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In situ dynamics of O,, pH and cyanobacterial
transcripts associated with CCM, photosynthesis
and detoxification of ROS
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The relative abundance of transcripts encoding proteins involved in inorganic carbon concentrating
mechanisms (CCM), detoxification of reactive oxygen species (ROS) and photosynthesis in the
thermophilic cyanobacterium Synechococcus OS-B’ was measured in hot spring microbial mats
over two diel cycles, and was coupled with in situ determinations of incoming irradiance and
microenvironmental dynamics of O, and pH. Fluctuations in pH and O, in the mats were largely
driven by the diel cycle of solar irradiance, with a pH variation from ~7.0 to ~9.5, and O, levels
ranging from anoxia to supersaturation during night and day, respectively. Levels of various
transcripts from mat cyanobacteria revealed several patterns that correlated with incident
irradiance, O, and pH within the mat matrix. Transcript abundances for most genes increased
during the morning dark-light transition. Some transcripts remained at a near constant level
throughout the light period, whereas others showed an additional increase in abundance as the mat
underwent transition from low-to-high light (potentially reflecting changes in O, concentration and
pH), followed by either a decreased abundance in the early afternoon, or a gradual decline during the
early afternoon and into the evening. One specific transcipt, psbA1, was the lowest during mid-day
under high irradiance and increased when the light levels declined. We discuss these complex
in situ transcriptional patterns with respect to environmental and endogenous cues that might
impact and regulate transcription over the diel cycle.
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Introduction model systems for ecophysiological and ecological
studies of microbes, their metabolic interactions,

In light-exposed extreme environments, such as adaptation and evolution (Ward et al., 2008).

hypersaline ponds or geothermal springs, perennial
surface-associated microbial communities form
densely populated mm-cm thick mats composed
of an exopolymer matrix harboring a strictly micro-
bial assemblage of photosynthetic primary produ-
cers and heterotrophic microorganisms (Teske and
Stahl, 2002). Owing to the absence of bioturbation
and grazing by metazoans, such mats are ideal
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Mass transfer in cyanobacterial mats is strongly
diffusion limited, causing development of steep
chemical gradients (de Beer and Kiihl, 2001;
Wieland et al., 2001), and strong light attenuation
typically confines the euphotic zone from sub mm
to a few mm thick layer in most mats (Kiihl et al.,
1997). As a consequence of a high density of
oxygenic phototrophs and the impedance of mass
transfer within the exopolymer matrix, there is O,
supersaturation, high pH and marked CO, depletion
in the upper layers of photosynthetic microbial
mats under high irradiance (de Beer et al., 1997;
Wieland and Kiihl, 2006). These conditions may
result in photorespiration, severe CO, limitation,
as well as significant photoinhibition and reactive
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oxygen species (ROS) formation. However, micro-
bial mats can sustain high rates of photosynthesis
under high irradiance, suggesting that the cyano-
bacteria in the mats have efficient inorganic carbon
concentrating mechanisms (CCM) and can either
control the production of ROS or ameliorate its
potential toxic effects. Yet, both the presence and
regulation of CCM activity and ROS detoxification
are virtually unstudied in mat-dwelling cyano-
bacteria (cf. recent reviews by Price et al., 2008;
Latifi et al., 2009; but see Kilian et al. (2007)).
Studies of CCM in cyanobacteria, its regulation
by CO. levels, the ways in which it has been tailored
to growth in specific environments and how it
impacts other cellular reactions, including those
that generate ROS, have mostly been performed
with the freshwater planktonic model organisms
Synechocystis sp. PCC 6803 and Synechococcus sp.
PCC 7942 (Price et al., 2008; Raven et al., 2008).
These organisms have been maintained in culture
for decades under laboratory conditions in which
there is little fluctuation in pH, O, and CO, levels.
Studies of the ways in which cyanobacteria adjust
to low CO, conditions have primarily focused on the
CCM, which allows cells to concentrate inorganic
carbon (Ci; in this study defined as CO, and HCO3)
against a concentration gradient and to generate a
high concentration of CO, around ribulose-1,
5-bisphosphate carboxylase (Tchernov et al., 2003;
Kaplan et al.,, 2008). Cyanobacteria possess a
number of different genes that are induced during
Ci deprivation, which allow cells to acquire and fix
Ci more efficiently (Volokita et al., 1984; Badger and
Price, 1990; Omata et al., 1999; Shibata et al., 2001;
Maeda et al., 2002; Price et al., 2004; Zhang et al.,
2004; Koropatkin et al., 2007; Folea et al., 2008;
Xu et al., 2008); these low Ci-induced genes encode
polypeptides that are considered as components
of the CCM (Kaplan et al., 2008). The majority of
ribulose-1,5-bisphosphate carboxylase in cyano-
bacteria is localized to a specialized microcompart-
ment, the carboxysome, and the structural and
catalytic components of the carboxysome are also
considered as part of the CCM (Price et al., 2008).
The high O, tension found within cyanobacterial
mats during mid-day may result in elevated ROS
generation (Jamieson et al., 1986). Levels of ROS
may also increase as a consequence of both ultra-
violet irradiation and excess excitation of the
photosynthetic apparatus by high levels of photo-
synthetically active radiation (400-700nm). ROS
can severely damage cellular components, including
the photosynthetic apparatus itself (Aro et al., 2005;
Bouchard et al., 2006). Photoinhibition, a conse-
quence of photodamage to photosystem II, can lead
to a further rise of ROS levels. Oxidative stress in
phototrophs can be alleviated by the synthesis of
various enzymes (for example, glutathione peroxi-
dase, glutathione S-transferases, thioredoxins and
superoxide dismutase) that help minimize ROS-
elicited damage (Goyer et al., 2002; Sarkar et al.,
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2005; Dayer et al., 2008). Harmful effects of light on
phototrophs will also depend on Ci availability, as
well as on environmental levels of other nutrients,
for example, nitrogen, phosphorus, sulfur and iron
(Takahashi and Murata, 2008).

