
Aiming at developing cyanobacterial-based biosensors for heavy metal detection, expression of heavy
metal inducible genes of the cyanobacterium Synechocystis PCC 6803 was investigated by quantitative
RT-PCR upon 15 minutes exposure to biologically relevant concentrations of Co2+, Zn2+, Ni2+, Cd2+,
Cr6+, As3+ and As5+. The ziaA gene, which encodes a Zn2+-transporting P-type ATPase showed a marked-
ly increased mRNA level after incubation with Cd2+ and arsenic ions, besides the expected induction by
Zn2+ ions. The Co2+ efflux system-encoding gene coaT was strongly induced by Co2+ and Zn2+ ions, mod-
erately induced by As3+ ions, and induced at a relatively low level by Cd2+ and As5+ ions. Expression of
nrsB, which encodes a part of a putative Ni2+ efflux system was highly induced by Ni2+ salts and at a low
extent by Co2+ and Zn2+ salts. The arsB gene, which encodes a putative arsenite-specific efflux pump was
highly induced by As3+ and As5+ ions, while other metal salts provoked insignificant transcript level
increase. The transcript of chrA, in spite of the high sequence similarity of its protein product with sev-
eral bacterial chromate transporters, shows no induction upon Cr6+ salt exposure. We conclude that due
to the largely unspecific heavy metal response of the studied genes only nrsB and arsB are potential can-
didates for biosensing applications for detection of Ni2+ and arsenic pollutants, respectively.
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INTRODUCTION

During the last decades an increasing concern has been emerged about health hazards
caused by environmental heavy metal pollution since these toxic compounds are per-
sistent and accumulate in organisms once introduced to the biosphere via mining or
other industrial activities.
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Plants and cyanobacteria have a complex metal homeostasis system, which
includes cytosolic chelate formation with metallothioneins and phytochelatines, and
exclusion via active transport with, e.g. CPx-ATPases [22]. Analysis of the complete
genome sequence of the cyanobacterium Synechocystis PCC 6803 (henceforth
referred to as Synechocystis) [6] led to the identification of a metal-regulated gene
cluster involved in resistance against zinc, cobalt and nickel [3]. This 12 kb region
consist of 11 open reading frames (ORFs) organized into six putative transcriptional
units (Fig. 1): (i) nrsBACD operon involved in Ni2+ and Co2+ tolerance and regulat-
ed by the upstream nrsSR operon [8], (ii) ziaA encoding a putative Zn2+ efflux P-type
ATPases and regulated by the product of the preceding ORF, ziaR [25], and (iii) coaT
encoding a putative Co2+ translocating P-type ATPase under the regulation of the
upstream corR product [20]. Current knowledge about the expressions of genes in
this locus is summarized below.

In the presence of Ni2+, the expression of Synechocystis nrs genes was shown to
be highly induced. The nrs genes are induced in the presence of Co2+ as well, but at
a lower extent [8]. However, their function has not been fully elucidated. García-
Domínguez et al. [2] speculate that NrsA and NrsB form a Ni2+ efflux system, based
on their homology with czcABC gene products, the components of a cation efflux
system conferring resistance to Co2+, Zn2+ and Cd2+ in Ralstonia eutrophus [15].
NrsD is a possible member of the MFS (major facilitator superfamily) of permeases
involved in Ni2+ export [8]. The protein product of nrsC shows no homology to pro-
teins encoded by the czc or related operons. The nrsR and open reading frames nrsS
seem to form a single transcriptional unit that encode a two-component system con-
trolling the nickel-dependent expression of the nrsBACD operon [8].

The zia system contains two open reading frames, ziaA and ziaR, which encode a
Zn2+ transporter and its regulator, and are divergently transcribed from a central pro-
moter region. ZiaA is a metal ion-translocating P type ATPase with sequence simi-
larity to CadA from Staphylococcus aureus [16] that confers an increased Zn2+ tol-
erance and a reduction in Zn2+ accumulation by cells. ZiaA mediates the efflux of
Zn2+ from the cytosol to the periplasmic space of cyanobacterial cells. ZiaR is a tran-
scriptional repressor [25] and belongs to the ArsR super-family of metal-responsive
regulators [21].

