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Abstract
Zinc is required for the activity of many enzymes and plays an essential role
in gene regulation and redox homeostasis. In Anabaena (Nostoc)
sp. PCC7120, the genes involved in zinc uptake and transport are con-
trolled by the metalloregulator Zur (FurB). Comparative transcriptomics of a
zur mutant (Δzur) with the parent strain unveiled unexpected links between
zinc homeostasis and other metabolic pathways. A notable increase in the
transcription of numerous desiccation tolerance-related genes, including
genes involved in the synthesis of trehalose and the transference of saccha-
ride moieties, among many others, was detected. Biofilm formation analysis
under static conditions revealed a reduced capacity of Δzur filaments to
form biofilms compared to the parent strain, and such capacity was
enhanced when Zur was overexpressed. Furthermore, microscopy analysis
revealed that zur expression is required for the correct formation of the
envelope polysaccharide layer in the heterocyst, as Δzur cells showed
reduced staining with alcian blue compared to Anabaena sp. PCC7120. We
suggest that Zur is an important regulator of the enzymes involved in the
synthesis and transport of the envelope polysaccharide layer, influencing
heterocyst development and biofilm formation, both relevant processes for
cell division and interaction with substrates in its ecological niche.

INTRODUCTION

Zinc is an essential nutrient for proper growth, develop-
ment and cell communication in all forms of life. It is
present as a cofactor in all six classes of enzymes, as
well as in many proteins and transcription factors
(Decaria et al., 2010). Although zinc is considered a
redox-inert cofactor, it regulates many aspects of redox
biology in the cell (Maret, 2019). Zinc is often involved
in the protection of cysteines preventing their oxidation

and, in turn, protein inactivation (Cremers &
Jakob, 2013). Therefore, any redox change affecting
zinc-coordinated thiols will modify the concentration of
free zinc in the cell, enabling it to transduce the redox
signal. The ability of zinc to work as a signalling mole-
cule is likely due to the specificity and high affinity of
protein binding sites for this cofactor, whose concentra-
tion as a free ion in the cytosol is extremely low, rang-
ing between nanomolar and femtomolar (Maret, 2006;
Outten & O’Halloran, 2001).

Cyanobacteria are photosynthetic prokaryotes
broadly distributed in marine, freshwater and terrestrial
environments. Their ability to carry out oxygenic

Irene Olivan-Muro and Cristina Sarasa-Buisan have contributed equally to this
study.

Received: 17 January 2023 Accepted: 22 May 2023

DOI: 10.1111/1462-2920.16434

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Environmental Microbiology published by Applied Microbiology International and John Wiley & Sons Ltd.

Environ Microbiol. 2023;1–21. wileyonlinelibrary.com/journal/emi 1

https://orcid.org/0000-0002-1960-2672
https://orcid.org/0000-0001-6435-3540
https://orcid.org/0000-0001-8644-4574
mailto:fillat@unizar.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/emi


photosynthesis transformed the biology and chemistry
of our planet. Nowadays, cyanobacteria largely contrib-
ute to the global carbon and nitrogen cycles and
determine the primary productivity of the oceans
(S�anchez-Baracaldo et al., 2022). As most bacteria,
cyanobacteria rely on zinc for the synthesis and activity
of hundreds of proteins, including carboxysomal car-
bonic anhydrases, ABC-type zinc uptake systems, pro-
teins involved in the intracellular handling of zinc,
cyanobacterial DNA ligase, and a large number of
hydrolytic enzymes necessary in all catabolic path-
ways, such as alkaline phosphatase, among others.
Furthermore, zinc is also associated in the earliest
forms of life with the activities of RNA enzymes, being
present in modern t-RNA synthetases (Blindauer, 2008;
Decaria et al., 2010; Palenik et al., 2003).

Since cyanobacteria colonize an ample range of
environments, they have to deal with nutrient limita-
tions, including zinc, in open ocean oligotrophic envi-
ronments. Different studies evidenced the involvement
of iron and zinc in carbon cycling, since co-limitation of
both nutrients in phytoplankton, where cyanobacteria
play a dominant role, has been demonstrated (Barnett
et al., 2014; Morel et al., 1994). Conversely to what
happens in ocean waters, soil and fresh-water cyano-
bacteria often have to adapt to polluted environments
as a result of the increasing anthropogenic activity,
where zinc levels can be toxic. Indeed, high zinc con-
centrations cause a decline in the photosynthetic per-
formance, as well as morphological and ultrastructural
modifications in unicellular cyanobacteria, and it has
been related to the increase of cyanotoxin production in
cyanobacterial blooms (De Magalhães et al., 2004;
Perez & Chu, 2020). To cope with the excess of zinc,
tolerance mechanisms include reduced nitrogen fixa-
tion and alterations in energy metabolism and transcrip-
tional/translational proteins, as well as upregulation of
antioxidative proteins for detoxifying reactive oxygen
species and the enhanced expression of the systems
to chelate free zinc ions (Chakraborty et al., 2022).
Thus, considering these results and the occurrence of
zinc in a wide variety of enzymes and proteins, it is not
surprising that the misregulation of zinc homeostasis
can alter diverse metabolic pathways in the cell.

In the nitrogen-fixing cyanobacterium Anabaena
sp. PCC7120 (also known as Nostoc sp. PCC7120),
the acclimation to zinc deficiency is controlled by the
Zur (FurB) protein encoded by all2437 (Napolitano
et al., 2012). Zur has been found to sense both zinc
and redox conditions, playing a remarkable role in the
oxidative stress defence in Anabaena (Sein-Echaluce
et al., 2014; Sein-Echaluce et al., 2018). Previous anal-
ysis revealed that Zur controls a large variety of genes
(Napolitano et al., 2012; Sein-Echaluce et al., 2014).
Consequently, we speculated that disruption of Zur-
controlled homeostasis would produce alterations in
numerous metabolic pathways that may have relevant

consequences for the biology of the cyanobacteria.
Therefore, in this work, we have analysed the transcrip-
tome of a zur deletion mutant to unveil novel metabolic
networks affected by zinc deregulation. Indeed, our
results showed that the lack of Zur not only affects the
expression of genes involved in metal homeostasis but
also the transcription of a large number of genes
involved in desiccation tolerance and exopolysacchar-
ide synthesis and transport. Furthermore, a Zur indirect
effect on the frequency and the proper development of
heterocysts is reported.

MATERIALS AND METHODS

Bacterial strains and culture conditions

Strains used in this work were the wild-type Anabaena
sp. PCC7120, as well as the genetically modified
strains VCS2770 and Δzur. The Δzur strain is a
deletion–insertion mutant with a C.S3 cassette inter-
rupting the zur gene (Napolitano et al., 2012). The
VCS2770 strain is a zur-overexpressing strain contain-
ing the pAM2770zur plasmid, which harbours a zur
gene behind a copper-inducible petE (plastocyanin)
promoter (Sein-Echaluce et al., 2014). All cyanobacter-
ial cultures were grown photoautotrophically in BG11 or
BG110 (BG11 lacking a source of combined nitrogen)
at 28�C under constant illumination of 30 μE m�2 s�1 in
an orbital shaker at 130 rpm unless otherwise stated.
Cultures of strains VCS2770 and Δzur contained
50 μg�mL�1 of neomycin (Sigma-Aldrich) and
2 μg mL�1 of streptomycin and spectinomycin (Sigm
a-Aldrich), respectively. As the copper concentration
present in BG11 has been described to be sufficient to
drive Zur overexpression from the petE promoter, no
exogenous copper was added to the VCS2770 cultures
(Gonzalez et al., 2010).

RNA extraction and sequencing

Total RNA was prepared from three independent cul-
tures of Anabaena sp. PCC7120 and the Δzur mutant.
Cells from late-log cultures were diluted to an OD750nm

of 0.18 in 80 mL of fresh BG11 medium in 250 mL
Erlenmeyer flasks and were grown for 6 days to an
OD750nm of 0.7 as described above. Then, cells were
harvested by centrifugation, and RNA was extracted
following a method previously described (Sarasa-
Buisan et al., 2022). RNA seq was performed by STAB
VIDA Lda (Lisbon, Portugal) from total RNAs extracted
and processed from two RNA biological replicates of
Anabaena sp. PCC7120 and Δzur cultures. The library
construction of cDNA molecules was carried out using
a Ribosomal Depletion Library Preparation Kit ‘NEB-
Next rRNA Depletion Kit followed by Roche KAPA
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Hyperprep’ following the manufacturer’s instructions.
The pool of libraries was sequenced in the Illumina
Novaseq platform, using 150 bp paired-end sequencing
reads. The samples generated contained 28,578,796–
42,133,876 sequence reads. The RNA sequencing
data are available in ArrayExpress with the accession
number E-MTAB-12347.