The microbial mats in the effluent channels of
the alkaline siliceous hot springs, Mushroom and
Octopus Springs (Yellowstone National Park, WY,
USA), have been the subject of detailed biogeo-
chemical and microbiological investigations for
>40 years (Brock, 1967; Ward et al., 1998, 2006).
At temperatures >55°C, these mats are exclusively
colonized by prokaryotes, including oxygenic photo-
autotrophic cyanobacteria in the genus Synechococcus
spp. and anoxygenic filamentous phototrophic
bacteria, Roseiflexus spp. and Chloroflexus spp.;
many other functional groups inhabit these micro-
bial ecosystems, but the photosynthetic microbes are
dominant inhabitants (Ward et al., 1998, 2006;
Bhaya et al., 2007). Two ecologically relevant
cyanobacteria, Synechococcus OS-B’ and Synecho-
coccus OS-A (designated Syn OS-B’ and Syn OS-A),
have been isolated from the mats of Mushroom
and Octopus Springs (Allewalt et al., 2006), and
their genomes were sequenced along with meta-
genomic sequencing of DNA isolated from microbes
in the top layer of the microbial mat (Bhaya et al.,
2007). This genomic information provides a strong
foundation for studies of cyanobacterial in situ gene
expression over the diel cycle (Steunou et al., 2006,
2008).

We investigated the in situ dynamics of the
abundance of transcripts from Syn OS-B’ (and
cyanobacteria with similar genes) encoding proteins
involved in CCM, photosynthesis and ROS detoxi-
fication, to resolve diel expression patterns and gain
insights into mechanisms controlling expression of
these genes in mat-dwelling, thermophilic cyano-
bacteria. These studies were combined with detailed
mapping of temperature, incident irradiance and
microenvironmental analysis of pH and O, condi-
tions in the mat over the diel cycle.

Materials and methods

Sample site and collection

Sampling and in situ measurements were performed
over two diel cycles on 30 June-1 July 2005 and
13—-14 September 2008 in an effluent channel
of Mushroom Spring, Yellowstone National Park.
Temperature at the sampling site was 56-61°C
during each diel cycle. The downwelling quantum
irradiance was measured continuously with a
datalogger equipped with a quantum irradiance
sensor (LI-1400D, LI190, LI-COR Biosciences,
Lincoln, NE, USA). Mat samples (~1.0cm?) were
collected, the top 2mm were excised, cut in half
and frozen in liquid N,, as described previously
(Steunou et al., 2008). Although extensive sampling
in 2005 was allocated toward the dark-to-light and



light-to-dark transition periods, more samples were
collected during daytime in 2008.

