on day O, and additional 3 mM NH,CI
were supplemented on days 2 and 3. Experimental cultures were gen-
erated similar to pre-cultures and grown in BG11y medium (pH 7.5)
supplemented with either 3 mM NH," (on day 1, 2 and 3 for growth

experiments) or 17.6 mM NO3 ™ as the nitrogen source.

2.2 | Chla determination and heterocyst
frequency

Chl a was extracted from cells with 90% methanol and the extinction
coefficient factor 12.7 (Meeks & Castenholz, 1971). For counting of
heterocysts, Alcian Blue was used to stain the polysaccharide layer
of the heterocyst envelope as previously described (Santana-Sanchez
et al., 2023). Stained samples were visualized using a Wetzlar light
microscope (Leitz) and x 400 magnification micrographs were taken
via a mounted camera (Leica). Images were processed using the Leica
Application Suite (Leica Microsystems). For each sample, 1000-2000

cells were counted.

2.3 | Photosynthetic activity measurements

2.3.1 | Chlfluorescence and absorbance

A pulse amplitude modulated fluorometer Dual-PAM-100 (Walz) was
used to simultaneously monitor Chl a fluorescence and P700 absor-
bance. Cells were harvested and resuspended in fresh BG11 medium

to a Chl a concentration of 15 ug mL~* and acclimated 1 h under
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growth conditions. Prior to measurements, the samples were dark-
adapted for 10 min. The effective yield of PSII [Y(Il)] and PSI [Y(1)], as
well as the acceptor side limitation of PSI [Y(NA)] and donor side limi-
tation [Y(ND)], were determined as described previously (Huokko
et al., 2017). Actinic light (630 nm, 50 pmol photons m~2 s~ %), saturat-

2

ing pulses (300 ms, 5 000 pmol photons m~2 s~1), and strong far-red

light (720 nm, 75 W m~2) were applied during analysis.

2.3.2 | Determination of ferredoxin (Fed) redox

changes

A Dual-KLAS-NIR spectrophotometer (Walz) was used to measure the
absorbance differences at 780-820, 820-870, 840-965 and 870-
965 nm. Cells were harvested and resuspended in fresh BG11
medium to a Chl a concentration of 20 ug mL™* and acclimated 1 h
under growth conditions. Prior to measurements, the samples were
dark-adapted for 10 min. Absorbance differences of the four wave-
length pairs were measured during 3's of red actinic illumination
(3000 umol photons m~2s~1), with a multiple turnover (MT) pulse
applied after 200 ms to fully reduce the Fed-pool. This was followed
by a 4 s dark period and 10 s of far-red illumination (intensity setting
20), with a MT pulse administered at the end of the illumination
period to fully oxidize P700. Measurements using the NIRMAX script
(Klughammer & Schreiber, 2016; Schreiber, 2017) were conducted,
and the P700 and Fed signals deconvoluted using model spectra
measured for Anabaena as previously described (Santana-Sanchez
et al., 2023). The redox-changes were then normalized according to
the maximal redox-changes determined with the NIRMAX script.
The size of the photo-reducible Fed pool was calculated from about
100 datapoints of the smoothed and baseline-corrected data at the
maximal reduction phase during actinic light illumination using
the NIRMAX script.

2.3.3 | Membrane Inlet Mass Spectrometry

In vivo measurements of 0, (m z~* = 32), 80, (m/z = 36) and CO,
(m/z = 44) fluxes were monitored using Membrane Inlet Mass
Spectrometry (MIMS) as described previously (Santana-Sanchez
et al., 2023). Cells were harvested after 48 h and resuspended in fresh
BG11 medium, adjusted to Chl a 10 pg mL~! and acclimated for 1 h
under growth conditions prior to measurements. For all MIMS
measurements, gas exchange was monitored for 4 min in darkness, fol-
lowed by 5 min of high light illumination (500 pumol photons m—2 s~ %)

and for an additional 2 min in the dark.

24 | Determination of nitrogen uptake and
intracellular carbon and nitrogen content

NO3~ concentration in the growth media was determined spectro-
photometrically (Rice et al., 2012). To determine intracellular C/N

ratio, cells were harvested 48 h after the shift to NOs;™ as nitrogen
source and 10 mg of biomass was lyophilised. Total carbon and nitro-
gen analysis was conducted using a FLASH 2000 Organic Elemental

Analyzer (Thermo Scientific).

2.5 | Metabolite extraction and quantification

Cells were harvested by filtration on Millipore HATF nitrocellulose
membranes (0.45 um) from cultures grown for 4 days with NH4" as
the nitrogen source, as well as at 1 h and 12 h after shifting to NO3™
containing growth medium. Filters were first frozen in liquid N5, then
harvested cells were resuspended in PBS buffer, pelleted and stored
at —80°C. Metabolites were extracted by adding 400 pL of cold
extraction solvent (acetonitrile:methanol:H,0; 40:40:20) to each sam-
ple, followed by three cycles of sonication (60 sec, EIma Elmasonic P)
and vortexing (120 sec). The samples were then centrifuged at 15339
x g for 20 min at +4°C, after which the supernatants (350 pL) were
transferred to evaporation tubes and dried under a N,-stream. Dried
samples were resuspended in 50 L cold extraction solvent and trans-
ferred to HPLC autosampler glass vials. The analysis was performed
by injecting 2 uL of sample extract into a Thermo Vanquish UHPLC
coupled with a Q-Exactive Orbitrap quadrupole mass spectrometer
equipped with a heated electrospray ionization (H-ESI) source probe
(Thermo Fischer Scientific). Chromatographic separation of metabo-
lites was done using a SeQuant ZIC-pHILIC (2.1 x 100 mm, 5 pum par-
ticle) column (Merck), which was maintained at +40°C. Scanning was
performed in mass range 55 to 825 m/z. Gradient elution was carried
out with acetonitrile and 20 mM ammonium hydrogen carbonate in
water, adjusted to pH 9.4, as mobile phases. TraceFinder 4.1 software
(Thermo Fischer Scientific) was used for data analysis.

26 |
analysis

RNA isolation, sequencing and enrichment

Cells were harvested by filtration on Millipore HATF nitrocellulose mem-
branes (0.45 pum) from cultures grown for 4 days with NH,4" as the nitro-
gen source, as well as at 1 h and 12 h after shifting to NO3;™ containing
growth medium. Cells were resuspended in RNA-resuspension buffer
(Walter et al., 2016), centrifuged for 3 min at 4°C and then the pellet
was then frozen in liquid N,. Total RNA was isolated using the hot-
phenol method (Walter et al., 2016), with the incubation step in
phenol:chloroform:iso-amyl alcohol performed at 65°C instead of
95°C. Finally, the samples were resuspended in 25 uL of Milli-Q
Water. DNAse treatment was performed with the Invitrogen kit.
RNA concentration was measured with DS-11+ spectrophotometer
(DeNovix) and 3 ug of RNA from each sample was sent to BGI
(China) for RNA sequencing. RNA quality was checked using agarose
gel electrophoresis, followed by rRNA depletion, yielding acceptable
RIN values (7.2-8.2). Three biological replicates were measured for
each time point and strain. Experimental quality control evaluated
via PCA (Figure S9) confirmed the data's reliability.
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The RNA was sequenced using DNBseq with a read length of PE
100 bp and data was analyzed with the Chipster software. Initial trim-
ming of the reads was performed using FastX, followed by alignment
with the genome of Anabaena (downloaded from EnsemblBacteria
(bacteria.ensembl.org), nostoc_sp_pcc_7120_fachb_418_gca_000009705,
version ASM970v1_, current ENSEMBL release, October 2023) using
TopHat2. Aligned reads per gene were then counted with HTSeq. Differ-
ential expression analysis was conducted using DESeq2 (logoFC > 11,
p < 0.05). Enrichment analysis was performed using the R-package

clusterProfiler.

3 | RESULTS

3.1 | Phenotype of the ApacR mutant under
different nitrogen sources

The growth of the ApacR mutant and the CS was compared under various
nitrogen sources. The ApacR mutant demonstrated significantly slower
growth when either NO3 ™ (Figure S1A) or NH," was used as the nitrogen
source (Figure S1B). At 48 h in NO3 -containing medium, the ApacR
mutant reached only 80.4 + 16.5% of the OD;s, of the CS (Figures 1A and
S1A). Similarly, when grown with NH,4", the mutant achieved only 72.3
+ 11.2% of the OD5sq of the CS at 48 h (Figures 1A and S1B). To further
assess cellular composition, we examined the Chl/OD;sq ratio. In NO3™
containing medium, the ApacR mutant exhibited a 21.6% reduction in the
Chl/ODys ratio compared to the CS at 48 h (Figures 1B and S2A). How-
ever, this ratio was not significantly different between strains grown in
NH,"- containing medium (Figures 1B and S2B).