Bioinformatic analyses

The analysis of the generated raw sequence data was
carried out by STAB VIDA Lda (Portugal) including the
following pipeline: Quality control of raw readings was
performed with the FastQC tool (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/), trim-
ming, mapping and expression analysis performed
using CLC Genomics Workbench 12.0.3, (n.d.). The
trimming can be divided into quality trimming based on
quality scores (0.01), ambiguity trimming (two nucleo-
tides), and length trimming (minimum of 15 bp). The
expression levels for all samples were accessed
through the mapping of the high-quality reads of each
sample against the Nostoc sp. PCC 7120 = FACHB-
418 (GCA_000009705.1) reference genome. Statistical
significance was considered for false discovery rate
(FDR) corrected p-value ≤0.05 and a fold change (≥2
or ≤�2). Differentially expressed genes (DEGs) were
subjected to a search in literature and the databases
Cyanobase (Fujisawa et al., 2017) and KEGG
(Kanehisa et al., 2022) to annotate gene symbols and
protein function.

To facilitate the search for Zur direct target candi-
dates among the total DEGs, we analysed the pres-
ence of putative Zur-DNA binding motifs in the
promoter regions of DEGs identified by RNA-seq. In
cases where the DEGs were included in operons,
either described in the literature or predicted according
to the MicrobesOnline operon information tool (Alm
et al., 2005), the promoter region of the first gene of the
operon was also investigated. While the presence of a
predicted binding box does not guarantee direct Zur
regulation, this was used as a selection criterion to nar-
row down the list of candidate genes for which to carry
out binding assays. For this purpose, a Zur-binding
position-weight-matrix was generated by MEME (http://
meme-suite.org/tools/meme) (Bailey et al., 2006) using
the FASTA sequences of the 15-bp FurB-DNA binding
sites described previously (Napolitano et al., 2012) with
the default parameters (Figure S1). The obtained Zur-
matrix was used as the input for FIMO analyses (http://
meme-suite.org/tools/fimo) (Grant et al., 2011) to iden-
tify best matches within the selected promoter
sequences with a cut-off of a p-value <1 � 10�4. The
promoter sequences were retrieved manually from the
KEGG database (Kanehisa et al., 2022), selecting
sequences from �500 to +50 bp with respect to the
start codon.

Real-time RT-PCR

A 2 μg of total RNA was reverse-transcribed using
SuperScript retrotranscriptase (Invitrogen) following the
manufacturer’s conditions. Real-time PCR was per-
formed using the QuantStudio 5 system (Applied Bio-
systems). Each reaction was set up by mixing 12.5 μL
of SYBR Green PCR Master Mix with 0.4 μL of 25 μM
primer mixture and 10 ng of cDNA template in a final
volume of 30 μL in nuclease-free water (Ambion), with
additional water added instead of cDNA for negative
controls. Amplification was performed at 60�C for
40 cycles. The sequences of specific primers of
selected genes were designed with Primer Express
3 (Thermofisher) and are given in Table S1. For the
normalization of transcripts levels, the housekeeping
gene rnpB was used (Vioque, 1992). Relative quantifi-
cation and expression fold changes were calculated
according to the comparative Ct method (ΔΔCt
method) (Livak & Schmittgen, 2001), where the fold
change threshold was set up to ≥1.5 or ≤�1.5.

Electrophoretic mobility shift assay

DNA fragments for electrophoretic mobility shift assay
(EMSA) were obtained by PCR, using the Anabaena
sp. PCC7120 genome as template and primer pairs
given in Table S1 to amplify the 250–350 bp promoter
regions of selected genes. EMSA was performed using
a recombinant Zur (FurB) purified as previously
described (Sein-Echaluce et al., 2018). Briefly, recom-
binant Zur was produced in Escherichia coli BL21 cells
transformed with a pET-28a(+) plasmid (Novagen)
containing the zur gene sequence followed by a His-
tag. Protein production was induced with 1 mM IPTG,
and then cells were harvested by centrifugation, resus-
pended in the appropriate buffer and sonicated, and
the cell debris was removed by an additional centrifuga-
tion step. The resulting supernatant was loaded into a
Chelating Sepharose Fast Flow column previously
loaded with zinc. After a 0–1 M imidazole gradient elu-
tion step, the purest fractions were dialyzed against
10 mM acetic acid/acetate buffer pH 5.5 and then
stored at �20�C.

Samples containing 50 ng of promoter DNA were
incubated at room temperature for 30 min with different
concentrations of Zur in a binding buffer containing
10 mM Bis Tris-HCI, pH 7.5, 40 mM KCI, 0.1 mg ml�1,
BSA, 1 mM of 1,4-dithiothreitol (DTT), 5 μM ZnSO4 and
5% (vol/vol) of glycerol, in a final volume of 20 μL per
sample. To probe non-specific binding a competitor
DNA was used, which consisted of 50 ng of the internal
fragment of gene pkn22 (ifpkn22). Then, samples were
mixed with a 6� loading buffer (containing 30 mM Bis-
Tris pH 8, 30% glycerol, and 0.05% bromophenol blue),
loaded into a non-denaturing 6% polyacrylamide gel,
and ran at 4�C under a voltage of 90 V for
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approximately 110 min. Gels were stained with SYBR®

Safe (Invitrogen) and visualized in a GelDoc 2000
device (Bio-Rad).

Inductively coupled plasma-mass
spectrometry

Cyanobacterial samples for intracellular metal concen-
tration analysis were obtained from cultures grown
under standard culture conditions in Roux bottles.
Approximately 900 mL of late-log cultures of each
strain were centrifuged and the resulting pellets were
washed three times with Sörensen buffer (66 mM
KH2PO4, 66 mM Na2HPO4, pH 7.1) to eliminate
medium culture traces. Cell pellets were freeze-dried in
a Christ Alpha 1–4 LSC lyophilizer for a final yield of
approximately 250 mg per culture, with three indepen-
dent cultures per strain. Metal quantification was car-
ried out by the Servicio de Ion�omica from CEBAS-CSIC
(Murcia, Spain).

Microscopy assays

Microscopy observations were carried out through both
bright field and fluorescence microscopy using a
Nikon Eclipse 50i Epi-fluorescence microscope
coupled to a Nikon DXM 1200F camera. Fluorescence
microscopy was observed for intrinsic phycobiliprotein
fluorescence.

Heterocyst development and counting

For heterocyst development analysis, log phase cul-
tures (OD750nm ranging from 0.7 to 1.0) of Anabaena
strains PCC7120, VCS2770 and Δzur were used. To
reduce traces of combined nitrogen to a minimum, cells
were washed three times with BG110 by centrifugation
and then cultures were adjusted to an OD750nm of 0.5 in
100 mL of culture medium in 250 mL Erlenmeyer
flasks. Then, cells were cultivated for 72 h in otherwise
standard culture conditions. Heterocyst percentage
values were obtained through a combination of manual
and automated counting using image processing soft-
ware ImageJ 1.53e (Schneider et al., 2012). Vegetative
cell counts were estimated via cell surface measure-
ments to avoid false lower counts derived from the
image processing of filaments that are in contact with
each other. Intrinsic fluorescence microscopy images
were used due to their higher contrast and ability to
exclude heterocysts, which lack fluorescent photosyn-
thetic pigments, under the appropriate threshold. Micro-
graphs were processed as follows: first, the image type
was adjusted to 8-bit, a threshold was applied to select
only the filaments and the resulting images were

processed into binary. Then, the measurement tool
was used to obtain a value of the total cellular surface
in pixels per field. In parallel, average single-cell sur-
face values were determined based on isolated fila-
ments for a minimum of 2000 cells per strain and
experiment. For this purpose, individual cells were
marked in each micrograph using the watershed tool.
Next, the analyse particles tool was applied with a
1500–6000 pixel size limit and 0.2–1 circularity, to dis-
card non-representative aggregates and cell fragments.
This tool returns the surface value in pixels of all iso-
lated cells, which was used to obtain the average
values for each nitrogen-deprived strain. The number
obtained after dividing each field’s total surface value
by their corresponding average cellular surface repre-
sents the estimated vegetative cells contained in the
field. On the other hand, the number of heterocysts was
determined by manual counting based on cell morphol-
ogy and lack of intrinsic fluorescence. The heterocyst
percentage indicates which fraction these cells repre-
sent over the sum of vegetative and heterocyst cells
present in all fields considered. The resulting hetero-
cyst percentages from three independent assays were
used to obtain a mean value for each strain, with a min-
imum of 10000 estimated cells counted in total per
strain.