Microsensor measurements

Microprofiles of the O, concentration in the micro-
bial mat were measured in situ in vertical steps of
50-200 pm with a Clark-type O, microelectrode
(Revsbech, 1989) connected to a_battery-operated
pA meter (PA2000, Unisense A/S, Arhus, Denmark),
as described in detail elsewhere (Steunou et al.,
2006, 2008). Based on data from numerous O,
microprofiles, isopleth diagrams of O, levels in the
mat over the diel cycle were generated with the
software package Origin Pro 7.5 (OriginLab Corp.,
Northampton, MA, USA).

Microprofiles of pH were measured in situ using a
pH glass microelectrode (Thomas, 1978; Kiihl and
Revsbech, 2001) and a standard calomel reference
electrode connected to a high impedance mV-meter
(VF-4, WPI Inc., Sarasota, FL, USA). Linear calibra-
tions of the mV readings were performed in standard
buffers at pH 4.0, 7.0 and 10.0 at in situ tempera-
tures, yielding near-Nernstian sensor responses of
54-57 mV per pH unit change.

Gene annotation
The genome of Syn OS-B’ was examined to identify
genes encoding proteins involved in CCM and
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detoxification of ROS; resources used to identify
these genes were Genbank annotation, KEGG geno-
mic data (Kanehisa and Goto, 2000) and homologies
to well studied genes in model organisms. Primers
used to analyze transcript abundances (Table 1)
were designed to specifically target transcripts from
Syn OS-B’, based on full genome sequence informa-
tion (NC_007776 for Syn OS-B’ and NC_007775 for
Syn OS-A; Bhaya et al., 2007), and homologous
sequences likely associated with variant mat cyano-
bacteria observed in the metagenomic database (http://
blast.jcvi.org/yellowstone-blast/index.cgi?project = gym;
Bhaya et al., 2007). Primers were tested on genomic
DNA from an axenic culture of Syn OS-B’ and a
unicyanobacterial culture of Syn OS-A, as positive
and negative controls, respectively. All primers were
specific except for those used to quantify transcripts
from CYB_1611 (putative bicA), which amplified
the same fragment from the genomes of Syn OS-A
and Syn OS-B'.

RNA extraction and DNAse treatment

RNA from microbial mat samples collected in 2005
was extracted as described (Steunou et al., 2008).
A slightly modified protocol was used to extract
the RNA from samples collected in 2008. In this
protocol the initial vortexing and cell harvesting
steps were removed. Instead, mat pieces were

Table 1 Primers used for qPCR analysis of in situ transcript levels in Synechococcus OS-B’ (genome accession number NC_007776)

Gene Locus tag Forward primer

Reverse primer

Carboxysome assembly proteins

ccmM CYB_1794 5-CCACAGCCTACGTGCATTCT-3'

ccmN CYB_1793 5-TCGCTATTTTGTCAGTGGTGA-3'
Ci-fixation

rbcL CYB_2579 5-GTGGAGCGGGATAAGTTGAA-3'
CO, hydration

chpX CYB_1810 5-GGGCTTGGGGATCTTGTTT-3'

chpY CYB_2877 5-CACCCTTTTGCGGATGTAGT-3’
Putative bicarbonate transporters

cmpA CYB_0604 5-CGCAAGTTCAAAGCTGCCTAT-3’

Put. bicA? CYB_1611 5-CAGAACCTGCCGACCTACCT-3’
Superoxide dismutase

sodB CYB_2514 5-TCTGGCCAACAAGTCTCTGG-3’
Peroxidase

CYB_2254 5-CATGGAATTCAAGACGGTGAA-3'

Carotenoid synthesis

crtP CYB_1694 5'-GACAAGCCGGGCACCTAT-3’
crtO CYB_0017 5'-CTGCGACCGGAGATCATTC-3’
Gluthathione synthesis
Cyb_0556 5'-ACCCTTCTGCCAGGGAGT-3’

Photosystem genes

psbA1 CYB_0216 5'-TGATGATCCCGACGCTGT-3’

psbA2 CYB_0371 5'-AACATCATTTCTGGGGCTGTA-3’

psbA3 CYB_0433 Same as for psbA2/CYB_0371
Potential regulatory protein

ccmR CYB_1948 5-AAGCAATTGAGCAAAGCTGTAG-3’