Interestingly, the ApacR mutant showed a significantly higher
proportion of heterocysts (7.8 + 1.4%, p < 0.05) compared to the CS
(0.6 £ 0.5%) when cultured in NO3;™-containing medium for 48 h
(Figure 2A, B; Table S1). In contrast, neither strain exhibited substan-
tial heterocyst differentiation in NH4"-containing medium, with het-
erocysts frequencies of 0.05 + 0.04% (CS) and 0.26 + 0.36% (ApacR)
(Table S1). These findings suggest that PacR is required for the sup-
pression of heterocyst differentiation in the presence of NO5™.

Next, we examined the ApacR mutant during the transition from

NH," to NO3~ as the nitrogen source to investigate the mechanisms

underlying its increased heterocyst differentiation. We focused on
time points up to 48 h after transition, as this is when heterocyst for-
mation becomes established (Flores et al., 2019; Zeng & Zhang, 2022)
and key phenotypic differences, like delayed growth and altered Chl
content became evident. During the transition, the ApacR mutant
demonstrated impaired NO3 ™ -uptake, showing 1.5 + 0.2 times more
residual NO3~/ODys5¢ in the growth medium compared to the CS at
48 h (Figure 2C). This phenotype was maintained for the total cultur-
ing time of 120 h (Figure S3). Importantly, organic elemental analysis
showed that the ApacR mutant had an increased C/N ratio, reflecting
a 14.3 £ 4.9% reduction in total nitrogen content compared to the CS
(Figure 2D; Table S2), suggesting that the ApacR mutant experiences
nitrogen deprivation.

3.2 |
mutant

Photosynthetic characterization of the ApacR

Next, we examined the photosynthetic capacity of the ApacR mutant
cultured in NO3~ for 48 h. The effective yield of PSI, Y(l), was reduced
in the mutant compared to the CS (Figure 3A) and acceptor-side limi-
tation of PSI, Y(NA), was increased (Figure 3B). This was in line with a
pronounced reduction in PSI re-oxidation, as detected with DKN mea-
surements (Figure S5C).

Although the effective PSII yield, Y(ll), was higher in the mutant,
this difference was not statistically significant (Figure S4A). Addition-
ally, donor side limitation Y(ND) of PSI remained unaffected
(Figure S4B). The measurements with DKN demonstrated a slight but
significant decrease in the pool size of photo-reducible Fed and no
changes in redox kinetics of Fed in the mutant (Figure S5).

For a more detailed assessment of the activity of the photosyn-
thetic apparatus, we monitored real-time gas exchange fluxes via Mem-
brane Inlet Mass Spectrometry (MIMS) and used the 20, isotope to
differentiate oxygen uptake from evolution. The illumination of the CS
led to rapid O,-photoreduction, primarily attributed to Flvs (Santana-
Sanchez et al., 2023), reaching a maximum of 40.9 + 3.9 umol mg~?*
Chla h™! (p < 0.05) and plateaued at 23.1 + 2.7 umol mg~t Chl a h™?!
(p < 0.05). However, the ApacR mutant exhibited significantly lower

O,-photoreduction, reaching a maximum of 13.0 + 3.0 umol mg~?!

BG11,+ NH,’

A B
BG11  BG11,+NH, BG11
0.8f - " B
0.6
a
S04
0.2
0.0

CS ApacR

CS ApacR

CS ApacR

FIGURE 1 OD and Chl/OD ratio of
the ApacR mutant 48 h after the shift to
NO3;~ or 3mM NH," (day 0 and day 1) as
the sole nitrogen source. A. OD7s0; B.
Chl/OD ratio. Values are means + SD;

n = 3-14 biologically independent
experiments; statistically significant
differences (p < 0.05) compared to the CS
are indicated by an asterisk. Statistical
analysis was performed using a two-tailed
Type 2 t-test.

CS ApacR
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Chl a h-1, with an average plateau level of 7.3 + 5.0 umol mg™?!
Chla h™* (p < 0.05), indicating impaired light-induced O,-uptake in the
ApacR mutant. This is in line with the higher net O, evolution observed
in the mutant compared to the CS, calculated as the difference
between gross O, production and O, photoreduction, with values of
1421 +26.1 and 159.4 + 11.1 pmol mg™t Chl a h~?! for the CS and
ApacR, respectively. Gross photosynthetic O, evolution exhibited no
significant difference between the CS and ApacR. Additionally, dark
respiration as well as maximal and steady-state CO, uptake were some-
what higher in the mutant (Figure 3C, D; Table S3).

3.3 | Metabolic analysis of the ApacR mutant

To understand the metabolic responses associated with heterocyst for-
mation in the ApacR mutant cultured with NO3;~, we monitored the
levels of several key metabolites from the tricarboxylic acid (TCA)-,
glutamine synthase / Fed-dependent glutamate synthase (GS/GOGAT)-
and ornithine-ammonia (OAC)- cycles at three time points: in the
presence of NH,* as the only supplemented nitrogen source in the
medium just before the shift (t =0 h), and 1 h and 12 h after the shift
to NO3 ™ -containing medium. Changes in metabolite levels in the ApacR

CS ApacR

mutant in relation to the CS are shown for each time point
(Figures 4 and S6), as well as changes of metabolite levels in relation to
t = 0 h for each strain (Figure S7).

The differences in metabolite levels between these two strains
become more pronounced with longer exposure to NO3;~. Most
metabolites showed lower levels in ApacR compared to the CS, except
for alanine, which increased significantly in the ApacR mutant at
t = 12 h (Figures 4 and Sé). Strikingly, glutamate levels were lower in
ApacR across all time points, with statistical significance at t=1h
and t = 12 h. Glutamine showed a similar trend but without signifi-
cant changes (Figure Sé). Upon exposure to NO3;~, 2-OG levels
increased in both strains compared to t =0 h, which is expected
during N step-down. However, this rise was statistically significant
only in the CS, while no significant differences were observed
between the strains or in the 2-OG/Glu ratios in ApacR at any time
point Figures S6, S7, and S8).

While not statistically significant, the ApacR mutant exhibited
lower levels of aspartate, arginine and ornithine (intermediates of the
OAC and cyanophycine synthesis) across all time points, whereas
asparagine levels were higher (Figure Sé). Pyruvate content peaked
1 h after the shift in both strains (Figure S7), but remained lower in
ApacR compared to the CS. Similarly, citric acid, fumarate and malate
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acceptor side limitation of PSI [Y(NA)]. A and B were measured in darkness (black bars), under illumination with far-red light (red bars) and with
50 pmol photons m~2 s~ of actinic white light (yellow bars); C. and D. O, and CO, exchange rates of the CS (C) and the ApacR-mutant (D). Gas

exchange rates were recorded in darkness (grey bars) and under illumination with 500 umol photons m

=2 571 of actinic white light (yellow bars).

Values are means + SD; n = 3 biologically independent experiments; statistically significant differences (p < 0.05) compared to the CS are
indicated by an asterisk. Statistical analysis was performed using a two-tailed Type 2 t-test.

(intermediates of the TCA cycle) were less abundant in ApacR than in
the CS (Figure Sé).

3.4 | RNA-seq analysis of the ApacR mutant

To elucidate the differential expression of genes due to the deletion of
pacR, we performed RNA-seq analysis of the CS and the ApacR mutant
grown in the presence of NH," as the only supplemented nitrogen
source in the medium and sampled just before the shift (t = 0 h) as well
as 1 h and 12 h after the shift to medium supplemented with NO3™ as
the only nitrogen source (Appendix S1, S2, S4). At t =0 h, 705 genes
were found to be upregulated and 774 genes downregulated, att = 1 h,
639 genes were upregulated and 707 genes downregulated and at

t = 12 h, 1344 genes were upregulated and 1034 genes downregulated

in the ApacR mutant in relation to the CS (Appendix S1). Thus, up to
~38% of the gene transcripts of Anabaena (RefSeq: GCF_000009705.1)
were differentially expressed in the ApacR mutant at any given time.
Differentially expressed genes were found e.g. in the categories of global
transcriptional regulators, nitrogen uptake and heterocyst formation, the
GS/GOGAT-cycle, the OAC and cyanophycin synthesis, carbon uptake
as well as the photosynthetic machinery. An enrichment analysis of dif-
ferentially expressed genes showed significant enrichment of nitrogen
transporters 1 h after the shift, followed by an enrichment of photosyn-
thetic antenna proteins at 12 h (Figure S10; Appendix S3). The genes
discussed below were selected based on their known function and rele-
vance in the context of other data. Particular emphasis was placed on
nitrogen metabolism, as well as photosynthesis and carbon fixation.
Genes are categorized as either slightly (log,FC = 1-2), intermediately
(logoFC = 2-4) or highly (logoFC >4) differentially expressed.
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251 . . . shift in relation to t = O h (Figure 5; Tables S7 and S8). The transcript

i - Glutamic acid levels of dat (all0396), which encodes diaminobutyrate-pyruvate

__ 20} I:I Alanine l transaminase and has a promoter directly bound by PacR (Picossi
g 15 _ J et al., 2015), were consistently downregulated in ApacR compared to
g I the CS, showing slight downregulation at both t=0h and t=12h
§ 1.0} and intermediate downregulation at t = 1 h (Figure 5; Tables 54-S6).
2 05L Leucine dehydrogenase (Idh) transcripts were slightly downregulated
(@) I in ApacR compared to the CS before the shift. While transcription in
Lg 0.0 the CS showed slight to intermediate downregulation after the shift,
3 0.5 _ no significant changes were observed between time points for the
I mutant (Figures 5 and 6; Tables S4 and S7). The transcript level of ala-

-1.0} nine dehydrogenase (ald) (Pernil et al., 2010) was slightly upregulated
15 i t=0h t=1h *t=12h in ApacR compared to the CS at t = 12 h (Figure 5; Tables $6-58).