Heterocyst and proheterocyst staining

Alcian blue was used to visualize the heterocyst (and
proheterocyst) polysaccharide layers (McKinney, 1953).
For each strain, a volume of 500 μL of nitrogen-
deprived cultures, grown under the same conditions
used for heterocyst counting, was used. Cells were
concentrated by centrifugation at 3000 rpm for 5 min at
room temperature, resuspended in 20 μL BG110, and
mixed at a 5:1 ratio with alcian blue 1% (Alcian Blue
8GX, Panreac), previously filtered through a 0.45 μm
cellulose acetate syringe filter (Branchia). After 5 min,
samples were diluted by the addition of 200 μL of
BG110 and mounted for microscopy visualization.

Biofilm formation assays

For biofilm formation experiments, cyanobacteria from
log phase BG11 cultures were adjusted to an OD750nm

of 0.3. Samples of 300 μL per well were seeded into
uncoated Ibidi μ-Slide 8-well high-chambered cover-
slips, and incubated under static conditions, 10 μE of
light, and 28�C for 10 days. Plate lids were secured
with parafilm to reduce evaporation. To assess biofilm
formation by the different cultures, the planktonic frac-
tion was removed along with cells not tightly adhered to
the substrate, each well was stained for 2 min with
0.25% (wt/vol) crystal violet (Merck) and washed three
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times to remove excess dye and visualize cells most
tightly adhered to the substrate and their biofilm matrix.
The amount of biofilm was evaluated by image quantifi-
cation of the intensity of crystal violet-stained biofilms
using image processing software ImageJ 1.53e
(Schneider et al., 2012). Biofilm biomass was
expressed as the obtained raw integrated density
values measured in each individual well after back-
ground subtraction. For each mutant, this value was
normalized to the average raw integrated density of
control wild-type (WT) strain wells for each experiment.
Biofilm formation ability was expressed as an average
ratio of each mutant to the wild type for three indepen-
dent experiments.

RESULTS

Transcriptome analysis of a Zur-deficient
variant of Anabaena sp. PCC7120

RNA extracted from Anabaena sp. PCC7120 and Δzur
strains cultured until the mid-exponential growth phase
was obtained and analysed by RNA-seq. A total of
405 genes, 6.6% of genes from the genome of Ana-
baena sp. PCC7120 were differentially expressed (fold
change ≤ �2 or ≥2, FDR corrected p-value ≤0.05)
between both strains. The overall distribution of DEGs
against their statistical significance is shown in
Figure S2. The volcano plot shows that the number of
genes that displayed increased mRNA levels in the
Δzur strain (likely repressed by Zur, either directly or
indirectly) compared to the WT Anabaena was much
larger than those with diminished transcription (262 vs.
143, respectively). Although the data suggest that Zur
preferentially works as a repressor in the cyanobac-
teria, it should be taken into account that many of these
transcriptional changes may occur as a consequence
of an indirect effect due to the lack of Zur, rather than
being directly controlled by this regulatory protein. From
these 405 genes, 218 were annotated and classified
into different functional categories (Table 1), including
metal transport and homeostasis, oxidative and general
stress response, photosynthesis and respiration, carbo-
hydrate metabolism, nitrogen metabolism, and hetero-
cyst differentiation, cell wall synthesis, transport and
binding proteins, ion efflux pumps and ion transporters,
hydrogenases, amino acid metabolism, regulatory
activities, transposases, and miscellaneous genes with
different activities. Genes coding for hypothetical or
unknown proteins are given in Table S2. The distribu-
tion of annotated genes according to functional catego-
ries that were differentially expressed presented in
Figure 1 shows that the percentage of upregulated and
downregulated genes varied markedly for each group.
Metal transport and homeostasis, oxidative and general
stress responses and carbohydrate metabolism contain

mostly upregulated genes, while differently expressed
genes of hydrogenases are downregulated. Functional
categories with a major number of DEGs are discussed
below.

Metal transport and homeostasis

In addition to the set of expected DEGs previously
reported as Zur/FurB-targets (Napolitano et al., 2012),
a series of novel genes involved in the homeostasis
and transport of metals exhibited altered transcription
in the Δzur strain. Among them, the smtB-like repres-
sor aztR (all7621) and the divergently transcribed
Zn/Pb exporting ATPase aztA (alr7622) putatively
involved in zinc homeostasis (Divya & Acharya, 2021;
Napolitano et al., 2012) were upregulated. Also, a set
of transporters involved in the homeostasis of other
metals displayed altered transcription levels in the
Δzur strain, including the downregulation of several
TonB-dependent iron transporters. This set of genes
comprised iacT (Nicolaisen et al., 2010), the
alr2118-20 operon coding for the ferrous iron transport
system FeoAB, the TonB-dependent transporter
alr4028-29, which is induced under iron deficiency
(Mirus et al., 2009), and the putative ferredoxin gene
alr4030, which are organized in an operon with fecB3
(alr4031), the latter taking part of the Fec system
involved in Fe(III) uptake (Stevanovic et al., 2012).
Besides, several genes putatively involved in copper
homeostasis were downregulated, such as the cusA
(all7618) and cusB (all7619) homologues (Nicolaisen
et al., 2010) and the predicted operon all7597-92 com-
prising the copper exporter CopM homologue
(all7594), a hypothetical protein (all7593) and the puta-
tive PIB1-type copper exporter (all7592) (Argüello
et al., 2007; Giner-Lamia et al., 2015). On the other
hand, the predicted operon alr3947-48 that encodes
the cobalt/nickel transport permease system CbiMQ
(Fresenborg et al., 2020; Huertas et al., 2014) was
upregulated. Additionally, several genes coding for
transporters and porins, including several Na+/H+

antiporters and ABC transporters displayed altered
transcription.

Photosynthetic and respiratory electron
transport

The expression of some genes involved in photosyn-
thesis and respiration was deregulated in the zur defec-
tive strain, being the hoxEF (alr0751 and alr0752) and
hoxUYH (alr0762, alr0764 and alr0766) operons,
encoding the bidirectional hydrogenase the most
affected (Tamagnini et al., 2002). In Synechocystis
sp. PCC 6803, the Hox complex mediates redox reac-
tions with soluble electron carriers (i.e., NAD(P)H,
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TAB LE 1 Genes with known function differentially expressed in Δzur strain related to the wild-type strain Anabaena sp. PCC7120.

ORFa Gene name/protein descriptionb Fold change Predicted Zur box EMSAc

Metal transport and homeostasis

all0830 znuC; ABC-transporter permease protein 5.26 + +

all0832* znuB; ABC-transporter ATP-binding 95.41 + (all0833)

all0833* znuA; periplasm soluble binding protein 46.24 + +

alr1197* Putative metallochaperone 13.65 +

alr1198* Metallophosphoesterase 12.89

alr1199* Metallophosphatase 8.16

all1751 Putative metallochaperone 2.1 +

alr2118* Putative FeoBs protein, iron(II) transporter �4.34 +

alr2119* Putative FeoBs protein, iron(II) transporter �5.67

asr2120* Putative FeoBs protein, iron(II) transporter �3.7

asl2417 atx1 homologue, copper chaperone 6.7

all3161 Zn/Cd/Pb-exporting subgroup PIB2, P-type ATPases 2.2

alr3242* hutA2; haemoglobin/transferrin/lactoferrin receptor protein 53.8 + +

alr3243* fecB2; ferrichrome ABC transporter, ferrichrome-binding
protein

33.14 + (alr3242)

all3515 metal binding and PEP-CTERM domains containing
protein

119.18 +

alr3947* cbiM; cobalt transport protein 2.47

alr3948* cbiQ; cobalt transport protein 2.95

all4026 iacT �5.15

alr4028d Similar to vitamin B12 transport protein; fec system 15.85 + [+]

alr4029d Similar to vitamin B12 transport protein; fec system 35.3

all4113 pic1 homologue 7.5

all7592* PIB1-type copper exporters �14.69

all7594* copM homologue, copper transporter �17.7

all7610 czcD; Zn/Cd/Co- exporting CDF protein �8.65 + +

all7618 cusA homologue, copper transporter �5.43 +

all7619 cusB homologue, copper transporter) �7.14

all7621e aztR; SmtB-like repressor 3.46 + +

alr7622e aztA; Zn/Pb exporting ATPase 2.79 + +

alr7635 putative PIB1-type copper exporter 4.74

Oxidative and general stress response

alr0286 hsp17.1; small heat shock protein �3.51

all0457 lti46.3; low temperature-induced protein 25.81

all0458 lti46.2; low temperature-induced Dps protein homologue 19.46

all0459 lti46.1; low temperature-induced protein 8.74

all0634 Universal stress protein �18.63

asl0873 CAB/ELIP/HLIP superfamily protein 7.44 +

all1173 Dps protein homologue 2.93 +

alr1174 rbrA; rubrerythrin 2.5 + �
all1495 vapC2; Type II toxin-antitoxin system 2.57