Fig. 1. A metal-regulated gene cluster of Synechocystis PCC 6803. The pentagons represent ORFs (open
reading frames) and indicate the direction of translation. From left to right: sll0798 (nrsS), sll0797 (nrsR),
slr0793 (nrsB), slr0794 (nrsA), slr0795 (nrsC), slr0796 (nrsD), sll0794 (coaR), slr0797 (coaT), sll0793,

sll0792 (ziaR), slr0798 (ziaA). Black arrows mark the putative operons



The divergently transcribed coaT and coaR encode a putative cobalt efflux system.
From a range of tested metals, the coaT transcript was induced only by Co2+ and Zn2+

with a significantly higher response to Co2+. The phenotype of coaT disrupted mutant
showed a decreased resistance to Co2+, but not to Zn2+ [3] and an increased accumu-
lation of 57Co in the cytoplasm [20]. These lines of evidence, together with the clear
homology of the coaT product with cation-transporting P-type ATPases suggested
that the coaT protein product is a Co2+ efflux P-type ATPase [3]. Rutherford et al.
[20] demonstrated that coaR encodes a transcriptional activator of coaT expression
whose carboxyl-terminal Cys-His-Cys motif is required for cobalt sensing.

The arsenic resistance conferred by the ars operon is found in many prokaryotes
and it has been extensively studied [10, 19, 23]. In Synechocystis, the chromosomal
putative ars operon is composed of the arsB, arsH and arsC genes [7]. ORF arsB
encodes a putative arsenite-specific efflux pump that shows 35% amino acid identi-
ty to the S. cerevisiae ARR3 protein and 26% amino acid identity to the B. subtilis
ArsB protein [29]. The second ORF is designated arsH, based on 67% amino acid
identity of its protein product with Y. enterocolica ArsH protein [11]. The third gene
of the cluster (arsC) encodes a predicted protein with sequence similarity to the arse-
nate reductases of Staphylococcus (42% amino acid identity) and Bacillus (37%
amino acid identity). The function of arsH is not known. Contrary to the above dis-
cussed resistance systems, its repressor, ArsR is coded in a distant genomic region.

Cadmium is another highly toxic heavy metal, widely spread in ecosystems.
Cadmium-binding metallothioneins have been identified in cyanobacteria [28], but
the mechanisms of Cd2+ resistance are largely unknown [27]. No metallothionein and
no specific Cd2+-resistance gene were reported up to date in Synechocystis. We
included Cd2+ salts in our studies in order to check if other resistance systems from
Synechocystis can cope with this metal. 

The product of chrA gene from Synechocystis was defined as a chromate trans-
porter based on sequence homology [4] and belongs to the CHR family of
Prokaryotic Proton Motive Force-Driven Transporters [14]. The best functionally
characterized members of this protein family are ChrA proteins from Alcaligenes
eutrophus [13] and Pseudomonas aeruginosa [2], that seem to be involved in chro-
mate efflux. Another member of the family, SrpC protein from Synechococcus PCC
7942 may function in the active transport of chromate under sulfur-deficient condi-
tions [12].

Exploration of metabolic pathways involved in detoxification of heavy metal con-
taminations via sequestration, chelation or transport in prokaryotes or higher organ-
isms offers potential applications in pollution monitoring and control. Genetically
modified organisms that couple the genes encoding heavy metal transporters with
reporter genes can be used as whole-cell biosensors for heavy metal detection in
environmental samples.

In this work we investigated heavy-metal dependent induction of several genes or
operons that had been reported or hypothesized to be involved in tolerance to cobalt,
nickel, cadmium, zinc, arsenic and chromium in Synechocystis.