FIGURE 4 Metabolic analysis of glutamic acid and alanine in the
ApacR mutant relative to the CS at 0 h and 1 h or 12 h after the shift
to NO;3™. Values are mean ratios of ion counts shown as log,FC + SD;
n = 3-6 biologically independent experiments; statistically significant
differences (p < 0.05) compared to the CS were calculated based on
the normalized total ion count and are indicated by an asterisk.
Statistical analysis was performed using a two-tailed Type 2 t-test.

3.4.1 | Transcriptional regulators

The transcription level of PacR (rbcR) in the CS remained independent
of the nitrogen source, showing no differential expression between
timepoints (Figure 5; Tables S7 and S8), as reported previously
(Picossi et al., 2015). Strikingly, NtcA (ntcA) transcripts were slightly
but statistically significantly upregulated at t = 12 h in the ApacR (Fig-
ure 5; Table Sé). Additionally, the transcript levels of another global
transcriptional regulator, FurA (furA), were slightly elevated in the
mutant 1 h after the shift, as the transient downregulation observed
in the CS was absent in the mutant (Figure 5; Tables S5, S7, and S8).
Moreover, no differential expression of CmpR-transcripts was
observed between the CS and the ApacR mutant.

3.4.2 | Nitrogen metabolism

The nirA operon (hirA-nrtABCD-narB), which codes for the NO3;~
uptake machinery (Frias & Flores, 2010), was highly upregulated in
the CS 1 h after the shift to NO3- whereas this upregulation was strik-
ingly delayed in the ApacR mutant, with a slight but significantly lower
transcript level at t = 1 h (Figure 5; Tables S5, S7, and S8). Addition-
ally, mobA, a gene required for Mo-cofactor biosynthesis, which is
directly bound by PacR (Picossi et al., 2015), was also found to be con-
stitutively upregulated in ApacR in this work (Figure 5; Tables $4-S8).
Related to the GS/GOGAT-cycle, the transcript levels of glutaminase
1 (glsA1) (Zhou et al., 2008) was slightly upregulated in ApacR at all
time points (Figure 5; Tables S4-56), while the transcript of glutamine
synthetase (glnA) (Alvarez-Escribano et al., 2024) was slightly upregu-
lated in ApacR 1 h after the shift and in both strains 12 h after the

Interestingly, transcription of the urease accessory protein (ureG) was
constitutively intermediately upregulated in the mutant in relation to
the CS (Figures 5 and 6; Tables S4-Sé). Additionally, the cyanophyci-
nase gene cphB1 was slightly downregulated in ApacR before the shift
(Figures 5 and 6; Table S4).

3.43 | Heterocyst formation

Many genes associated with heterocyst formation were upregulated
in the ApacR strain 12 h after the shift compared to the CS (Figure 5;
Table S6). Genes involved in the formation of the Hep-layer, such as
hepA (X. P. Wang et al., 2016; Y. Wang et al., 2007), as well as various
glycosyl transferases, like hepE (X. P. Wang et al., 2016) were
upregulated in various degrees. A glycolipid synthase (hglIT) involved in
Hgl-layer formation (Zeng & Zhang, 2022) was also intermediately
upregulated. Several nitrogenase-related genes were upregulated,
including intermediate to high upregulation of the main nif-gene
cluster as well as intermediate upregulation of nifV, belonging to the
additional nif-gene cluster found in Anabaena (Stricker et al., 1997).
Concomitantly, the heterocyst-specific ferredoxin (fdxB) (Pils et al.,
2004) and the uptake hydrogenase genes (hupL, hupS) also showed
intermediately increased expression. The heterocyst-specific flv1iB
and flv3B transcripts (Ermakova et al.,, 2013) were slightly
upregulated.

344 | Carbon metabolism

The gene (sbtA) encoding a putative SbtA carbon transporter ortholo-
gue (Herrero & Flores, 2019) was slightly downregulated in ApacR
compared to the CS att = 0 h and t = 12 h. Unlike the CS, it did not
exhibit transient upregulation at t =1 h, resulting in a more pro-
nounced downregulation in the mutant at this time point (Figure 5;
Tables S4-S8). A similar pattern was observed for cmpB transcripts,
which encode a bicarbonate transporter (Herrero & Flores, 2019);
however, at t = 1 h, cmpB expression was only slightly lower in ApacR
than in CS (a similar tendency was observed for the TPM values
of the entire cmpABCD operon) (Figure 5; Tables S5, S7, S8;
Appendix S4). Moreover, sucrose-synthase (susB) transcription (Katoh
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et al., 2004) was slightly downregulated at t = 0 h in ApacR compared
to the CS, whereas in both strains the gene was downregulated after
the shift, albeit only intermediately in the mutant and highly in the CS
(Figure 5; Tables S4, S7, S8).

ApacRICS CS ApacR
» & o &
S o O° 'S\Q r\'i'o\ r{“\Q \'1"&
Idh allo426
ﬁ cphB_1 allo571
ureG alro735
glsA1 all2934
|dat all0396 |
dctA allo342
N/A alr2355
glnA alr2328
ald alr2355
|mobA all0961 |
nrtA alr0608
narB alro612
nirA alro607
hetN alr5358

hepA alr2835
hepE alr3699
hgIT all5341
nifK all1440
hesA all1432
fdxH all1430
hupL allo687
fiviB allo177
flv3B allo178
psbA1 alr4866
lpsbA3  alr4592|
isiA2 all4002
isiA3 all4003
N/A alr4783
N/A all4941
pecF alr0527
pecC alro525
pecB alr0523
lpetF all4148 |

isiB alr2405
flv2 all4444
flv4 all4446

:- coxC2 alr2516

btA all2134
cmpB alr2878
susB all1059
pfkA1 all7335

i rbcR all3953
B B ] ntcA alrd392
B B ] N/A all2035
B ] ] furA all1691
T - .
-6 -4 -2 0 2 4 6

Log,FC
. N-metabolism D Heterocyst metabolism

. Photosynthesis and Respiration

D C-metabolism D Transcription factors

3.4.5 | Photosynthesis and respiration

Interestingly, psbA1 transcripts, encoding the PSIl D1 protein (Sicora
et al., 2009) were slightly upregulated in the mutant compared to the CS
at 1 h after the shift (Figure 5; Table S5). In contrast, the transient upre-
gulation of psbA3 (Summerfield et al., 2008) at t = 1 h, whose promoter
is directly bound by PacR (Picossi et al., 2015), was only slight in ApacR.
In the CS, this upregulation was intermediate, resulting in an intermediate
downregulation of this gene at t = 1 h (Figure 5; Tables S5, S7, S8).

Transcripts of isiA2 and isiA3, iron-stress-induced proteins with
homology to CP43 (Nagao et al., 2021), were slightly upregulated
after 12 h in ApacR compared to the CS, as the upregulation of these
genes occurred only in the mutant (Figure 5; Tables S6, S8).

Before the shift, the phycoerythrocyanin (pec) operon, which
encodes the components of the light-harvesting phycobilisome (PBS)
complex (Gollan et al., 2020), was slightly downregulated in ApacR (signifi-
cantly for pecE and pecF). Genes of this operon were then downregulated
to about the same level in both strains at t = 1 h and were then signifi-
cantly expressed at slightly to intermediately higher levels in the CS com-
pared to ApacR after 12 h (Figure 5; Tables S4-S8). The transcript level of
all4940 and alr4783 associated with the orange carotenoid protein (OCP)
(Lépez-lgual et al., 2016) were slightly downregulated in ApacR compared
to the CS at t = O h and then downregulated significantly to similar levels
in both strains after the shift (Figure 5; Tables S4, S7, S8).