all2096 ptox; oxidase �4.04

alr2204 ntr; thioredoxin reductase 4.03

all2963 Oxidoreductase 3.63 + �
all3034 Universal stress protein �8.48

asr3042 CAB/ELIP/HLIP superfamily protein 3.25

asr3043 CAB/ELIP/HLIP superfamily protein 4.74

alr3090 catB; Mn-catalase 9.12 +

6 OLIVAN-MURO ET AL.
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TAB LE 1 (Continued)

ORFa Gene name/protein descriptionb Fold change Predicted Zur box EMSAc

alr3199 Hemerythrin Dnase 14.4

all4050 PRC barrel-like protein, UV-B radiation stress responsive 18.15

all4051 PRC-barrel domain-containing protein 9.25 - (all4052)

asl4557 Rubredoxin 3.72

alr5182 Oxidoreductase 15.17

alr7354 Glutathione S-transferase 2.67

Photosynthesis and respiration

all0258 petE; plastocyanin precursor 3.15

alr0348 ndhD; NADH dehydrogenase subunit 4 2.7

all0801 Photosystem II protein W �2.6

all1123 NTD-OCP paralog 3.32

all1258 psbZ; photosystem II 11 kD protein �2.29 + +

alr1450 cyp110A1; cytochrome P450 �5443.99

all3221 NTD-OCP paralog 3.4 +

alr3356 Similar to phytochrome �2.59

all3572 psbAIV; photosystem II protein D1 �4.98 +

all3744 Probable phytoene dehydrogenase 3.35

alr4251 cytA; c-type cytochrome �3.07

all4647 OCP protein AstaP homologues 3.19

alr4733 bchH; Mg quelatase subunit H 3.39 + �
alr4783 NTD-OCP paralog 7.92

all4940 Homologue of the C-terminal domain of the OCP 6.57

all5264 OCP protein AstaP homologues 2.7

alr5314 Photosystem I P700 chlorophyll a apoprotein A2 2.28

Carbohydrate metabolism

all0166* treS; alpha-trehalase 17.11 – (all0168)

all0167* mts1; maltooligosyltrehalose synthase 16.94 – (all0168)

all0168* mts2; alpha-amylase 19.9 –

all0635 ppsA; phosphoenolpyruvate synthase �13.78 + +

all0875 Probable alpha-glucanotransferase 9.91 + �
all0879 Alcohol dehydrogenase 2.63

alr0895 Alcohol dehydrogenase 36.23 +

alr0897 Alcohol dehydrogenase 32.76 +

alr1000 Probable glycosyl transferase 3.55 �
all1058* Kojibiose phosphorylase 5.69 + +

all1059* susB; sucrose synthase 5.24 + (alr1058)

alr1112 Probable transglycosylase 2.32 + �
alr1911 nifJ2; pyruvate flavodoxin dehydrogenase �6.83 �
all2285 Sugar transferase 3.14 + (all2293)

alr3069* Probable glycosyl transferase 4.34 �
alr3070* Probable glycosyl transferase 3.8 – (alr3069)

alr3071* Probable glycosyl transferase 4.11 – (alr3069)

asr3089 Transglycosylase-associated protein 11.52

all3735 fbaB; fructose-bisphosphate aldolase class I 4.01 + �
alr3768 orrA; two-component response regulator 3.12

alr3771 Aldehyde dehydrogenase 2.05 +

all4052 Transketolase 19.26 �
asl4654 Transglycosylase-associated protein 10.86

all4719 Similar to glucosyltransferase 2.16 �
(Continues)
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TAB LE 1 (Continued)

ORFa Gene name/protein descriptionb Fold change Predicted Zur box EMSAc

alr4773 Alpha-glucosidase 3.06 + (alr4772)

all4894 Thermostable β-glucosidase containing Fas-1 domain 2.18

all4985 susA; sucrose synthase 2.66

alr5331 alpha-glucosidase 3.83 + +

all7335 6-phosphofructokinase �2.33

Nitrogen metabolism and heterocyst differentiation

all0521 patA �3.21 �
all1440*f nifK 6.83 – (nifB)

all1454*f nifD �5.12 – (nifB)

all3035 Nitrate ABC transporter, ATP-binding protein �11.73 �
all3036 Nitrate ABC transporter, permease inner membrane

protein
�5.08

alr3233* trpE; anthranilate synthase �2.98 �
alr3234* Similar to heterocyst formation protein HetP �5.21 �
all0571 cphB2; cyanophycinase 8.05 +

alr0573 cphA2; cyanophycin synthetase 2.85

Cell wall

alr0169 Cyclomaltodextrin glucanotransferase 12.13

alr0248 sjdR; septal junction disk regulator 12.56 + +

alr0834 Porin major outer membrane protein 3.37 + +

alr3072 Probable polysaccharide biosynthesis protein 3.02

alr3393 Similar to serum-resistance protein BrkB 7.23 +

all3585 tonB2; TonB-like protein 13.01 +

alr3659 Similar to S-layer-RTX protein �2.5 �
all3983 Similar to surface layer protein 2.1

all4539 L-sorbosone dehydrogenase 2.53

alr5324 anaPbp; penicillin-binding protein 4.01 +

all7614 Porin OprB-like �2.05

Transport and binding proteins

all0802 Putative MTS transporter 6.74 +

all1110 Chromate transport protein 4.11 +

alr1554 ABC transporter ATP-binding protein 2.77

all1948 ABC transporter, ATP-binding protein �2.47

all3041 Putative MTS transporter 5.81

all3310 BtuB transporter (TBDT) �3.11 +

all7609 Similar to heme binding protein CemA �25.47

Ion efflux pumps and ion transporters

asl1840 mnhF; Na+/H+ antiporter subunit F 3.78

all2113 Na+/H+ antiporter 2.79

all3033 Ion efflux pumps and ion transporter homologue. �3.7

all3567 Probable Na+/H+-exchanging protein 2.52

all4832 Similar to Na+/H+ antiporter 3.14

alr5318 Potassium channel protein 4.1

all5322 Similar to Na+/H+-exchanging protein 2.59 +

all7617 Similar to cation efflux system protein �4.33

Hydrogenases

alr0751* hoxE; bidirectional hydrogenase, diophorase subunit �8.26

alr0752* hoxF; hydrogenase subunit �11.83

alr0762 hoxU; hydrogenase chain U �3.41

alr0764 hoxY; hydrogenase small subunit �13.12

8 OLIVAN-MURO ET AL.
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TAB LE 1 (Continued)

ORFa Gene name/protein descriptionb Fold change Predicted Zur box EMSAc

alr0766 hoxH; hydrogenase large subunit �11.77

Amino acid metabolism

all0409* trpD; anthranilate phosphoribosyltransferase 3.53

all0410* trpB; tryptophan synthase beta subunit 3.72

alr1414 ahcY; adenosylhomocysteinase 2.56

alr1519 Amino acid transporter 3.37 +

all3263 Histidine biosynthesis bifunctional protein;
phosphoribosyl-AMP cyclohydrolase/phosphoribosyl-
ATP pyrophosphohydrolase

2.18 +

alr4784 Adenylosuccinate synthetase 2.47 + [+]

alr7586 Cysteine synthase �4.77 +

Regulatory functions

alr0072 Two-component response regulator 4.49

alr0428* Two-component sensor histidine kinase 4.44

alr0429* Two-component response regulator 5.47

alr0900 Serine/threonine kinase with two-component sensor
domain

3.15

all0926 Two-component hybrid sensor and regulator 4.78

alr3165* asr; bacteriorhodopsin 5.78 + �
alr3166* asrt; sensory rhodopsin transducer 10.8

all3764* Two-component hybrid sensor and regulator 2.69

all3765* Two-component hybrid sensor and regulator 5.62 +

all3766* Two-component response regulator 4.13

all3767* Two-component sensor histidine kinase 4.52

alr4329 Anti-sigma factor antagonist 2.8

all4986 ndhR orthologue; low CO2 responsive transcriptional
regulator.