Heavy metal-responsive promoters in Synechocystis PCC 6803 13
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MATERIALS AND METHODS

Cyanobacterial strains and growth conditions

Synechocystis cells were grown photoautotrophically at 30 °C in BG-11 medium [18]
with orbital shaking (120 rpm), continuous illumination (40 μE m–2 s–1) and a 5%
CO2 enriched atmosphere. The heavy metal treatment was carried out in 20 ml mid-
log-phase liquid cultures of Synechocystis (O.D.720 nm ≈ 0.5) using different concen-
trations of NiCl2 (Ni2+), CoCl2 (Co2+), ZnSO4 (Zn2+) and CdCl2 (Cd2+), NaAsO2
(As3+), KH2As04 (As5+), CuSO4 (Cu2+), Cr2(SO4)3 (Cr3+), K2Cr2O7 (Cr6+). Growth of
the cultures was followed by measuring the optical density (turbidity) of the cell sus-
pension at 720 nm using a Shimadzu 1601 spectrophotometer.

Nucleic acid extraction and qRT-PCR analysis

Total RNA was isolated from 20 ml samples of Synechocystis culture by hot phenol
method [9] with the following modifications: the cultures were immediately mixed
with an equal volume of cell stop solution (5% H2O-saturated phenol in absolute
ethanol) and the 3-step hot phenol extraction was followed by a single-step chloro-
form extraction. Samples of 5 μg of total RNA were further purified using
Deoxyribonuclease I (RNase-free, Fermentas) and NucleoSpin RNA II (Macherey-
Nagel, Düren, Germany). First-strand cDNA was synthesized from 0.4 μg of total
cellular RNA using RevertAid H Minus M-MuLV Reverse Transcriptase
(Fermentas) and random hexamer primers. The reverse transcription was carried out
at 42 °C for 60 min. The resulted cDNA was used as template for RT-PCR (quanti-
tative real-time PCR). Primer pairs were designed using Primer Express 2.0 software
(Applied Biosystems). The primer sequences for nrsB gene are 5’ CTTTCTG-
GCACTGGGTTTGAC 3’ (sense) and 5’ TGGGCTGTTACGAGATTGGG 3’ (anti-
sense). The primer sequences for coaT gene are 5’ TGCTCAACAGGTGGGAGT-
CA 3’ (sense) and 5’ TCTTCGGGCAAAAGTTCTGC 3’ (antisense). The primer
sequences for ziaA gene are 5’ TTGGTAAAGCCGGGTGAAAA 3’ (sense) and 5’
TCCCCCTAAAATCTCGCCAT 3’ (antisense). The amplification was performed by
incubating the reaction mixture at 94 °C for 2 min, followed by 40 cycles of PCR
amplification (95 °C for 15 s and 60 °C for 1 min) on an ABI 7000 sequence detec-
tor (Applied Biosystems, Foster City, CA, USA). SYBR Green JumpStart Taq
ReadyMix for Quantitative PCR was purchased from Sigma Chemical Corp. (St.
Louis, Missouri). The gene expression was calculated using delta-delta CT method
and was normalized to the expression of the rnpB gene (RNase P subunit B) as inter-
nal standard.



Growth of cultures and growth inhibition

The growth of cyanobacterial cultures was assessed according to the increase in their
turbidity, measured as optical density at 720 nm (OD720). Percentage growth inhibi-
tion was established with respect to the OD720 values after 3 or 4 days. We introduced
the terms “minimal inhibitory concentration” and “maximal inhibitory concentra-
tion” for describing the extremities of the concentration ranges of concentration-
dependent growth inhibition with respect to each metals. “Minimal inhibitory con-
centration” (ICmin) refers to the lowest tested concentration where growth inhibition
could be observed and “maximal inhibitory concentration” (ICmax) refers to the low-
est tested concentration where no further growth could be observed.

RESULTS

We aimed to investigate gene expression changes specific to the applied heavy met-
als. For this end we had to choose a concentration for each metal that is high enough
for inducing the corresponding defence genes but not as high as to cause pleiotropic
effects with other aspecifically induced genes of Synechocystis. We first investigated
the concentration dependence of growth inhibition of Co2+, Zn2+, Ni2+, Cd2+, Cr6+ and
As3+ salts for a period of 2 to 5 days as a simple marker of the toxic effect.
Representative growth curves are shown in Fig. 2. The borders of concentration
ranges respective to concentration-dependent growth inhibition were established for
each metal using these data, as described in the Materials and Methods.