5-AGTAGGGTTGGCCGTCTTCT-3'
5'-CCCATTCCCAAGGTTGCT-3’

5'-CAGCCTCCATCACGAACAAGT-3’

5'-GCAGGGAGCGTAGGTGATAG-3'
5-TTGGCCAGCTTCAAATATTCTT-3'

5'-GGGCCAAATCTGTTGAGTAAGA
5'-AGCTCTTGGTCGGAGTCGT-3’

5-GTAACCTTCAGCGTGCCATC-3’

5-TATTCGCTGTCCACCGAGAC-3’

5'-CAGCCATTCCAAGAGGCTA-3’
5'-ATCGGCGGCTGCATTAAG-3'

5'-CGCTCAGAGCTAGGTAGAGAGA-3'

5'-GAGCCATTCATCCAAAGAAGC-3’
5'-GTAGCTCAGCTCCCATTCG-3’

5-TTGAGCACCTTAAGAGCTACGTC-3'

Abbreviations: Ci, inorganic carbon; qPCR, quantitative PCR.

*The primers will anneal to the bicA gene in both Synechococcus OS-B’ and Synechococcus OS-A.
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disrupted at full power in the bead-beater for
15-30s after the addition of 250 pl NaOAc and lysis
buffer (see steps 1, 3 in Supplementary Methods 1).
We also extracted the sample once with 1 vol chloro-
form after the final phenol:chloroform extraction, as
described in Supplementary Methods 1.

Reverse transcription—-quantitative PCR

Random primers (Invitrogen Corp., Carlsbad, CA,
USA) were annealed to 1 pg of total RNA and extended
for 10 min (25 °C) and 30min (55 °C) using Transcrip-
tor Reverse Transcriptase (Roche Diagnostics Corp.,
Indianapolis, IN, USA), according to the manufac-
turer’s instructions. The synthesized complementary
DNA was diluted 10-fold and 2ul of the diluted
complementary DNA served as template for quantita-
tive PCR using the FastStart SYBR Green Master
system (Roche Diagnostics Corp.) and the Engine
Opticon System (Bio-Rad Laboratories Inc., Hercules,
CA, USA) according to the manufacturer’s instruc-
tions. Specific amplification of target genes was 1
cycle at 95°C for 10min, and 40 cycles at 94 °C for
10s, 60 °C or 64 °C for 15, 72 °C for 30s, 80 °C for 10s,
and a final incubation for 10 min at 72 °C during the
last cycle. The relative abundance of individual
transcripts was determined by using the same amount
of RNA in the reverse transcription-reactions and by
normalizing each time point over the diel cycle to the
lowest amplification signal for each specific transcript
(Whelan et al., 2003; Steunou et al., 2008).

Results and discussion

Gene annotation
Investigated genes of Syn OS-B’ and the gene
clusters in which they occur are shown in Figure 1.

Amino acid identities to putative orthologs encoded
by the various reference cyanobacterial genomes
(Synechococcus sp. PCC 7942; Synechococcus sp.
PCC 7002 and Synechocystis sp. PCC 6803) are
shown in Supplementary Table 1. In all cases, the
deduced protein sequences were most identical to
homologs in Syn OS-A, except for CrtO, which is not
present on the Syn OS-A genome. Additional
information regarding genes selected for expression
analysis can be found in Supplementary Informa-
tion 1 and Supplementary Figures 1 and 2.

Environmental analysis

The O, and pH levels in the uppermost mat layers
(~50-150 um depth) closely tracked the incident
irradiance, where O, fluctuated between anoxia
during the night, suboxic conditions during a
prolonged period of dim light in the early morning,
O, supersaturation during most of the day, and a
period of fluctuating oxic and suboxic conditions
during late afternoon (Figure 2). The pH in the mat
spanned >2 units, from pH ~7.0 during the night
(2005 and 2008) to pH ~9.2 (2008) and ~9.3-9.8
(2005) during periods of high light in the day; the
pH of the overlying water changed much less
(Figure 2, bottom panel). The pronounced daytime
increase in pH indicates severe CO, depletion in the
photic zone during periods of high photosynthetic
CO, fixation as reported in studies of other microbial
mats (de Beer et al., 1997).