�3.97

all5210 Two-component hybrid sensor and regulator 2.7

all7218 Histidine kinase-like ATPase �2.67

alr7219 Two-component response regulator �2.06

all7583* Two-component sensor histidine kinase �5.3

all7584* Two-component response regulator �3.15 +

all7605* Two-component sensor histidine kinase �6.95

all7606* Two-component response regulator �9.36

all7608 sigB3; group 2 sigma 70-type sigma factor �83.23

all7615 sigB; transcription initiation factor sigma �10.61

alr8535 Two-component response regulator 4.79

Transposases

all0016 Transposase �10.99 +

alr0553 Transposase �12.67

alr1859 Transposase �7.02

alr2683 Transposase 1144.84

alr3610 Transposase �8.12

alr5157 Transposase 21.8

alr7003 Transposase �2.17

all7105 Transposase �6.48

all7112 Transposase �9.15 +

all7178 Transposase �3.2 +

alr7228 Transposase 37.48

asl7246 Transposase �2.78

(Continues)
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TAB LE 1 (Continued)

ORFa Gene name/protein descriptionb Fold change Predicted Zur box EMSAc

all7268 Transposase �5.56 +

all7302 Transposase �4.45

alr7386 Transposase �2.56

Other

ffs 7SL ncRNA 5.26

alr0430 Probable short-chain dehydrogenase 2.72

alr0731 Anaerobic ribonucleoside-triphosphate reductase
activating protein

�6.32

alr0765 CBS-CP12 domain protein �16.61

asr1131 cse; Ca2+ Sensor EF-hand 6.3

alr1362 Putative carboxymethylenebutenolidase 2.36

all1750 Similar to WD-repeat containing protein 3.13

alr1912 Dihydroorotate dehydrogenase, chl pyrimidine
biosynthesis

�5.61

all2097 Cell death suppressor protein 2.63

alr2104 Probable methyltransferase 3.27

all2347 Naphthoate synthase 2.14

alr3246 Pyridoxamine 50 phosphate oxidase Related protein 6.73 +

all3315* Thylakoid-anchored contractile injection system protein �2.2

all3316* Thylakoid-anchored contractile injection system protein �3.01

all3318 Thylakoid-anchored contractile injection system protein �2.5

asl3322 Thylakoid-anchored contractile injection system protein �4.46

all3324 Thylakoid-anchored contractile injection system protein �3.4

all3325 Thylakoid-anchored contractile injection system protein �2.28

alr3790 Rhodanese-related sulfurtransferase 6.8

alr3828 rimP; ribosome maturation factor 2.32

alr4512 Sulfide-quinone reductase 2.16

alr4526* Similar to flotillin �2.71

alr4528* Similar to flotillin �3.09

alr4685 ns1; germacrene A synthase �2.56 +

all4721* folE2; GTP cyclohydrolase I 54.36 [+]

all4722* Similar to GTP-binding protein 60.41

all4723* thrS_2; threonyl-tRNA synthetase 68.65 + [+]

all4724* Similar to FAD-dependent oxidoreductase 46.72

all4725* Delta-aminolevulinic acid dehydratase 88.93 + [+]

alr4909 Similar to DNA repair protein rad25 2.31

alr5303 rplL 3.24

alr7132 mrr restriction system protein �2.06

all7316 Plasma membrane anchored PpiD homologue �2.31

all7348 Lethal leaf-spot 1 homologue �2.17

all7590 Isoprenylcysteine carboxyl methyltrans/phospholipid
methyltransferase

�17.07 +

allrs03 ssaA ncRNA 4.69

aContiguous genes in the table predicted to form an operon based on data from MicrobesOnline are marked with an asterisk (*).
bGene name and protein description were annotated according to the databases CyanoBase (http://genome.microbedb.jp/cyanobase) and KEGG (http://genome.
jp/kegg).
cGenes whose promoter region was tested by EMSA with FurB showing the result as +/�. FurB direct targets identified in previous works are denoted as [+].
dNote that alr4028 and alr4029 constitute one single open reading frame incorrectly annotated as two different ones.
eDivergently transcribed genes alr7622 and all7621 share a short (40 pb) intergenic region containing the FurB box, EMSA results could be associated to either
or both.
fPlease, note that in our culture conditions (presence of combined nitrogen) the nifD gene is interrupted by the 11.28 kb genetic element (Golden et al., 1991) and, in
turn, the nifHDK cluster is not working as an operon. The putative transcription start sites (TSSs) for the Anabaena sp. PCC7120 nif cluster are found upstream nifB,
nifH, hesA and fdxH. In this work, EMSA assays were carried out for the promoter region of nifB on account of having the strong TSS considered to be the main drive
for its transcription (Kumar et al., 2019).
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ferredoxin, and flavodoxin), likely distributing peripheral
electron flow from photosynthetic electron transfer to
energy-transforming catalytic reactions not yet identi-
fied (Artz et al., 2020). Both hox operons are regulated
by LexA (Sjoholm et al., 2007).

Nitrogen metabolism and heterocyst
differentiation

Changes in the transcription of relevant genes involved
in nitrogen metabolism and heterocyst differentiation
were also observed. While transcript levels of nifK
were enhanced, all other genes included in this set
were downregulated in the zur deletion mutant. These
genes included all3035, the ATP-binding protein of
nitrate ABC transporter and the operon
alr3233-alr3234, which is involved in the regulation of
heterocyst differentiation and encodes the anthranilate
synthase trpE and an hetP homologue (Videau
et al., 2015; Videau et al., 2016). In addition, the tran-
script levels of the patA gene that is required for a cor-
rect heterocyst pattern formation (Liang et al., 1992)
and the nitrogenase molybdenum-iron protein alpha
chain nifD (Table S3) diminished in the zur deletion
mutant. Conversely, the expression of the cyanophyci-
nase and cyanophycin synthetase gene cluster

encoding CphB2 and CphA2 was markedly increased
(Picossi et al., 2004).

Amino acid metabolism

Transcription of most DEGs belonging to this functional
category was slightly enhanced in the absence of Zur.
In contrast, the cysteine synthase alr7586 displayed a
strong decrease in the zur defective strain.

Regulatory functions

Changes in the transcription of 23 genes involved in
regulatory functions were detected, most of them
encoding two-component systems, whose knowledge
of cyanobacteria is rather poor. Most genes encoding
two-component systems were organized in operons
(10 genes out of 15) and 6 of them are located in plas-
mids. Well-characterized regulatory genes whose tran-
scription diminished in Δzur cells included the ndhR
orthologue in Anabaena (all4986), which is involved in
the control of CO2 and HCO3

� acquisition (Gollan
et al., 2020; Wang et al., 2004), as well as the group
2 σ-factors sigB (all7615) and sigB3 (all7608) which are
also contained in plasmids (Ehira & Miyazaki, 2015).
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F I GURE 1 Functional annotation of the upregulated (pink) and downregulated (blue) genes in the Δzur strain relative to Anabaena
sp. PCC7120. Functional categories were described according to the databases CyanoBase (Fujisawa et al., 2017) and KEGG (Kanehisa
et al., 2022).
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Conversely, the transcription of the bacteriorhodopsin
asr (alr3165) gene increased in the absence of Zur.

Oxidative and general stress response and
detoxification

A set of genes involved in the oxidative stress response
and detoxification exhibited increased transcription in
the zur deletion mutant. Among the most affected were
the lti46 (low temperature-induced) and the
all4050-4051 (PRC-barrel-like proteins) operons, the
oxidoreductase alr5182, the Mn-catalase catB
(alr3090) as well as all3034 and all0634, both encoding
universal stress proteins. Genes induced by desicca-
tion stress, such as those involved in trehalose biosyn-
thesis, were not included in this functional category,
since most of them are known to be involved in several,
different metabolic pathways.

Carbohydrate metabolism

Interestingly, a high number of genes (n = 29) related
to the carbohydrate metabolism category exhibited
transcriptional changes in the absence of Zur, some of
them arranged in clusters and operons (Figure S3). We
observed a strong upregulation of the operon
all0168-66. These genes are involved in trehalose
metabolism and, as mentioned previously, they are
markedly up-regulated upon dehydration and saline
stress (Higo et al., 2006; Katoh et al., 2004). Tables 1
and S2 show that a large number (around 26%) of
DEGs are related to desiccation tolerance or induced
by desiccation stress. A comparison of our data with
those reported by Higo et al. and Katoh et al. (Higo
et al., 2006; Katoh et al., 2004) unveiled that around
50% of the genes that are up-regulated by dehydration
(107 out of 209 genes) also displayed changes in the
transcriptome of Δzur cells, with 101 out these
107 genes being upregulated in the absence of Zur
(Figure S4 and Table S4).