The following transcripts of cytochrome c oxidase subunits were
intermediately to highly upregulated at t = 12 h in ApacR compared to
the CS: coxA2 and coxC2 corresponding to COX2 (homologous to
aa3-type cytochrome c oxidases) as well as coxA3, corresponding
to COX3 (homologous to alternative respiratory terminal oxidases)
(Figure 5; Tables S6, S8). Both COX2 and COX3 were previously found
to be upregulated under nitrogen deficiency (Winschiers et al., 2006).
The transcript levels of vegetative cell-specific Fed-1 (petF) (Schmitz &
Bohme, 1995) were constitutively downregulated in ApacR, ranging
from slight downregulation at early time points (t =0h and t = 1 h) to
intermediate levels at t = 12 h (Figure 5; Tables S4-S6). This downregu-
lation may be attributed to PacR binding to the petF promoter. There
was slightly lower expression of flv2 at t=1h compared to the
CS. Additionally, at the same time point, flv4 was intermediately downre-
gulated relative to the CS (Figures 5 and 6; Tables S5, S7). The expres-
sion of flv1A (all3891) and fIv3A (all3895) (Ermakova et al., 2013) did not
differ significantly between the mutant and the CS. Their expression

FIGURE 5 Expression patterns in CS and ApacR mutant in NH, "
and during the shift to NO3™. The selected genes represent central
metabolic pathways affected in the mutant. A complete list of annotated
affected genes can be found in Tables S4-S8. ApacR/CS column:
Differential gene expression between ApacR and CSatOh,1hand 12 h
after the shift to NO3 ™. CS column: Differential gene expression in CS
between 0 h and 1 h and between 0 h and 12 h. ApacR column:
Differential gene expression in ApacR between O h and 1 h and between
0 h and 12 h. Differential expression is shown as log,FC > 111, p < 0.05,
n = 3 biological replicates per strain and time point. Genes bound by
PacR (Picossi et al., 2015) are highlighted in boxes.
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FIGURE 6 Overview of modified central metabolic pathways in the ApacR mutant. The schematic illustrates an Anabaena vegetative cell,

highlighting key pathways involved in C- and N-metabolism, including the GS/GOGAT-cycle, OAC cycle, cyanophycine synthesis, the CBB cycle
and the TCA cycle. The main components of the photosynthetic electron-transport chain are also depicted. Following nitrogen import through
NO3~ transporters, NO3 ™ is reduced to NH, ™ via the action of nitrate (NarB) and nitrite (NirA) reductases; then, ammonium is incorporated into
glutamate by ATP-dependent glutamine synthetase (GS) producing glutamine, whose amido group is transferred to 2-oxoglutarate (2-OG) by
glutamate synthase (GOGAT). 2-OG is a product of carbon assimilation. Redox equivalents required for NO,~ reduction and GS/GOGAT enzyme
activity are provided by photosynthetic light reactions, which generate reduced ferredoxin (Fed). Fixed nitrogen can be stored as the reserve
polymer cyanophycin through the action of a cyanophycin-synthesizing enzyme. Storage regulation is controlled via a negative feedback loop
involving arginine and the PIl protein, which responds to ADP levels and the cellular C/N balance. The locations where reduced Fed is required
for enzymatic activity are marked with yellow bubbles. Genes or metabolites found to be upregulated (blue) or downregulated (red) in the ApacR
mutant compared to the control strain (CS) are highlighted in colored boxes, both before (t = 0 h) and at 1 h or 12 h after the shift from NH," to
NO,;™ as the N-source in the medium. Genes with promoters directly bound by PacR (Picossi et al., 2015) are indicated in purple.

kinetics followed those of the CS, showing a non-significant transient
increase 1 h after the shift, which was, however, less pronounced in the

mutant based on TPM values (Appendix S4).

4 | DISCUSSION

In this study, we found that the ApacR mutant of Anabaena forms het-
erocysts, resembling diazotrophic growth, even under nitrogen-
replete conditions. This heterocyst formation occurs following a shift
in the nitrogen source from NH;" to NO3 ™ in the growth medium
(Figure 2A, B; Table S1). This is consistent with the findings of a

parallel study by Lin et al. (2025), which reported a higher heterocyst
frequency in the ApacR mutant following the same nutrient shift.
Anabaena typically undergoes heterocyst differentiation within the
first 24 h after N step-down (Xing et al., 2022). To gain insights into
the cellular changes preceding heterocyst formation, we collected
metabolic and RNA-seq data at early time points (O h, 1 h, 12 h). Addi-
tionally, physiological measurements were performed 48 h after the
shift, when heterocyst formation was complete, and the growth phe-
notype became apparent (Figures 1, S1A, and S2A). A similar growth
phenotype was also observed by Lin et al. (2025). The ApacR mutant
exhibited upregulation of genes associated with heterocysts, not con-
stitutively, but specifically during the 12 h interval following the shift
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in the nitrogen source from NH;" to NOj~ (Figures 5 and 6;
Tables S6, S8). These findings suggest that the deletion of PacR does
not directly trigger heterocyst differentiation; instead, the response
seems to be an effect of the shift from NH," to NO3~, which likely
disrupts the cellular C/N balance (Zhang et al., 2018). Indeed, the
ApacR mutant exhibited a significantly elevated C/N ratio (Figure 2 D;
Table S2), indicating intracellular nitrogen limitation. The ApacR
mutant indeed shows impaired NO3~ uptake (Figures 2C and S3),
accompanied by delayed induction of nirA operon transcripts follow-
ing the shift to NO3~ containing medium (Figures 5 and 6; Tables S6-
S8). This could reflect a low abundance of NO3;™ transporters in the
membrane and a lower abundance of NirA and NarB proteins, and
thus a reduced capacity for NOs;~ uptake. Although the transcript
level of the nirA operon aligns with that of the CS at 12 h, the protein
levels may not follow the same pattern, potentially contributing to
persistently low NO;~ uptake. Indeed, despite comparable transcript
levels of transporters and nitrate and nitrite reductases in the mutant
and CS at 12 h, impaired NO53;~ uptake in the mutant has been
observed throughout the entire 120 h duration of the experiment.
Interestingly, Lin et al. (2025) reported a similar impairment of nitrate
uptake and nirA expression, and further confirmed the direct binding
of PacR to both nirA and ntcB.

Although direct regulation of the nir operon cannot be inferred
from the present data, a potential role in the modulation of nitrate
and nitrite reductases by molybdenum cofactor biosynthesis remains
possible. Nitrate reductases are molybdoenzymes carrying a molybde-
num cofactor. Mo-cofactor biosynthesis requires several genes
(Puerta-Fernandez & Vioque, 2011), among which the mobA gene was
found to be constitutively upregulated in the mutant, regardless of
the nitrogen source (Figures 5 and 6) and was also found to be directly
bound by PacR (Picossi et al. 2015). This may suggest an involvement
of PacR in modulating the nir operon via mobA regulation.

A potential limitation in reducing equivalents from photosynthetic
light reactions is indicated by the constitutive downregulation of the
petF transcript, which encodes the vegetative cell-specific Fed-1, in
the ApacR mutant (Figures 5 and 6; Tables S4-S6). PacR, which
directly binds to the petF promoter (Picossi et al., 2015), could directly
influence petF expression, likely resulting in reduced Fed-1 levels.
Since the functions of nitrite reductase (NirA) and nitrate reductase
(NarB) rely on vegetative-specific Fed-1, the decrease in petF levels
may impair both NO3;~ uptake and the conversion of NO;~ to NH,™
(Watzer et al., 2019). Indeed, our data show a slight but statistically
significant decrease in the size of the photo-reducible Fed-pool
(Figure S5A, B), suggesting that impaired electron flux from Fed may
contribute to hindered nitrate assimilation.

The depletion of free amino acid pools is typical under nitrogen-
depleted conditions in Anabaena (Perin et al., 2021), indicating a lack
of nitrogen for metabolic functions. Here, the reduced glutamate
levels in the mutant after the shift compared to the CS (and non-
significant decrease in glutamine, and 2-OG) suggests an imbalance in
C/N metabolism (Figures 4 and S6). However, this is in contrast to the
usual response in wild-type Anabaena, where glutamate levels rise

and glutamine levels drop when shifting to diazotrophic conditions

(Perin et al., 2021). Since glutamate and glutamine are crucial indica-
tors of nitrogen status, this reduction implies a weakened nitrogen
assimilation capacity and a reduction in GS/GOGAT-cycle activity.

2-0G, which serves as a signaling molecule for the C/N balance
(Robles-Rengel et al., 2019), is known to increase following nitrogen
deprivation, triggering heterocyst formation in Anabaena (Laurent
et al., 2005; Muro-Pastor et al., 2001; Zeng & Zhang, 2022). In con-
trast, the ApacR mutant demonstrated low 2-OG levels (Figures S6
and S7) and showed no significant differences in the 2-OG/Glu ratios
(Figure S8) despite the occurrence of heterocyst formation.