In situ gene expression
Our in situ investigations of diel gene expression
patterns involved monitoring levels of specific
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Figure 1 Clusters of genes analyzed for in situ gene expression over two diel cycles in Mushroom Spring (bold type). Genes involved in
CCM and Ci fixation (dotted or green arrows), detoxification of reactive oxygen species (ROS; black or red arrows), putative regulators
(horizontal lines or yellow arrows) and photosynthetic electron transport (oblique or blue arrows) in Synechococcus OS-B’ (genome
accession number NC_007776). Gray arrows indicate genes not known to be directly or indirectly involved in these functions, and white
arrows encode hypothetical proteins. The color reproduction of this figure is available on the html full text version of the manuscript.
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Figure 2 In situ measurements of incident downwelling irra-
diance (umol photons m?s~'; top panels), O, levels (% air
saturation; central panels) and pH (bottom panels) at different mat
depths, as measured over two diel cycles at a 60°C sampling site
in Mushroom Spring in July 2005 (left panels) and September
2008 (right panels).

cyanobacterial transcripts associated with CCM,
ROS detoxification and photosynthesis in the
microbial mats. The abundance of these transcripts
changed significantly in concert with the extremely
dynamic physico-chemical conditions of the micro-
bial mat. Analyses of these patterns allow insights
into regulatory mechanisms that modulate physio-
logical activities and growth of mat-dwelling
thermophilic cyanobacteria.

CCM. Transcripts encoding proteins involved in
bicarbonate and CO, uptake (chpY, cmpA, putative
bicA and chpX) increased in the mat during the
transition from total darkness to low light (Figure 3),
and stayed at this level throughout the low-light
period (irradiance of <200 pmol photons m?s7') in
the early morning (Figures 3b-e). A further increase
in the levels of the chpY, cmpA, putative bicA
and chpX transcripts was observed as irradiance
levels rose (08:00 and 10:00 hours in 2005 and
2008, respectively). In the early afternoon, the
levels of chpY, cmpA and bicA transcripts declined
(14:00 hours in 2005 and 15:00 hours in 2008),
even though irradiance, O, concentration and pH
were still elevated (Figures 2 and 3a). The chpX
transcript also declined somewhat in the early
afternoon, although it tended to be maintained at a
higher level relative to the other transcripts
(Figure 3e).

These first observations of diel patterns of trans-
cript abundances from genes encoding cyano-
bacterial Ci transporters in hot spring mats are
largely consistent with what has been observed for
cultured cyanobacteria. The darkness to light transi-
tion elicited an increase in abundance of CCM
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transcripts; such results could be explained by
photoreceptor control or changes in the redox state
of the cells (for example, the plastoquinone pool)
upon initial light exposure. Both possibilities are in
accord with the finding that active Ci-transport is
light/energy dependent (Ogawa et al., 1985; Li and
Canvin, 1998; Tchernov et al., 2001), and studies of
laboratory cultures of Synechocystis sp. PCC 6803
have demonstrated that light is a prerequisite for
elevation of CCM transcript levels (McGinn et al.,
2003). The additional increase in CCM transcript
levels under the low-to-high irradiance transition
has a number of potential explanations:

(1) Several investigations on changes in CCM
transcript levels suggest that a limiting internal Ci
pool can serve as a signal that activates gene
expression during illumination (Omata et al., 1999,
2001; Shibata et al.,, 2001; McGinn et al., 2003;
Woodger et al., 2003, 2005). This possibility is
plausible for mat cyanobacteria as, during the shift
from low-to-high light, the pH in the upper layers of
the microbial mat increased from ~7.5 to >9.0
(Figure 2), indicating a severe depletion of the Ci
pool. Depletion of external Ci as a consequence of
high photosynthetic demand for Ci by the cyano-
bacteria would lead to a marked depletion of
internal Ci, at least until the CCM proteins facilitate
Ci uptake against the concentration gradient. How-
ever, Ci limitation, as well as limitation for other
nutrients, can also cause a decline in the utilization
of reductants produced by photosynthetic electron
transport, which in turn might lead to elevated
redox levels, ROS production and cellular damage
(Takahashi and Murata, 2008); all of these factors
would likely impact gene expression.

(2) Part of the elevated CCM transcript levels may
also reflect a further light-induced activation of
genes in Syn OS-B’ variants that reside at the bottom
of the cyanobacterial layer of the mat; these organ-
isms may not have experienced light saturation of
gene activity during the low-light period in the
morning owing to strong light attenuation in the
microbial mat (Ward et al., 2006).