Upregulation of the sucrose synthase genes and
fructose bisphosphate aldolase (all3735) was observed
in the absence of Zur. In contrast, the transcription of
the glycolytic enzyme phosphoenolpyruvate synthase
(all0635) is strongly downregulated in the zur deletion
mutant, as well as the pyruvate flavodoxin dehydroge-
nase gene nifJ2 (alr1911). Considering the size of the
potential Zur regulon, there is a remarkable number of
genes involved in the transference of saccharide moie-
ties (14 genes) whose transcription increases in the
Δzur strain. Most of them correspond to glycosyltrans-
ferases (8 genes) potentially involved in the synthesis
of exopolysaccharides, the major component of bacte-
rial biofilms (Rossi & De Philippis, 2015). Thus, tran-
scription of the probable glycosyl transferases alr3069,
alr3070 and alr3071 was enhanced in the Δzur variant.

These genes are part of a large cluster (Figure S3) that
spans from alr3057 to alr3074 and encodes a set of
proteins involved in polysaccharide biosynthesis and
transport, including members of the Wzy-dependent
pathway (Pereira et al., 2009). It is also noteworthy the
strong increase in the transcription of the oxidoreduc-
tase alr5182, the putative alpha-glucanotransferase
all0875, and the transketolase all4052. These genes
have also been related to desiccation tolerance and, in
turn, to changes in the synthesis of several glycosyl
transferases (Katoh, 2012; Yoshimura et al., 2007;
Yoshimura et al., 2012).

Transposases

Although differential transcriptomics unveiled 15 genes
coding for transposases which showed altered gene
expression, these data should be taken with caution. It
should be taken into account that despite being anno-
tated with different gene numbers, some of these trans-
posases exhibited identical sequences. Therefore
RNA-seq reads might not be associated with a single
gene. Furthermore, 9 of these transposase genes are
harboured in plasmids and it was recently reported that
plasmid genes may suffer genome rearrangements in
mutant strains of Anabaena sp. PCC7120 (Camargo
et al., 2021).

Validation of RNA-Seq analysis

To validate the results obtained in RNA-seq, the
expression level of 10 genes belonging to different
functional categories was monitored by Real Time RT-
PCR in strains Δzur and Anabaena sp. PCC7120
(Figure 2). The selected genes were ndhR, iacT, nifJ,
hoxY, mts2, all4724, petE, rbrA, asr3089 and all2285.
Two biological and three technical replicates were
assayed for each gene. The transcriptional profile of
these genes was in good agreement with the RNA-seq
data (Table S3).

Deletion of zur affects transition metal
transport

Since transcriptomic analysis unveiled strong changes
in genes involved in the uptake and transport of other
metals besides zinc, the determination of relevant tran-
sition metals in Anabaena sp. PCC 7120 and the Δzur
strains was carried out. Table 2 shows that, in good
concordance with the transcriptomic data, the absence
of Zur not only results in increased zinc content but also
affects the transport of several major essential metals
for the cyanobacteria (i.e., iron and manganese), as
well as other heavy metals, such as copper and nickel.
These data evidence that Zur not only controls zinc

12 OLIVAN-MURO ET AL.
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homeostasis but also influences other transition metal
trafficking in the cyanobacteria.

Questing functions of hypothetical
proteins affected in the absence of Zur

Several genes whose transcription was largely affected
in the Δzur strain corresponded to unknown or hypo-
thetical proteins for which there is no annotated func-
tion in GenBank. Thus, we investigated the hypothet
ical function using experimental evidence from the liter-
ature on cyanobacteria or other related microorgan-
isms. When no reports about the function of these
genes were found, we used the KEGG database
(Kanehisa et al., 2022) to seek whether the orthologues
of these hypothetical proteins from Anabaena
sp. PCC7120 displayed identities ≥75% and presented
assigned functions. Information about operon predic-
tions and the presence of predicted Zur boxes

were also investigated according to the operon
information tool from MicrobesOnline (Alm et al., 2005)
and as described in the materials and methods
section respectively. These analyses allowed us to
identify relevant features of a number of proteins which
are shown in Table S2. Remarkably, many of these
genes encoded proteins with predictive functions in
dehydration tolerance. Among them, the predicted
operon asl0163-alr0164, coding for two putative-
membrane proteins, is induced under desiccation (Higo
et al., 2006). According to Pfam (Mistry et al., 2021),
the predicted protein coded by asl0163 contains a con-
served proteolipid Pmp3 domain, while All0164 is a
transmembrane protein exhibiting a phage holin
domain. The primary function of holins is the transport
of murein hydrolases across the cytoplasmic mem-
brane to the cell wall, to facilitate the incorporation of a
new cell wall precursor during cell wall synthesis.
Deregulation of cell wall hydrolysis and transference of
new precursor induces cell lysis (Catalão et al., 2013).
A cluster of genes with outstanding changes in the Δzur
variant has been related to desiccation tolerance (Higo
et al., 2006; Katoh et al., 2004) and spans from genes
all0891 to alr0898 (Figure S3). There are two operons
predicted in this cluster. In the first one (alr0892 to
alr0895) it has been identified that alr0893 codes for a
putative protease induced by dehydration and, accord-
ing to Pfam, alr0894 codes for a predicted protein that
contains a polyketide cyclase/dehydrase and lipid
transport domain. This is flanked at the 30 site by the
alr0895 gene that encodes a zinc-binding alcohol dehy-
drogenase. The second operon harbours the alr0897
gene coding for a second alcohol dehydrogenase
flanked by two genes coding for unknown proteins
which are also induced by desiccation.

Identification of regulatory motifs in
potential Zur targets

To discriminate between direct Zur-targets and genes
whose transcription was indirectly affected by the lack
of Zur, the promoter regions of genes showing significa-
tive transcriptional changes were scanned for putative

F I GURE 2 Validation of RNA-seq results of the Δzur strain
relative to Anabaena sp. PCC7120. Relative transcription of selected
genes was determined by Real-Time RT-PCR. Values are expressed
as fold change and correspond to the average of two biological and
three technical replicates. The standard deviation is indicated.

TAB LE 2 Inductively coupled plasma-mass spectrometric analysis for intracellular quantities of selected metals in the Anabaena sp.
PCC7120 and Δzur strains.

Strains

Elements (metal quantity, mg/kg of cells)

Zn Co Cu Fe Mg Mn Ni

WT 92.76 ± 30.83 7.10 ± 1.21 27.14 ± 6.8 1478.00 ± 454.68 246.00 ± 8.49 726.30 ± 173.64 0.72 ± 0.01

Δzur 222.9 ± 10.92 10.52 ± 1.35 63.88 ± 5.9 3794.00 ± 339.79 295.50 ± 13.44 1327.00 ± 34.39 1.58 ± 0.23

Δzur/WT means ratio 2.40 1.48 2.35 2.57 1.20 1.83 2.21

P-value 0.0302 0.0308 0.0287 0.0287 0.0479 0.0408 0.0326

Note: Results represent mean value and standard deviation for three independent biological replicates. Statistical significance was determined using the Holm-Sidak
method, with a p-value cut-off of 0.05.

UNBALANCING ZUR-MEDIATED HOMEOSTASIS IN ANABAENA SP. PCC7120: CONSEQUENCES ON METAL
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Zur-DNA binding motifs by FIMO analysis using a cut-
off of a p-value <1 � 10�4. The position-weight-matrix
generated by MEME with the Zur-DNA binding motifs
reported previously (Napolitano et al., 2012) was used
as input (Figure S1). The presence of Zur boxes in the
tested promoters is indicated in Tables 1 and S2. To
verify these predictions, EMSA was conducted with a
selected set of DNA fragments amplified immediately
upstream of differently expressed genes and that con-
tained the promoter regions with potential Zur boxes.
Around 72% of these fragments showed altered mobil-
ity in EMSA (Table 1 and representative results in
Figure 3). Additionally, a potential direct regulation by
Zur of a set of genes that showed outstanding changes
in their transcription levels, or that could be related to
zinc transport or desiccation processes, such as the
mts operon, nifJ2, all7609 and alr5182 that encodes an
oxidoreductase, among others, were also explored by
EMSA, resulting negative (Table 1). However, despite
the lack of predicted Zur boxes in the promoter of
alr0897 coding for alcohol dehydrogenase, an efficient
interaction with Zur was observed via EMSA, while a
weaker interaction of Zur with the promoters of the cya-
nophycinase all0571 and the phosphoenolpyruvate
synthase all0635 was observed (Table 1 and Figure 3).
Both promoter regions exhibited Zur potential binding
motifs with a p-value near the <1 � 10�4 cutoff. It is
noticeable that several genes involved in carbohydrate
metabolism are direct targets of Zur, including ppsA,
the operon containing susB, and the all1058 phosphor-
ylase genes, as well as the alpha-glucosidase genes
alr5331 and alr4773, the latter being placed in the
same operon than the hypothetical protein Alr4772.