Changes in metabolite levels in the GS/GOGAT-cycle may be an
indirect consequence of PacR-deletion, potentially due to the
constitutive upregulation of glsAl transcripts encoding phosphate-
dependent glutaminase 1 (Figures 5 and 6; Tables S4-Sé). The tran-
scripts of glutaminase 1, primarily responsible for glutamine deamina-
tion, are typically downregulated transiently under nitrogen-limiting
conditions in wild type (Zhou et al., 2008). Elevated glutaminase activ-
ity could impair the function of ATP-dependent glutamine synthetase
(GS, glnA), a key regulatory enzyme in the GS/GOGAT cycle. glnA is
typically expressed at higher levels in the absence of combined nitro-
gen and is regulated by NtcA (Flores et al., 2019). Also, the GS has
been shown to be active under combined nitrogen-limited conditions
(Forchhammer & Selim, 2020; Galmozzi et al, 2010) and shows
increased activity when N, is used as the nitrogen source (Flores &
Herrero, 1994; Zhou et al., 2008). Notably, inhibiting GS with the spe-
cific inhibitor MSX can counteract the suppression of nitrogen fixation
and heterocyst formation by fixed nitrogen in Anabaena sp., which indi-
cates that NH, " assimilation via GS is required for NH, " repression of
the uptake of alternative nitrogen sources (Flores & Herrero, 1994;
Mishra, 2003). A similar effect may occur in ApacR due to potential glu-
tamine degradation via glutaminase 1. Interestingly, glnA is upregulated
in the mutant after just 1 h, whereas no such response is observed in
the CS, suggesting a compensatory response to putatively increased
glutaminase activity and suggesting that NtcA-controlled pathways are
activated in the mutant. The balance between glutamine synthesis
and degradation may determine whether a glutamine shortage occurs,
ultimately affecting nitrogen availability for cellular metabolism.

Alanine levels were significantly higher in the ApacR mutant com-
pared to the CS following the 12 h shift to NO5;~ (Figures 4 and Sé). An
increase in alanine levels following the shift to diazotrophic conditions
was previously observed in Anabaena wild type (Perin et al., 2021) and
Anabaena cylindrica (Rowell & Stewart, 1976) since alanine is needed
for carbon transfer to heterocysts (Burnat et al., 2014; Pernil
et al.,, 2010). Therefore, the elevated alanine levels in this study signify
a metabolic state in the ApacR mutant that resembles diazotrophic con-
ditions, potentially linking them to heterocyst formation. In Anabaena
spp., the gene coding for alanine dehydrogenase (ADH), ald, is either
exclusively expressed or exhibits higher expression levels following the
shift to diazotrophic conditions (Pernil et al., 2010). Furthermore, ADH
activity has been shown to increase under nitrogen deficiency in Ana-
baena cylindrica (Rowell & Stewart, 1976). These observations indicate
that the upregulation of ald in ApacR may lead to higher levels of active

enzyme and reflect a metabolic adaptation consistent with diazotrophic
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conditions. Interestingly, the ADH pathway also possesses synthetic
activity, converting pyruvate and NH," into alanine, which facilitates
NH," assimilation under conditions of GS/GOGAT-cycle inactivation
(Flores & Herrero, 1994; Meeks et al., 1977). In this study, the GS/GO-
GAT-cycle impairment is likely due to reduced GS efficiency and previ-
ous research indicates that NH, " incorporation through ADH increases
when GS is inactivated by MSX treatment (Meeks et al., 1977). This
suggests that there may be increased synthetic ADH activity in the
mutant, which may contribute to the increased alanine levels and pro-
vide a compensatory mechanism that serves to counterbalance
decreased operation of the GS/GOGAT-cycle.

Diaminobutyrate-pyruvate transaminase (dat), which catalyzes the
transamination of L-2,4-diaminobutyrate to 2-OG, forming L-aspartate-
semialdehyde and glutamate was constitutively downregulated (Figures 5
and 6; Tables S4-S6). Moreover, L-24-diaminobutyrate also links to
arginine biosynthesis, as L-aspartate-4-semialdehyde is derived from
L-aspartate. This suggests that its activity may be functionally connected
to the GS/GOGAT cycle, protein synthesis and nitrogen storage. More-
over, leucine dehydrogenase (Idh) transcripts remained consistently low in
the mutant despite the absence of PacR binding to its promoter
(Figures 5 and 6; Tables S4, S7). In contrast, Idh was highly expressed in
the CS before the shift and subsequently downregulated. This pattern
suggests that PacR-mediated regulation of transaminases may help buffer
nitrogen metabolism during short-term fluctuations. By redistributing
nitrogen through transaminase activity, the cell may prevent unneces-
sary heterocyst formation in response to transient changes in external
nitrogen levels.

Importantly, the transcript level of urease accessory protein
(UreG), ureG, is constitutively upregulated in the mutant (Figures 5
and 6; Tables S4-S6), which may suggest a direct involvement of PacR.
Also, cyanophycinase B1 (cphB1) transcript is downregulated in the
mutant already in the presence of NH,;" before shifting the cells to
nitrate (Figures 5 and 6; Tables S4, S7, S8). This suggests that the
broader nitrogen metabolism, including the uptake of alternative
nitrogen sources and nitrogen storage via the OAC, is affected by
PacR-deletion. The upregulation of urease-related genes may also
indicate a predisposition of the mutant to release NH." from
nitrogen-containing metabolites. However, it is not known whether
PacR directly binds to these genes, leaving their direct involvement in
this nitrogen fixation pathway uncertain.

Taken together, these results suggest that inefficiency in the
GS/GOGAT-cycle may reduce the mutant's ability to fix NH, " intracel-
lularly into metabolically available forms. Moreover, since transaminases
and urease may be affected, the dissemination of NH," may be
impaired across multiple metabolic processes, which also seems to
be indicated by higher alanine levels and ald upregulation. By directly
regulating sbtA transcription and influencing cmpB expression (Figures 5
and 6; Tables S4-S8), PacR helps adjust carbon intake in response to the
C/N balance. In alignment with our results, Bolay et al. (2022) found
that a knockdown-mutant of the PacR-homologue in Synechocystis
sp. PCC6803 also displayed diminished sbtA expression, confirming the
central role of PacR in regulating carbon metabolism in cyanobacteria.
Chip-Seq analysis by Picossi et al. (2015) confirms that PacR may

directly regulate three C-uptake systems under inorganic carbon
limitations: the bicarbonate transporter bicA and two CO, uptake genes
(ndhF3 and ndhF4). Recently, Lin et al. (2025) demonstrated under
ambient CO, conditions that the promotors of cmpA, bicA and sbtA
(all encoding bicarbonate transporters) are directly bound by PacR. Their
results suggest that PacR activates bicA and sbtA in NH4"-containing
medium, slightly represses them in NOs3; -containing medium and
represses cmpA irrespective of the N-source.

The observed decrease in PSl yield in the ApacR mutant is mainly
due to increased acceptor-side limitation (Figure 3A, B) linked to
significantly decreased O, photoreduction and a smaller pool of
photo-reducible Fed (Figures 3C, D and S5C; Table S3). Since O, pho-
toreduction is mainly attributed to Flv proteins (Santana-Sanchez
et al.,, 2023), the downregulation of flv2 and flv4 transcripts in the
mutant (Figures 5 and 6; Tables S4, S5, S7, S8) along with previous
findings that PacR binds to the promoter regions of flvlA and flv4
(Picossi et al., 2015) indicates that these regulatory changes likely
contribute to the observed impairment.

In conclusion, deletion of the global transcription factor PacR in
Anabaena induces heterocyst formation even in NO; -containing
medium, likely due to reduced NO3~ uptake, disrupted NH,* assimila-
tion in the GS/GOGAT cycle and intercellular C/N unbalance. This
phenotype may result from PacR's regulatory influence on key genes
involved in nitrogen and carbon fixation, as well as photosynthetic
performance. Our data suggests that a shortage of reducing equivalents
is one of the contributing factors to impaired nitrogen metabolism.
These findings highlight PacR's crucial role in coordinating photosyn-

thesis, nitrogen and carbon metabolism.

AUTHOR CONTRIBUTIONS

YA conceptualized the project. EW performed all experiments and
wrote the first draft of the manuscript. YA, TH, ASS, and LN super-
vised the experiments. All authors contributed to editing and proof-

reading. All authors have read and approved the final manuscript.

ACKNOWLEDGEMENTS

We thank Tor Laurén at Abo Akademi University for elemental analy-
sis, and Anni Nieminen, John Finell and Toveann Ahlnds from the
Institute for Molecular Medicine Finland (FIMM) for providing meta-
bolic measurements. We thank Janne Isojarvi and Bradley Koch for

their assistance with analyzing and graphing RNA sequencing data.