We found about an order of magnitude ratio between ICmin, with only slight
growth retardation, if any, in growth and ICmax with complete growth inhibition.
These concentrations and their ratios were specific to each metal (Table 1). We found
that Cd2+ and Co2+ were the most toxic compounds among the tested metals, causing
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Table 1
Characteristic concentrations of the studied metal ions

on the growth of Synechocystis PCC6803

ICmin (μM) ICmax (μM)
Gene expression 

assessment at (μM)

Co2+ 2 >32 3
Ni2+ 3 50 15
Zn2+ 5 32 5
Cd2+ 1.5 >10 1.5
As3+ 330 3.5 1
Cr6+ 7 >40 7

ICmin and ICmax refer to the lowest tested concentrations where growth inhibition
could be observed and to the lowest tested concentration where no further growth could
be observed, respectively.
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slight growth inhibition at as low as 1 μM salts concentration. As the other extremi-
ty, no severe growth inhibition was observed up to 2 mM As3+. It is also noteworthy
that 3.5 mM As3+ caused complete growth inhibitio, so ICmin and ICmax differed by
only about twofold, while this ratio was up to sixteen fold in the other ions, suggest-
ing different types of sensing and defense mechanisms.

In order to characterize the heavy metal response of the metal homeostasis system
of Synechocystis we have selected representative genes of each known heavy metal
related operon. An important problem frequently associated with heavy metal conta-
mination is the co-occurrence of several metal species. The possible cross talks
between detoxification systems specific to certain metals may make it difficult to
identify and correctly assess the concentration of the particular heavy metal contam-
inants using single-gene biosensors. For a broader understanding of the effects of the
most significant environmental polluting metals on various promoters of heavy metal

Fig. 2. Effect of metal cations on cell growth. Synechocystis PCC 6803 cultures grown in BG-11 medi-
um were supplemented with different metal salts as indicated below and growth was monitored by mea-
suring O.D.(720). A) Zn2+ at 0 (squares), 8 (circles), 16 (up triangles) and 32 μM (down triangles). B)
Ni2+ at 0 (squares), 9 (circles), 27 (up triangles) and 50 μM (down triangles). C) Cd2+ at 0 (squares), 2.6
(circles), 6.5 (up triangles) and 10 μM (down triangles). D) Co2+ at 0 (square), 2 (circles), 8 (up trian-
gles) and 32 μM (down triangles). E) Cr6+ at 0 (squares), 10 (circles), 20 (up triangles) and 40 μM (down

triangles). F) As3+ at 0 (squares), 0.33 (circles), 1.9 (up triangles) and 3.5 mM (down triangles)



inducible genes, we have investigated the expression pattern of the selected genes
upon incubation with Co2+, Zn2+, Ni2+, Cd2+, Cr6+, As3+ and As5+ salts. This way we
aimed to obtain information necessary for developing a complex cyanobacterial
biosensor system that could be used for monitoring the most frequently occurring
toxic metals.

We investigated the gene expression levels of the chosen genes upon exposure to
the above-mentioned heavy metals at arbitrarily chosen concentrations between ICmin
and ICmax causing slight growth inhibition. These concentrations were: 3 μM Co2+,
6 μM Zn2+, 15 μM Ni2+, 1.5 μM Cd2+, 7 μM Cr6+, 1 mM As3+ and 1 mM As5+. Since
growth inhibition indicates saturation of the cellular defense system, metal ions are
expected to exert their full potential in gene overexpression at these respective con-
centrations. Therefore, comparison of gene expression levels brought about by dif-
fering metal ion concentrations is possible. We found that irrespective of the differ-
ences in the possible lag periods, a pronounced gene overexpression occurred with-
in 15 minutes exposure (Fig. 3), with a similar expression pattern as observed after
one hour exposure (data not shown).