Deregulation of Zur strongly influences
cell-to-cell aggregation and the formation
of biofilms

In addition to the genes involved in zinc and metal
transport, most chromosomal genes showing stronger
transcriptional increases in the Δzur strain were related
to drought stress tolerance and carbohydrate metabo-
lism. Most of these genes are involved in the biosynthe-
sis of compatible solutes and polysaccharides, for
example, several glycosyl transferases, transglycosy-
lases and some other genes related to desiccation pro-
cesses (Table 1). Since extracellular polysaccharides
are important components of the matrix of the biofilm,
we sought to investigate the effects of Zur de-regulation
(lack or overexpression of this regulator) in the forma-
tion of Anabaena biofilms. After growing the cyanobac-
teria in static cultures on abiotic substrates, the
planktonic cells were removed and adhered biofilms
were visualized by crystal violet staining (Figure 4).
Quantification of biofilms formed by the different Ana-
baena variants is given in Table 3. Interestingly, the

adhered cells of the WT Anabaena were constituted by
large cell aggregates dispersed between aggregates of
medium a low size and single cells (Figure 4A). In con-
trast, the Δzur mutant formed smaller aggregates than
the parent strain while the biofilm biomass was drasti-
cally reduced (Figure 4B). Conversely, overexpression
of Zur enhanced the size of the aggregates and the bio-
film biomass (Figure 4C). Thus, our data point out that
Zur production enhances biofilm formation.

Loss of Zur control affects heterocyst
differentiation

Because carbon and nitrogen metabolic pathways are
tightly coupled in Anabaena and a large number of
genes involved in carbon metabolism are affected in
the Δzur strain, we decided to investigate whether the
level of Zur in the cell could affect heterocyst develop-
ment. In addition, despite not being direct Zur targets,
our transcriptomic analysis unveiled a set of DEGs
related to heterocyst differentiation and patterning, sug-
gesting a potential alteration in the development of
these specialized cells in the Δzur and VCS2770
(Zur-overexpressing) Anabaena strains. Figure 5 and
Table 4 show differences in heterocyst frequency
among the three strains. Compared to the WT and
VCS2770 strains, filaments of Δzur cells contained the
lowest percentage of heterocyst-like cells at semi-
regular intervals which lacked red fluorescence. Inter-
estingly, these potential heterocysts of Δzur cells were
not consistently stained by alcian blue, even after 72 h
of nitrogen step-down (indicated with arrows in
Figure 6). Alcian blue specifically reacts with the poly-
saccharide layer of pro-heterocysts and mature hetero-
cysts. Therefore, in the absence of Zur, the
differentiation of heterocysts appears incomplete. Con-
versely, the Zur overexpressing strain showed a mod-
est increase in heterocyst frequency compared to the
parent Anabaena sp. PCC7120 and could be easily
stained with alcian blue.

DISCUSSION

As in most prokaryotes, Zur is the major regulator
involved in the adaptation to zinc deficiency in cyano-
bacteria. However, because of the central role of zinc in
the cell, it has been demonstrated that the deletion of
zur not only affects the transcription of specific genes
related to zinc uptake and transport but also a variety of
genes coding for Zn-metalloproteins, metallochaper-
ones, ABC transporters and outer membrane proteins
(Napolitano et al., 2012). Our transcriptomic assays
unveil novel relationships between Zur-deregulation
and cyanobacterial metabolism. Our results evidence
an interplay between zinc, iron and copper transport.

14 OLIVAN-MURO ET AL.
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PzntA (alr7622)PznuC (all0830)PznuA (all0833)

- 100 200 300 - 100 200 300- 100 200 300

Palr0834

- 100 200 300

- 100 200 300- 100 200 300 - 100 200 300 - 100 200 300

PsjdR (alr0248) PtonB2 (all3585) Palr4772PhutA (alr3242)

PppsA (all0635)

- 100 200 300- 100 200 300 - 100 200 300 - 100 200 300

Pall2293/alr2294 Palr5331 PsusB (all1059)

PcphB2 (all0571)

- 100 200 300 - 100 200 300

Palr0897

- 100 200 300

PczcD (all7610)

[Zur] (nM)

ifpkn22 →

[Zur] (nM)

ifpkn22 →

[Zur] (nM)

ifpkn22 →

[Zur] (nM)

ifpkn22 →

Pall4725 
(Posi�ve control)

- 100 200 300

F I GURE 3 Electrophoretic mobility shift assays performed to test the in vitro interaction between Zur and the promoter regions of a selection
of genes. All assays were performed with DNA fragments free or incubated along with the indicated increasing concentrations of Zur (nM),
separated in 6% PAGE gels. The internal fragment of gene pkn22 was used as non-specific competitor DNA. An electrophoretic mobility shift
assay for the promoter region of gene all4725 is included as a positive control.
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Zur directly controls several components of the iron-
transport machinery in Anabaena, as the transcription
of the FeoB alr2118-2120 operon whose transcription
slightly diminishes in the Δzur strain. Conversely, a
strong increase in the transcription of the operon com-
posed by the TonB-dependent receptor hutA2 and the
ferrichrome-binding protein fecB2, previously reported
as Zur targets (Napolitano et al., 2012), has been
observed (Table 1). Interestingly, several genes which
encode hypothetical proteins (Table S2) are part of
other operons involved in the siderophore cycling sys-
tem and also present significantly increased transcrip-
tion levels in the Δzur strain. These genes include
all3586, which lies upstream of tonB2; alr4030
upstream of fecB3 and alr5330 which is in the 30 side of
tonB4. A complete map of these clusters can be found
in (Stevanovic et al., 2012). This rise of transcription of
the iron-uptake machinery in the absence of Zur is in
good agreement with the higher content of iron

detected by ICP in Δzur cells. In addition, transcrip-
tional changes of several porins and membrane pro-
teins could somehow affect the permeability barrier for
the uptake of metabolites, including other metals, such
as nickel or copper. Several reports evidence the rela-
tionship between iron and copper transport in cyano-
bacteria (Nicolaisen et al., 2010; Zhen et al., 2021), as
well as between zinc and copper (Badarau et al., 2013;
Dainty et al., 2009). The higher intracellular content of
copper in the Δzur strain is in good concordance with
the transcriptional decrease of several copper export
systems, namely czcD, cusAB, and the operon contain-
ing all7592 and the copM homologue all7594. In Syne-
chocystis sp. PCC 6803 CopM is present in the
periplasm and the extracellular space and its function
remains controversial. It has been suggested that it
could either prevent copper accumulation in the cell or
assist in its transport outside the cell by a mechanism
independent of the copper efflux system CopBAC

(A) (B)

(C) (D)

(E) (F)

WT

Δzur

VCS2770

F I GURE 4 Biofilm formation by Anabaena sp. PCC7120 (A, B), Δzur (C, D), and the VCS2770 Zur-overexpressing strain (E, F) after
10 days of culture as described in the Materials and Methods section. Panels A, C and E show biofilms before staining and B, D and F after
staining with crystal violet.

TAB LE 3 Biofilm formation by the Δzur and Zur-overexpressing strains in relation to the wild-type strain after 10 days of static culture.

Strain

Biofilm formation ratio (mutant/WT)

Average ratio (p-value)Experiment 1 Experiment 2 Experiment 3

VCS2770 1.35 ± 0.22 3.82 ± 1.34 1.26 ± 0.29 2.14 ± 1.44 (0.0466)

Δzur 0.38 ± 0.06 0.31 ± 0.02 0.31 ± 0.09 0.35 ± 0.04 (2.2 � 10�5)

Note: Each individual experiment included two biological replicates. Statistical significance was determined using the Holm-Sidak method, with a p-value cut-off
of 0.05.
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(Giner-Lamia et al., 2012). Interestingly, the transcrip-
tion of asl2417, encoding the copper chaperone Atx1,
increases in the absence of Zur. Atx1 can bind zinc
in vivo with lower affinity than copper, linking copper
and zinc homeostasis, though the function of the
Atx1-Zn2+ interaction remains unclear (Dainty
et al., 2009; Sazinsky et al., 2007). These results point
to the occurrence of common players in a coordinated
Fe-Cu-Zn transport, whose characterization would
require further investigations. Similarly, the high content
of nickel observed in the absence of Zur compared to
the WT Anabaena could be due to a potential cross-talk
between the cobalt and nickel uptake pathways to keep
their homeostasis (Huertas et al., 2014) and is in good
agreement with the transcriptomic data, which shows
an increase in the transcription of the CbiMQ system
(alr3947-48) in Δzur cells. Additionally, the strong
change in the expression of TonB2 and the porin coded
by alr0834 could also account for the higher content of
Ni in the Δzur strain. Nevertheless, though the mecha-
nisms responsible for Ni and Co homeostasis have

been widely investigated in the unicellular model Syne-
chocystis sp. PCC 6803 (Huertas et al., 2014), the
major players in Anabaena remain to be identified.