FUNDING INFORMATION

This work was supported by the NovoNordisk Foundation (PhotoCat,
project # NNF200C0064371 to YA), by the Jane and Aatos Erkko
Foundation (PhotoFactory project, to YA). EW and TH were partially
supported by the University of Turku Graduate School (UTUGS) and
by the Turku Collegium for Science, Medicine and Technology,
respectively.

DATA AVAILABILITY STATEMENT
The RNA sequencing data used for Figures 5 and 6, Tables S4-S8 and
Appendix S1-54 is available in NCBI under the GEO accession number

85UB01 SUOLLLOD 3A 18810 Bdealdde ay) Aq peusenob a1 sejoile WO ‘8sn Jo se|nu Joj Akl 8UlUO A8]IM UO (SUORIPUOD-PUR-SUBIAL0O" AB 1WA R0 18U UO//SANY) SUORIPUOD PUe SWiB | 8L 88S *[5202/20/20] Uo AkeiqiTaulluo A8|im ‘minL jo AiseAlun Ag 820, [dd/TTTT 0T/I0p/woo A8 Im Aeiqpul|uo//Sdny woij papeojumod ‘€ ‘G202 ‘vSOS66ET



ia Plantarum.

WERNER ET AL

120f13 | (@1e

GSE280386. Data supporting the findings of this study are available
in the manuscript or supplementary materials. Microscopic images

and physiological source data are available upon request.

ORCID

Elisa Werner ' https://orcid.org/0009-0002-1674-0161
https://orcid.org/0000-0003-4409-3651

Anita Santana-Sdnchez "= https://orcid.org/0000-0002-1556-0321

https://orcid.org/0000-0003-1175-6228
https://orcid.org/0000-0002-7192-9322
https://orcid.org/0000-0003-1071-6590

https://orcid.org/0000-0002-9262-1757

Tuomas Huokko

Silvia Picossi
Lauri Nikkanen
Antonia Herrero
Yagut Allahverdiyeva

REFERENCES

AIvarez-Escribano, l., Suarez-Muirillo, B., Brenes-AIvarez, M., Vioque, A., &
Muro-Pastor, A. M. (2024). Antisense RNA regulates glutamine syn-
thetase in a heterocyst-forming cyanobacterium. Plant Physiology, 195.
https://doi.org/10.1093/plphys/kiae263

Bolay, P., Schliter, S., Grimm, S., Riediger, M., Hess, W. R., & Klahn, S.
(2022). The transcriptional regulator RbcR controls ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) genes in the
cyanobacterium Synechocystis sp. PCC 6803. New Phytologist, 235(2).
https://doi.org/10.1111/nph.18139

Burnat, M., Herrero, A., & Flores, E. (2014). Compartmentalized cyanophycin
metabolism in the diazotrophic filaments of a heterocystforming cyanobac-
terium. Proceedings of the National Academy of Sciences of the United States
of America, 111(10). https://doi.org/10.1073/pnas.1318564111

Cumino, A. C., Marcozzi, C., Barreiro, R., & Salerno, G. L. (2007). Carbon
cycling in Anabaena sp. PCC 7120. Sucrose synthesis in the hetero-
cysts and possible role in nitrogen fixation. Plant Physiology, 143(3).
https://doi.org/10.1104/pp.106.091736

Ermakova, M., Battchikova, N., Allahverdiyeva, Y., & Aro, E. M. (2013).
Novel heterocyst-specific flavodiiron proteins in Anabaena sp. PCC
7120. FEBS Letters, 587(1). https://doi.org/10.1016/j.febslet.2012.
11.006

Ermakova, M., Battchikova, N., Richaud, P., Leino, H., Kosourov, S., Isojawi, J.,
Peltier, G., Flores, E., Cournac, L., Allahverdiyeva, Y., & Aro, E. M. (2014).
Heterocyst-specific flavodiiron protein FIV3B enables oxic diazotrophic
growth of the filamentous cyanobacterium Anabaena sp. PCC 7120. Pro-
ceedings of the National Academy of Sciences of the United States of
America, 111(30). 10.1073/pnas.1407327111

Ferimazova, N., Felcmanova, K., Setlikova, E., Kipper, H., Maldener, |.,
Hauska, G., Sediva, B., & Prasil, O. (2013). Regulation of photosynthe-
sis during heterocyst differentiation in Anabaena sp. strain PCC 7120
investigated in vivo at single-cell level by chlorophyll fluorescence
kinetic microscopy. Photosynthesis Research, 116(1). https://doi.org/
10.1007/s11120-013-9897-z

Flores, E., & Herrero, A. (1994). Assimilatory Nitrogen Metabolism and Its
Regulation. In The Molecular Biology of Cyanobacteria. https://doi.org/
10.1007/978-94-011-0227-8_16

Flores, E., Picossi, S., Valladares, A., & Herrero, A. (2019). Transcriptional
regulation of development in heterocyst-forming cyanobacteria. Bio-
chimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms,
1862(7), 673-684. https://doi.org/10.1016/).BBAGRM.2018.04.006

Forchhammer, K., & Selim, K. A. (2020). Carbon/nitrogen homeostasis con-
trol in cyanobacteria. FEMS Microbiology Reviews, 44(1), 33-53.
https://doi.org/10.1093/FEMSRE/FUZ025

Frias, J. E., & Flores, E. (2010). Negative regulation of expression of the
nitrate assimilation nirA operon in the heterocyst-forming cyanobacte-
rium Anabaena sp. strain PCC 7120. Journal of Bacteriology, 192(11).
https://doi.org/10.1128/JB.01668-09

Galmozzi, C. V., Saelices, L., Florencio, F. J., & Muro-Pastor, M. . (2010). Post-
transcriptional regulation of glutamine synthetase in the filamentous cya-
nobacterium Anabaena sp. PCC 7120: Differential expression between
vegetative cells and heterocysts. Journal of Bacteriology, 192(18). https://
doi.org/10.1128/JB.00222-10

Gollan, P. J., Muth-Pawlak, D., & Aro, E. M. (2020). Rapid transcriptional
reprogramming triggered by alteration of the carbon/nitrogen balance
has an impact on energy metabolism in nostoc sp. Pcc 7120. Life,
10(11). https://doi.org/10.3390/life10110297

Harish, & Seth, K. (2020). Molecular circuit of heterocyst differentiation in
cyanobacteria. In Journal of Basic Microbiology (Vol. 60, Issue 9).
https://doi.org/10.1002/jobm.202000266

Herrero, A., & Flores, E. (2019). Genetic responses to carbon and nitrogen
availability in Anabaena. Environmental Microbiology, 21(1), 1-17.
https://doi.org/10.1111/1462-2920.14370

Huokko, T., Muth-Pawlak, D., Battchikova, N., Allahverdiyeva, Y., &
Aro, E. M. (2017). Role of Type 2 NAD(P)H Dehydrogenase NdbC in
Redox Regulation of Carbon Allocation in Synechocystis. Plant Physiol-
ogy, 174(3), 1863-1880. https://doi.org/10.1104/PP.17.00398

Katoh, H., Asthana, R. K., & Ohmori, M. (2004). Gene expression in the
cyanobacterium Anabaena sp. PCC7120 under desiccation. Microbial
Ecology, 47(2). https://doi.org/10.1007/s00248-003-1043-6

Klughammer, C., & Schreiber, U. (2016). Deconvolution of ferredoxin, plasto-
cyanin, and P700 transmittance changes in intact leaves with a new type
of kinetic LED array spectrophotometer. Photosynthesis Research, 128(2),
195-214. https://doi.org/10.1007/511120-016-0219-0/FIGURES/12

Laurent, S., Chen, H., Bédu, S., Ziarelli, F., Peng, L., & Zhang, C. C. (2005).
Nonmetabolizable analogue of 2-oxoglutarate elicits heterocyst differ-
entiation under repressive conditions in Anabaena sp. PCC 7120. Pro-
ceedings of the National Academy of Sciences of the United States of
America, 102(28). https://doi.org/10.1073/pnas.0502337102

Lin, G. M., Zhang, J. Y., Shao, Z. H., Yang, C., Zhao, G. P., Huang, K. Y., &
Zhang, C. C. (2025). The LysR-type transcriptional factor PacR controls
heterocyst differentiation and C/N metabolism in the cyanobacterium
Anabaena PCC 7120. Microbiological Research, 290, 127970. https://
doi.org/10.1016/J.MICRES.2024.127970

Lépez-lgual, R., Picossi, S., Lopez-Garrido, J., Flores, E., & Herrero, A.
(2012). N and C control of ABC-type bicarbonate transporter Cmp and
its LysR-type transcriptional regulator CmpR in a heterocyst-forming
cyanobacterium, Anabaena sp. Environmental Microbiology, 14(4),
1035-1048. https://doi.org/10.1111/j.1462-2920.2011.02683.x