(3) Increased transcript levels may also reflect
elevated energy levels required to fuel gene activity
in the cyanobacteria and an increase in the cellular
redox state with increasing photosynthetic activity
as morning progresses (McGinn et al., 2004); these
features are also related to (4) elevation of the O,
concentration in the mat (Figure 2), which would
impact cyanobacterial respiration, photosynthesis
and energy status (Woodger et al., 2005). It is also
possible that specific metabolites like 2-phospho-
glycolate, accumulating under increasing mat O,
concentrations, could act as co-inducers of gene
expression (Marcus et al., 1983; Nishimura et al.,
2008). (5) High pH within the microbial mat during
midday (Figure 2) may lead to elevated intracellular
pH (Ritchie, 1991, 2008) and a potential shift in the
intracellular CO,/HCOj3 ratio, which might impact
gene activity; this ratio may also be influenced by
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the intracellular ionic composition and carbonic
anhydrase activity.

The pronounced decline in CCM transcript levels
in the early afternoon as observed for chpY, cmpA
and bicA (Figure 3), despite high irradiance and
an elevated O, concentration and pH (Figure 2),
suggests that the system may be able to auto-
regulate its gene expression as a consequence of
induced CCM activity and efficient acquisition of
Ci. Changes in levels of other cellular metabolites
and circadian signals could also have regulatory
consequences. The decreasing abundance of trans-
cripts for the Ci transporters during the night may
reflect both a marked decrease in light levels and an
increase in both internal and external Ci levels as
photosynthetic CO, fixation stops.

The ISME Journal

Interestingly, the chpX transcript, reported to be
constitutively expressed in cyanobacterial cultures
(McGinn et al., 2003; Woodger et al., 2003), accumu-
lated in the mat during early morning as well as
under the low-to-high light shift, and remained
elevated in the afternoon unlike other CCM genes,
which declined in the early afternoon (Figure 3).
Both irradiance and altered Ci availability may
impact chpX transcript differently relative to the
other CCM genes, but it is also possible that
chpX mRNA degradation is slower than that of
other transporter mRNAs. Culture studies of Syn
OS-B’ gene expression might help distinguish
such differences, although differences in specific
transcript abundances observed in situ in the mat
and in cell cultures are not unexpected, owing to our



limited ability to establish laboratory conditions that
mimic the biotic and abiotic conditions in microbial
mats.

Genes encoding carboxysome assembly proteins
(cmmM, ccmN) and ribulose-1,5-bisphosphate
carboxylase (rbcL) increased somewhat pre-dawn
(reaching the highest night value at ~04:00 and
~05:30 hours in 2005 and 2008, respectively), as
well as after the low-to-high light transition
(Figure 3f, after 10:00) for both samplings. Carboxy-
somes are evenly segregated between dividing cells
(Savage et al., 2010), and a pre-dawn increase in
transcript abundance may prepare the cells for
division, which would require division of the
carboxysome or for the onset of photosynthetic
activity at sunrise. Thus, a circadian element may
influence the expression of genes critical for the
fixation of CO, during the day. Such regulation was
previously suggested for the rbcL gene based on
in situ data (Wyman, 1999), and the levels of ccm
and rbcL transcripts (and other transcripts) exhibit
circadian oscillations in S. elongatus PCC 7942
(Vijayan et al., 2009).

The rise in ccmM, ccmN and rbeL transcript levels
during the low-to-high light transition (Figure 3f)
could be explained by the same factors as those
discussed above for transcripts encoding the Ci
transporters, that is, depletion of internal Ci and an
altered redox state, but expression may also be
linked to cell division, the timing of which is still
unresolved for the hot spring mat cyanobacteria
(Ward et al., 1998, 2006). The carboxysome content
increases in cultured cyanobacteria after a shift
from high-to-low external Ci concentrations (Turpin
et al., 1984; McKay et al., 1993), and ccm transcripts
have also been shown to increase somewhat in
response to low Gi (Woodger et al., 2003). Other
studies report no change in the levels of ccm
transcripts in response to low Ci-conditions
(McGinn et al., 2003), but if the activities of the
ccm and rbcL genes are also under circadian control
or linked to cell division, the lack of responsiveness
could be a consequence of asynchronous cell growth
under continuous light.