We found that most studied genes responded significantly to more than one heavy
metals:

– ziaA, which encodes a zinc transporter showed marked increase of mRNA level
after incubation with Cd2+ and arsenic ions, besides the expected induction by
Zn2+ (≈30×).
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Acta Biologica Hungarica 58, 2007

Fig. 3. Cross-reactivity of gene overexpression by heavy-metal cations. Mid-log-phase Synechocystis
PCC 6803 cultures were grown in BG-11 medium with no metal supplement, then exposed to Ni2+

(15 μM), Co2+ (3 μM), Zn2+ (6 μM), Cd2+ (1.5 μM), Cr6+ (7 μM), As3+ (1 mM) or As5+ (1 mM) for 15
minutes, and the expression level of the indicated genes was determined as it is described in Materials

and Methods
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– The Co2+ efflux system-encoding coaT showed strong induction by Co2+ and
Zn2+ (≈15×), weaker expression by As3+ (≈5×), and a minor effect by Cd2+ and
As5+. 

– Expression of nrsB, which encodes a part of a putative Ni2+ efflux system was
highly induced by Ni2+ (≈350×) and at a low extent by Co2+ and Zn2+ (≈8×).

– arsB, which encodes a putative arsenite-specific efflux pump was highly
induced by arsenic ions (≈1800× by As3+ and ≈700× by As5+), while other metal
salts provoked an insignificant increase in the transcript level.

Fig. 4. Concentration-dependent gene expression. Synechocystis PCC6803 cells were grown in BG-11
supplemented with the indicated concentrations of Ni2+, Zn2+ or Co2+. Total RNA was isolated from the
cultures after 15 minutes exposure and the expression levels of ziaA (squares), coaT (circles) and nrsB

(triangles) genes was determined



The transcript of chrA, in spite of its similarity to the chromate transporter family
(CHR) [14], showed no induction upon Cr6+ exposure.

The tested metal ions differ in their specificities with respect to detoxifying sys-
tems. While more than two orders of magnitude overexpression of nrsB dominated
upon Ni2+ treatment with slight overexpression of arsB, the transcript levels of coaT
and nrsB upon Co2+ treatment or the levels of coaT and ziaA upon Zn2+ exposure
were comparable. On the other hand, the tested resistance genes show different level
of stringency in their metal ion specificities. While ziaA is expressed at similar level
upon exposure to Zn2+, Cd2+ and the arsenic ions, nrsB and arsB genes showed more
than tenfold difference between overexpression by their specific ions and by other
metals.

We also assessed Zn2+, Co2+ and Ni2+ concentration dependence of the ziaA, coaT
and nrsB expression levels (Fig. 4). We found closely linear dependence of ziaA and
coaT genes in the range of 0.5 to 3 μM Zn2+. nrsB responded in a concentration
dependent way to Ni2+ below 0.5 μM, while the semi-linear range of coaT and nrsB
induction by Co2+ spanned from 0.2 to as high as 3 μM. In these concentration
ranges, the data shown here would allow quantitation of the respective metals, as dis-
cussed below. We also found that the growth inhibitory metal concentrations that
were used for the above studies are at a saturated level of gene induction, according
to the above-mentioned expectations.

DISCUSSION

Toxicity and cellular response to individual metal ions are concentration dependent.
At low, permissive concentrations the metal ions cause no interference with cellular
processes. Indeed, contrary to its toxicity at high concentrations to both eukaryotes
and prokaryotes, Zn2+ as well as Co2+ are important trace elements, being necessary
for the cells at low concentrations. Beyond this neutral range, cells tend to exert their
protective functions against the toxic metal ions. Under such conditions, gene
expression is expected to be specific to the given stressors and proportional to the
effective concentration of the harmful compounds. As long as the detoxifying sys-
tems can cope with the metals, there is no visible detrimental effect, like growth inhi-
bition, on the cells at these permissive concentrations. As the ions are chelated and/or
excreted from the cells there are no secondary, general damages to the cell metabo-
lism and therefore the primary and specific effect of the metals can be traced back
and investigated. Further increasing the toxic metal ion concentration the cell growth
is impaired and general damages, such as redox changes and oxidative damages can
occur. Such limiting concentrations depend on the chemical nature and biochemical
actions of a given metal ion, as well as the possible influx through the cell mem-
branes. Therefore these interfering concentrations of different metal ions do not nec-
essarily fall in the same order of magnitude, similarly to the differences in the toxic-
ities of the given metals.