Lopez-lgual, R., Wilson, A., Leverenz, R. L, Melnicki M. R, de
Carbon, C. B., Sutter, M., Turmo, A., Perreau, F., Kerfeld, C. A, &
Kirilovsky, D. (2016). Different functions of the paralogs to the
N-terminal domain of the orange carotenoid protein in the cyanobac-
terium Anabaena sp. PCC 7120. Plant Physiology, 171(3). https://doi.
org/10.1104/pp.16.00502

Magnuson, A. (2019). Heterocyst thylakoid bioenergetics. In Life (Vol.
9, Issue 1). https://doi.org/10.3390/1ife9010013

Meeks, J. C., & Castenholz, R. W. (1971). Growth and photosynthesis in an
extreme thermophile, Synechococcus lividus (Cyanophyta). Archiv Fiir
Mikrobiologie, 78(1), 25-41. https://doi.org/10.1007/BF00409086/
METRICS

Meeks, J. C., Wolk, $ C Peter, Thomas, J., Lockau, W., Shaffer, P. W.,
Austin, S. M., Chien, W.-S., & Galonsky, A. (1977). The pathways of
assimilation of 13NH4+ by the cyanobacterium, Anabaena cylindrica.
ASBMB, 252(21), 7894-7900. https://doi.org/10.1016/50021-9258
(17)41049-0

Mishra, A. K. (2003). MSX-resistant mutants of Anabaena 7120 with dere-
pressed heterocyst development and nitrogen fixation. World Journal
of Microbiology and Biotechnology, 19(7). https://doi.org/10.1023/A:
1025154822017

Muro-Pastor, M. |., Reyes, J. C., & Florencio, F. J. (2001). Cyanobacteria
Perceive Nitrogen Status by Sensing Intracellular 2-Oxoglutarate

85UB01 SUOLLLOD 3A 18810 Bdealdde ay) Aq peusenob a1 sejoile WO ‘8sn Jo se|nu Joj Akl 8UlUO A8]IM UO (SUORIPUOD-PUR-SUBIAL0O" AB 1WA R0 18U UO//SANY) SUORIPUOD PUe SWiB | 8L 88S *[5202/20/20] Uo AkeiqiTaulluo A8|im ‘minL jo AiseAlun Ag 820, [dd/TTTT 0T/I0p/woo A8 Im Aeiqpul|uo//Sdny woij papeojumod ‘€ ‘G202 ‘vSOS66ET


https://orcid.org/0009-0002-1674-0161
https://orcid.org/0009-0002-1674-0161
https://orcid.org/0000-0003-4409-3651
https://orcid.org/0000-0003-4409-3651
https://orcid.org/0000-0002-1556-0321
https://orcid.org/0000-0002-1556-0321
https://orcid.org/0000-0003-1175-6228
https://orcid.org/0000-0003-1175-6228
https://orcid.org/0000-0002-7192-9322
https://orcid.org/0000-0002-7192-9322
https://orcid.org/0000-0003-1071-6590
https://orcid.org/0000-0003-1071-6590
https://orcid.org/0000-0002-9262-1757
https://orcid.org/0000-0002-9262-1757
https://doi.org/10.1093/plphys/kiae263
https://doi.org/10.1111/nph.18139
https://doi.org/10.1073/pnas.1318564111
https://doi.org/10.1104/pp.106.091736
https://doi.org/10.1016/j.febslet.2012.11.006
https://doi.org/10.1016/j.febslet.2012.11.006
info:doi/10.1073/pnas.1407327111
https://doi.org/10.1007/s11120-013-9897-z
https://doi.org/10.1007/s11120-013-9897-z
https://doi.org/10.1007/978-94-011-0227-8_16
https://doi.org/10.1007/978-94-011-0227-8_16
https://doi.org/10.1016/J.BBAGRM.2018.04.006
https://doi.org/10.1093/FEMSRE/FUZ025
https://doi.org/10.1128/JB.01668-09
https://doi.org/10.1128/JB.00222-10
https://doi.org/10.1128/JB.00222-10
https://doi.org/10.3390/life10110297
https://doi.org/10.1002/jobm.202000266
https://doi.org/10.1111/1462-2920.14370
https://doi.org/10.1104/PP.17.00398
https://doi.org/10.1007/s00248-003-1043-6
https://doi.org/10.1007/S11120-016-0219-0/FIGURES/12
https://doi.org/10.1073/pnas.0502337102
https://doi.org/10.1016/J.MICRES.2024.127970
https://doi.org/10.1016/J.MICRES.2024.127970
https://doi.org/10.1111/j.1462-2920.2011.02683.x
https://doi.org/10.1104/pp.16.00502
https://doi.org/10.1104/pp.16.00502
https://doi.org/10.3390/life9010013
https://doi.org/10.1007/BF00409086/METRICS
https://doi.org/10.1007/BF00409086/METRICS
https://doi.org/10.1016/S0021-9258(17)41049-0
https://doi.org/10.1016/S0021-9258(17)41049-0
https://doi.org/10.1023/A:1025154822017
https://doi.org/10.1023/A:1025154822017

WERNER ET AL

13 of 13

ia Plantarur

Levels. Journal of Biological Chemistry, 276(41). https://doi.org/10.
1074/jbc.m105297200

Nagao, R., Yokono, M., Ueno, Y., Suzuki, T., Kato, K, Kato, K. H,,
Tsuboshita, N., Jiang, T. Y., Dohmae, N., Shen, J. R, Ehira, S., &
Akimoto, S. (2021). Molecular organizations and function of iron-
stress-induced-A protein family in Anabaena sp. PCC 7120. Biochimica
et Biophysica Acta - Bioenergetics, 1862(1). https://doi.org/10.1016/
j.bbabio.2020.148327

Nieves-Morion, M., Flores, E., Whitehouse, M. J., Thomen, A. &
Foster, R. A. (2021). Single-cell measurements of fixation and intercel-
lular exchange of ¢ and n in the filaments of the heterocyst- forming
cyanobacterium anabaena sp. Strain pcc 7120. MBio, 12(4). https://
doi.org/10.1128/mBi0.01314-21

Perin, G., Fletcher, T., Sagi-Kiss, V., Gaboriau, D. C. A, Carey, M. R,
Bundy, J. G., & Jones, P. R. (2021). Calm on the surface, dynamic on the
inside. Molecular homeostasis of Anabaena sp. PCC 7120 nitrogen metabo-
lism. Plant Cell and Environment, 44(6). https://doi.org/10.1111/pce.14034

Pernil, R., Herrero, A., & Flores, E. (2010). Catabolic function of compart-
mentalized alanine dehydrogenase in the heterocyst-forming cyano-
bacterium Anabaena sp. strain PCC 7120. Journal of Bacteriology,
192(19). https://doi.org/10.1128/JB.00603-10

Picossi, S., Flores, E., & Herrero, A. (2015). The LysR-type transcription fac-
tor PacR is a global regulator of photosynthetic carbon assimilation in
Anabaena. Environmental Microbiology, 17(9), 3341-3351. https://doi.
org/10.1111/1462-2920.12800

Pils, D., Wilken, C., Valladares, A., Flores, E., & Schmetterer, G. (2004).
Respiratory terminal oxidases in the facultative chemoheterotrophic
and dinitrogen fixing cyanobacterium Anabaena variabilis strain ATCC
29413: characterization of the cox2 locus B. https://doi.org/10.1016/
j.bbabio.2004.06.009

Puerta-Fernandez, E., & Vioque, A. (2011). Hfq is required for optimal nitrate
assimilation in the cyanobacterium Anabaena sp. strain PCC 7120. Jour-
nal of Bacteriology, 193(14). https://doi.org/10.1128/JB.00254-11

Rice, E., Baird, R., Eaton, A., & Clesceri, L. (2012). Standard Methods for the
Examination of Water and Wastewater. Standard Methods.