CcmR, a putative regulator of CCM

Transcripts encoding the putative regulator CcmR
markedly increased with the onset of light, and the
transcript levels remained relatively high over the
entire light period (Figure 3g). The rapid accumula-
tion of transcripts after the onset of light and the
near constancy of the transcript level throughout
the light period (most apparent in the 2005 samples)
suggests that expression of this gene may be
modulated by small changes in redox-conditions,
photoperception by receptors such as phytochrome,
or other cellular processes that are saturated
throughout the cyanobacterial layer even at low
irradiance. Our results are, to some extent, at odds
with results obtained in studies of cmpR/ndhR/
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ccmR in cultured cyanobacteria (McGinn et al,
2003; Woodger et al., 2003, 2007), where transcript
abundances were influenced by Ci levels.

ROS

All transcripts for genes encoding enzymes involved
in ROS detoxification increased during the transi-
tion from darkness to low light. Some transcripts
(sodB, crtP and CYB_2254, which encodes a puta-
tive Prx) stayed at a fairly constant level during the
low-light period of the early morning (Figure 4) and
then increased with increasing irradiance (08:00
and 10:00 hours in 2005 and 2008, respectively);
this pattern is similar to that observed for genes
involved in Ci uptake. Later in the afternoon, that is,
at 14:00 hours, under high irradiance and O, levels,
transcript levels started to decline (sodB, CYB_2254
and crtP). Levels of other ROS-related transcripts
(crtO and CYB_0556, encoding a putative glutamate-
cysteine ligase) exhibited a relatively small increase
over the light period (Figure 4e). The influence of
high irradiance on sodB, crtP and crtO transcript
levels have been investigated in axenic liquid
cultures of Syn OS-B’ (Kilian et al., 2007), and our
in situ data are in accord with the results from this
laboratory study, in which there was an influence of
high light on sodB and crtP transcript levels,
whereas the abundance of the crtO transcript
appeared independent of irradiance (darkness was
not investigated).

However, the changing irradiance might not
directly influence levels of specific transcripts as
several variables in the mat environment (for
example, O,, ROS levels and pH) and within the
cytoplasm of cyanobacteria co-vary with irradiance.
The increasing abundance of transcripts encoding
ROS-associated proteins during the darkness to
low light transition (Figure 4) is likely regulated in
a similar way as that of CCM genes; such regulatory
features were reported for the sodB gene in
Synechocystis sp. PCC 6803 (Kim and Suh, 2005).
On the other hand, changes in transcript levels
observed during the transition from low-to-high
light could be influenced by various factors, many
of which have already been discussed for the Ci
transporters. Some specific regulatory mechanisms
that might be associated with this transition in
cyanobacteria are a change in cellular redox state
(for example, of the plastoquinone pool), an
increased flux of electrons through the cytochrome
b6f complex, photosystem I-mediated thioredoxin
signaling (Zeller and Klug, 2006; Oelze et al., 2008),
and the accumulation of various ROS (Li et al.,
2004).

It should be noted that light-induced H,O,
accumulation is not only biologically mediated,
but can also be abiotically generated by the action
of ultraviolet irradiation on dissolved organic
carbon (Wilson et al., 2000b). H,O, formation and
the dynamics that control its accumulation are yet to
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Figure 4 Incident downwelling irradiance (400-700nm) (a; pmol photons m
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s~') and relative abundance of transcripts associated

with ROS detoxification (b, sodB; ¢, CYB_2254 which encodes a type 2-Cys Prx; d, crtP; e, crtO and CYB_0556, which encodes a putative
glutamate—cysteine ligase), as measured over two diel cycles at a 60 °C sampling site in Mushroom Spring in July 2005 (left panels) and
September 2008 (right panels). Transcript abundance data show the mean ts.e. (n=3).

be investigated in photosynthetic microbial mats.
However, there is increased formation of H,O, in
waters flowing over the surface of hot spring
microbial mats during the day relative to the night
(Wilson et al.,, 2000a). Such elevated H,O, from
photochemical reactions in the upper layers of
microbial mats could significantly impact photo-
synthetic processes. H,O, has a relatively long
lifetime and can diffuse into cells from the
surrounding medium; this contrasts with singlet
oxygen which has a short lifetime, although it is
often considered to be the most damaging ROS
formed by cyanobacteria (Triantaphylides et al.,
2008; Triantaphylides and Havaux, 2009).