Heavy metal-responsive promoters in Synechocystis PCC 6803 19
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By investigating the effect of broad concentration ranges of the metal ions, we
determined the minimal and the maximal inhibitory concentrations for Zn2+, Ni2+,
Cd2+, Co2+, Cr2+ and As3+ in Synechocystis. We found about one order of magnitude
differences between the maximum permissive concentrations and the lethal concen-
trations for all but the As3+ ions. In this range, the detoxifying systems reach satura-
tion state, therefore higher metal concentrations result in more damage and conse-
quently higher level of growth inhibition. Contrary to these, arsenic detoxification
seems to work very effectively coping well with arsenic concentrations up to about
2 mM. Interestingly, the non-inhibitory (≈2 mM) and completely inhibiting concen-
trations (≈3.5 mM) differ only by about twofold.

Based upon these results, we determined the expression levels of representative
genes from operons reported or hypothesized to be involved in tolerance to all select-
ed metals, using metal concentrations that produce maximal, but still specific
responses. We found that there is a level of overlap in the specificities of the nrs, zia
and coa operons, in accordance with their co-localization, similar function and puta-
tive co-evolution. We show in the present work a similar range of induction of coaT
transcript by Co2+ and Zn2+ in agreement with the hypothesis by García-Domínguez
et al. [3] that CoaT ATPase might be involved in Zn2+ tolerance, as well, besides the
ZiaA ATPase.

We could not observe Cd2+-induced overexpression of the arsB gene, which is in
contrast with the expectation based on the finding that Staphylococcus aureus
arsBHC promoter is induced by Cd2+ in an E. coli mutant host [24]. We observed that
Cd2+ induced ziaA and to a lesser extent coaT, which is in concert with other
cyanobacterial systems, like Oscillatora [26] where co-tolerance to Cd2+ and Zn2+ is
exerted by the bxa1 gene.

The putative chromate transporter homolog gene, chr17 did not respond to any of
the tested metal ions. This gene may function in the active transport of chromate into
the cell under sulfur deficient conditions as is hypothesized for its homolog SrpC
from Synechococcus PCC 7942 [12]. The other five genes, responded to one or more
metals, to different extent. This is an important feature regarding the possibility of
identifying individual toxic metals in complex environmental samples. The biosen-
sors available to date are effective for monitoring one single heavy metal species, or
two related ones, by utilizing the heavy metal concentration specific expression of a
reporter gene under a single promoter [1, 6, 17]. The data summarized in Fig. 3, show
the limitations imposed to the potential use of the studied promoters by their non-spe-
cific responses. For example, ziaA overexpression could indicate the presence of
Zn2+ in a sample, but according to the data presented here, differentiation between
Zn2+, Cd2+ or As3+ is not possible by using ziaA overexpression alone. Therefore,
data obtained from a biosensor using the ziaA promoter fused to a reported gene
could be misinterpreted. Among the investigated promoters, nrsB gives the most spe-
cific response to Ni2+ with below 3% error from other metals, and therefore, could be
potentially suitable for biosensor application. arsB is also highly specific to arsenic
ions with less than 1% error from other metals. However, it cannot distinguish
between As3+ and As5+. For detection of Co2+, Zn2+, Cd2+ or Cr6+ combined applica-



tion of more than one single-promoter sensor would be needed. Such systems can be
established by constructing sensor mutants in which the expression of bacterial
luciferase is controlled by the heavy metal-responsive promoters characterized here.
A set of such transgenic Synechocystis strains is under construction.
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