Robles-Rengel, R., Florencio, F. J., & Muro-Pastor, M. I. (2019). Redox
interference in nitrogen status via oxidative stress is mediated by
2-oxoglutarate in cyanobacteria. New Phytologist, 224(1). https://doi.
org/10.1111/nph.15979

Rowell, P., & Stewart, W. D. P. (1976). Alanine dehydrogenase of the
N2-fixing blue-green alga, Anabaena cylindrica. Archives of Microbiol-
ogy, 107(2). https://doi.org/10.1007/BF00446830

Santana-Sanchez, A., Nikkanen, L., Werner, E., Toth, G., Ermakova, M.,
Kosourov, S., Walter, J., He, M., Aro, E. M., & Allahverdiyeva, Y.
(2023). FIv3A facilitates O2 photoreduction and affects H2 photopro-
duction independently of FIv1A in diazotrophic Anabaena filaments.
New Phytologist, 237(1). https://doi.org/10.1111/nph.18506

Schmitz, S., & Béhme, H. (1995). Amino acid residues involved in func-
tional interaction of vegetative cell ferredoxin from the cyanobacte-
rium Anabaena sp. PCC 7120 with ferredoxin:NADP reductase, nitrite
reductase and nitrate reductase. BBA - Bioenergetics, 1231(3). https://
doi.org/10.1016/0005-2728(95)00097-3

Schreiber, U. (2017). Redox changes of ferredoxin, P700, and plastocyanin
measured simultaneously in intact leaves. Photosynthesis Research,
134(3). https://doi.org/10.1007/511120-017-0394-7

Sicora, C. I., Ho, F. M., Salminen, T., Styring, S., & Aro, E. M. (2009). Tran-
scription of a “silent” cyanobacterial psbA gene is induced by micro-
aerobic conditions. Biochimica et Biophysica Acta - Bioenergetics,
1787(2). https://doi.org/10.1016/j.bbabio.2008.12.002

Stricker, O., Masepohl, B., Klipp, W., & Béhme, H. (1997). Identification and
characterization of the nifV-nifZ-nifT gene region from the filamentous
cyanobacterium Anabaena sp. strain PCC 7120. Journal of Bacteriology,
179(9). https://doi.org/10.1128/jb.179.9.2930-2937.1997

Summerfield, T. C., Toepel, J., & Sherman, L. A. (2008). Low-oxygen induc-
tion of normally cryptic psbA genes in cyanobacteria. Biochemistry,
47(49). https://doi.org/10.1021/bi8018916

Walter, J., Lynch, F., Battchikova, N., Aro, E. M., & Gollan, P. J. (2016). Cal-
cium impacts carbon and nitrogen balance in the filamentous cyano-
bacterium Anabaena sp. PCC 7120. Journal of Experimental Botany,
67(13). https://doi.org/10.1093/jxb/erw112

Wang, X. P, Jiang, Y. L., Dai, Y. N., Cheng, W., Chen, Y., & Zhovu, C. Z. (2016).
Structural and enzymatic analyses of a glucosyltransferase Alr3699/HepE
involved in Anabaena heterocyst envelop polysaccharide biosynthesis.
Glycobiology, 26(5). https://doi.org/10.1093/glycob/cwv167

Wang, Y., Lechno-Yossef, S., Gong, Y., Fan, Q., Wolk, C. P.,, & Xu, X.
(2007). Predicted glycosyl transferase genes located outside the HEP
island are required for formation of heterocyst envelope polysaccha-
ride in Anabaena sp. strain PCC 7120. Journal of Bacteriology, 189(14).
https://doi.org/10.1128/JB.00343-07

Watzer, B., Spat, P, Neumann, N. Koch, M, Sobotka, R, MacEk, B.,
Hennrich, O., & Forchhammer, K. (2019). The signal transduction protein
PIl controls ammonium, nitrate and urea uptake in cyanobacteria. Frontiers
in Microbiology, 10(JUN). https://doi.org/10.3389/fmicb.2019.01428

Waiinschiers, R., Axelsson, R., & Lindblad, P. (2006). Effects of Growth on
Dinitrogen on the Transcriptome and Predicted Proteome of Nostoc PCC
7120. 38. https://arxiv.org/abs/q-bio/0604031v1

Xing, W. Y., Liu, J.,, Zhang, J. Y., Zeng, X., & Zhang, C. C. (2022). A proteo-
lytic pathway coordinates cell division and heterocyst differentiation
in the cyanobacterium Anabaena sp. PCC 7120. Proceedings of the
National Academy of Sciences of the United States of America, 119
(36). https://doi.org/10.1073/pnas.2207963119

Zeng, X., & Zhang, C. C. (2022). The Making of a Heterocyst in Cyanobac-
teria. In Annual Review of Microbiology (Vol. 76). https://doi.org/10.
1146/annurev-micro-041320-093442

Zhang, C. C,, Zhou, C. Z, Burnap, R. L., & Peng, L. (2018). Carbon/Nitrogen
Metabolic Balance: Lessons from Cyanobacteria. Trends in Plant Science,
23(12), 1116-1130. https://doi.org/10.1016/).TPLANTS.2018.09.008

Zhou, J. X., Zhou, J.,, Yang, H. M. Chen, M., & Huang, F. (2008).
Characterization of two glutaminases from the filamentous cyanobac-
terium Anabaena sp. PCC 7120. FEMS Microbiology Letters, 289(2),
241-249. https://doi.org/10.1111/J.1574-6968.2008.01395.X

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Werner, E., Huokko, T.,
Santana-Sanchez, A., Picossi, S., Nikkanen, L., Herrero, A. et al.
(2025) The role of the LysR-type transcription factor PacR in
regulating nitrogen metabolism in Anabaena sp. PCC7120.
Physiologia Plantarum, 177(3), e70248. Available from: https://
doi.org/10.1111/ppl.70248

85UB01 SUOLLLOD 3A 18810 Bdealdde ay) Aq peusenob a1 sejoile WO ‘8sn Jo se|nu Joj Akl 8UlUO A8]IM UO (SUORIPUOD-PUR-SUBIAL0O" AB 1WA R0 18U UO//SANY) SUORIPUOD PUe SWiB | 8L 88S *[5202/20/20] Uo AkeiqiTaulluo A8|im ‘minL jo AiseAlun Ag 820, [dd/TTTT 0T/I0p/woo A8 Im Aeiqpul|uo//Sdny woij papeojumod ‘€ ‘G202 ‘vSOS66ET


https://doi.org/10.1074/jbc.m105297200
https://doi.org/10.1074/jbc.m105297200
https://doi.org/10.1016/j.bbabio.2020.148327
https://doi.org/10.1016/j.bbabio.2020.148327
https://doi.org/10.1128/mBio.01314-21
https://doi.org/10.1128/mBio.01314-21
https://doi.org/10.1111/pce.14034
https://doi.org/10.1128/JB.00603-10
https://doi.org/10.1111/1462-2920.12800
https://doi.org/10.1111/1462-2920.12800
https://doi.org/10.1016/j.bbabio.2004.06.009
https://doi.org/10.1016/j.bbabio.2004.06.009
https://doi.org/10.1128/JB.00254-11
https://doi.org/10.1111/nph.15979
https://doi.org/10.1111/nph.15979
https://doi.org/10.1007/BF00446830
https://doi.org/10.1111/nph.18506
https://doi.org/10.1016/0005-2728(95)00097-3
https://doi.org/10.1016/0005-2728(95)00097-3
https://doi.org/10.1007/s11120-017-0394-7
https://doi.org/10.1016/j.bbabio.2008.12.002
https://doi.org/10.1128/jb.179.9.2930-2937.1997
https://doi.org/10.1021/bi8018916
https://doi.org/10.1093/jxb/erw112
https://doi.org/10.1093/glycob/cwv167
https://doi.org/10.1128/JB.00343-07
https://doi.org/10.3389/fmicb.2019.01428
https://arxiv.org/abs/q-bio/0604031v1
https://doi.org/10.1073/pnas.2207963119
https://doi.org/10.1146/annurev-micro-041320-093442
https://doi.org/10.1146/annurev-micro-041320-093442
https://doi.org/10.1016/J.TPLANTS.2018.09.008
https://doi.org/10.1111/J.1574-6968.2008.01395.X
https://doi.org/10.1111/ppl.70248
https://doi.org/10.1111/ppl.70248

	The role of the LysR‐type transcription factor PacR in regulating nitrogen metabolism in Anabaena sp. PCC7120
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Strains and culture conditions
	2.2  |  Chl a determination and heterocyst frequency
	2.3  |  Photosynthetic activity measurements
	2.3.1  |  Chl fluorescence and absorbance
	2.3.2  |  Determination of ferredoxin (Fed) redox changes
	2.3.3  |  Membrane Inlet Mass Spectrometry

	2.4  |  Determination of nitrogen uptake and intracellular carbon and nitrogen content
	2.5  |  Metabolite extraction and quantification
	2.6  |  RNA isolation, sequencing and enrichment analysis

	3  |  RESULTS
	3.1  |  Phenotype of the ΔpacR mutant under different nitrogen sources
	3.2  |  Photosynthetic characterization of the ∆pacR mutant
	3.3  |  Metabolic analysis of the ∆pacR mutant
	3.4  |  RNA‐seq analysis of the ∆pacR mutant
	3.4.1  |  Transcriptional regulators
	3.4.2  |  Nitrogen metabolism
	3.4.3  |  Heterocyst formation
	3.4.4  |  Carbon metabolism
	3.4.5  |  Photosynthesis and respiration


	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