Based on our in situ data, it is difficult to identify
specific regulatory mechanisms that modulate
transcript accumulation for ROS-associated genes,
as several physiological features of the system are
changing simultaneously. However, our data show
that at least some genes associated with ROS
detoxification (for example, sodB, crtO, CYB_0556)
are probably not controlled in the same manner like
most CCM genes, as the levels of transcripts from these
genes, unlike those encoding most CCM polypeptides,
do not decline in the mid-afternoon. Expression
patterns of ROS-associated genes appear to largely
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respond to irradiance and subsequent changes in the
mat chemistry (for example, supersaturating O, levels,
high pH and Ci depletion), although they may also be
impacted by circadian control.

Photosynthesis

Transcripts from the psbA2/3 genes (reverse tran-
scription quantitative PCR analyses did not distin-
guish transcripts from these genes because of their
near identical nucleotide sequences; two nucleotide
differences in coding region) were elevated at the
onset of light with the highest levels directly corre-
lating with high incident irradiance (~ 1500 pumol
photons m~?s~'; Figures 5a and c). In contrast,
the psbA1 transcript levels increased in the early
evening and generally declined slowly during
the night (Figure 5b). In 2005, the lowest psbA1
transcript levels were observed during the high-
light mid-day periods, whereas highest levels
were observed under low irradiance in the late
afternoon to early evening and in the early morning
(Figure 5b). Our in situ results are consistent
with culture studies of Syn OS-B’, where psbA2/3
transcript levels increased during the transition
from low-to-high light, whereas psbA1 transcript
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levels increased when the cells were shifted from
high-to-low light (Kilian et al., 2007); similar results
were reported for other cultivated cyanobacteria
(Schaefer and Golden, 1989).

The high psbA2/3 transcript levels in the microbial
mat during mid-day do not necessarily indicate a
higher cyanobacterial D1 protein level than in
cyanobacteria experiencing low-light conditions (for
example, early morning). The D1 protein is suscep-
tible to ROS/high-light triggered damage and is
rapidly degraded when cells are absorbing excess
excitation energy (Krieger-Liszkay et al., 2008). A
rapid turnover coupled with the fact that ROS may
inhibit D1 repair processes (Nishiyama et al., 2001)
raises the possibility that the actual level of functional
D1 may be lower during high-light exposure in spite
of very high transcript accumulation. Our O, micro-
profiles show a slight decline in O, levels in the upper
mat layers at around mid-day (Figure 2). However, O,
levels in the mat remained at supersaturating levels
throughout the day, indicative of sustained photo-
synthetic activity, which suggests that the level of
psbA2/3 transcripts and the protein encoded by these
transcripts are sufficient to ensure the regeneration
of active photosystem II reaction centers following
damage resulting from high light/ROS.

Conclusion

This study presents the first investigation of in situ
transcript abundance of genes involved in CCM and
ROS detoxification in conjunction with precise mea-
surements of environmental parameters over a diel
cycle in a photosynthetic microbial mat. Gene expres-
sion patterns were linked to dynamic shifts of the
physico-chemical conditions (pH and O,) in the mat,

largely driven by the diel cycle of solar irradiance. The
results provide insights into complex in situ variation
in gene expression over the course of the day, and
point toward potential regulatory mechanisms that
control the dynamics of transcript accumulation.
Variations in transcript abundances in Syn OS-B’
under in situ conditions were largely consistent
with patterns observed for cyanobacteria grown as
axenic liquid cultures under controlled laboratory
conditions. This provides validation for the idea
that important, ecologically-relevant information
can be derived from laboratory studies, although
the many factors that co-occur in situ should be
considered when performing experiments with
axenic cultures in the laboratory. In some cases this
complexity, for example, potential integration of
circadian control with control through environmen-
tal signals, may be lost under culture conditions
because of the way in which the cells are grown, that
is, continuous light versus light—dark cycling and
modulation of light levels over the diel cycle, and
differences in features of the surrounding environ-
ment including interactions with other microorga-
nisms and the presence of an organic matrix, which
can highly impact diffusion rates and lead to the
formation of steep chemical gradients. Some of these
complexities can be dissected with specific mani-
pulations of axenic cultures, although key aspects
of in situ environmental features should always be
considered in the interpretation of the data.
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