Among the transcriptional changes of genes
involved in oxidative and general stress, the strong
increase of the low-temperature induced Dps paralogs
encoded by the lti46 operon (all0457-all0459) in the
absence of Zur stands out. The Lti46.2/All0458 protein
shows ferroxidase activity and is located in the cyano-
bacterial nucleoid, suggesting that it plays a DNA-
protecting role (Sato et al., 2012). Interestingly, FurB/
Zur has also been found to protect DNA by unspecific
binding in vitro, and its overexpression in E. coli confers
increased resistance to ROS (Lopez-Gomollon
et al., 2009). The participation of Zur in the modulation
of the oxidative stress response has also been
reported (Sein-Echaluce et al., 2014). Our data shows
a major number of genes involved in the stress
response whose transcription is affected by the lack of
Zur, including catB and several oxidoreductases.
Other direct Zur targets, such as sodA and gct3

(A) (B) (C)

(D) (E) (F)

F I GURE 5 Presence of heterocysts in Anabaena sp. PCC7120 (A, D), Δzur (B, E), and Zur overexpressing strains (C, F), as shown in
representative micrographs taken after 72 h of combined nitrogen step-down. Corresponding fields shown under bright field (A, B, C) and
fluorescence microscopy (D, E F) due to phycobiliprotein intrinsic fluorescence. Heterocysts are marked with arrowheads. Scale bars: 50 μm.

TAB LE 4 Percentages of heterocysts present in cultures of Anabaena sp. PCC7120, Zur-overexpressing VCS2770 and Δzur strains after
72 h of nitrogen step-down. Cells were counted in three biological replicates.

Strain

% heterocysts

Average % heterocysts (p-value)Experiment 1 Experiment 2 Experiment 3

WT 8.2% 7.7% 8.4% 8.1 ± 0.4%

VCS2770 9.3% 8.1% 8.6% 8.7 ± 0.6% (0.2322)

Δzur 5.3% 3.9% 4.3% 4.5 ± 0.7% (2.2 � 10�16)

Note: P-values represent the significance of the difference between the proportion of heterocysts developed by each of the mutant strains and the wild type, obtained
through a 2-sample test for equality of proportions with continuity correction (R 4.2.2).
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(Sein-Echaluce et al., 2014) did not show significative
differences in transcription when comparing Δzur with
the WT Anabaena, though Zur repression of these
genes in the WT Anabaena may not take place under
the standard culture conditions used in this work.

However, the most unexpected result of the tran-
scriptomic data was the large number of genes
involved in desiccation tolerance whose transcription
increases and is severely affected in the Δzur strain.
Nevertheless, it should be noticed that most of those
genes lack Zur-binding boxes (Table 1) and therefore
are not likely to be direct Zur targets. Among them, the
most affected genes are those involved in trehalose
biosynthesis, which could help the cyanobacteria to
withstand osmotic fluctuations (Asthana et al., 2005).
Trehalose is synthesized by many organisms under dif-
ferent stress conditions, such as dehydration, saline
environments, heat, oxidative stress and low tempera-
tures (Asthana et al., 2008; Hayner et al., 2017). It is
well known that mechanisms that protect cells from the
effect of desiccation include those which circumvent
oxidative damage (Shirkey et al., 2000). Therefore, it is
likely to overlap among mechanisms of desiccation tol-
erance and response to oxidative stress imposed, for
instance, by metal imbalance. Another strategy used by
bacteria to survive desiccation and cope with different
environmental stresses is the formation of biofilms
(Bhattacharyya et al., 2021; Flemming et al., 2007).
Bacterial cells in biofilms are also more resistant to
adverse conditions, such as the presence of heavy
metals and toxic chemicals (Parrilli et al., 2022). The
higher sensitivity of the zur defective strain to oxidants

(Sein-Echaluce et al., 2014) is in good concordance
with its impaired ability to form biofilms. Conversely,
biofilm formation by the Zur-overexpressing variant,
which is more resistant to oxidative challenges, was
more evident than in the wild-type Anabaena. Another
reason which could account for the lower capability of
Δzur cells for developing biofilms is the decreased
expression of the operon encoding the flotillin-like
alr4526 and alr4528 genes. Flotillins are involved in the
recruitment of proteins needed for functional lipid rafts,
organizing signalling complexes and promoting the
interactions of raft-associated proteins (Bramkamp &
Lopez, 2015). Furthermore, many of those genes
related to dehydration tolerance whose transcription is
affected in the Δzur strain encode cell-surface associ-
ated proteins and cell-wall proteins, as well as proteins
involved in sugar metabolism which might be involved
in biofilm formation (Table S4).

The strong transcriptional increase of the gene
encoding the septal junction disk regulator SjdR,
required for septal structure remodelling, is quite
noticeable. An Anabaena mutant lacking SjdR showed
impaired diazotrophic growth, with morphologically
aberrant heterocysts which exhibited enhanced septal
width and reduced cyanophycin plugs, among other
atypical features (Schätzle et al., 2021). The increased
transcription of sjdR in the Δzur strain could be related
to the narrower septa observed in Δzur cells by scan-
ning electron microscopy (Sein-Echaluce et al., 2014).
Furthermore, the higher transcription of the cyanophy-
cinase and cyanophycin synthetase gene cluster in
Δzur is also in good concordance with an increased

(A) (B) (C)

(D) (E) (F)

F I GURE 6 Representative bright field micrographs of Anabaena sp. PCC7120 (A, D), Δzur (B, E), and Zur-overexpressing strains (C, F)
grown 72 h under nitrogen deficiency and treated with alcian blue to stain the heterocyst polysaccharide layers. Black arrowheads indicate non-
stained heterocysts.
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expression of sjdR. While sjdR lacks Zur boxes, we
found that the cphA2B2 cluster was directly modulated
by Zur (Figure 3). Cyanophycin is a non-ribosomal
polypeptide consisting of equimolar amounts of argi-
nine and aspartate which works as a nitrogen/carbon
reserve polymer. When grown in BG11 under different
nitrogen regimes, cyanophycin accumulation mainly
takes place through the activity of the NtcA-regulated
CphA1-B1 cluster (Picossi et al., 2004), though the
CphA2B2 proteins also play an important role in nitro-
gen metabolism under N2-fixing conditions (Klemke
et al., 2016). It could be speculated that the higher
expression of cphA2B2 in Δzur cells could provide
an additional synthesis of this dynamic nitrogen
reservoir, which could alleviate the odd heterocyst
differentiation.

It is worth noting that the transcriptomic profile of
Δzur shares some features with the transcriptional rear-
rangements observed in Anabaena after carbon step-
down (Gollan et al., 2020), namely the downregulation
of the ferrous iron transporter subunits alr2118-asr2120
and the hox clusters. The control of the carbon/nitrogen
metabolic balance in cyanobacteria relies on signalling
mechanisms triggered by 2-oxoglutarate and 2-phosp
hoglycolate, which are sensed by CmpR and the
repressor NdhR, whose transcription decreases dra-
matically in low CO2 (Gollan et al., 2020; Zhang
et al., 2018). A slight decrease in the transcription of
the ndhR orthologue in Anabaena (all4989) has also
been observed in Δzur cells. Taking all those results
together, it can be concluded that Zur deregulation not
only affects metal homeostasis but also unbalances
other metabolic pathways, influencing biofilm formation
and leading to abnormal heterocyst development.
Overall, our results unveil novel implications of the Zur
regulon in the metabolism of Anabaena sp. PCC7120.
Changes in the transcription of a plethora of genes
involved in stress responses, including desiccation tol-
erance, appear to be the way the cyanobacteria copes
with the additional stress imposed by the changes in
metal content and the odd heterocyst envelope
observed in the absence of Zur.
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