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Biological soil crusts (BSCs) cover extensive portions of the earth’s deserts. In order to survive
desiccation cycles and utilize short periods of activity during infrequent precipitation, crust
microorganisms must rely on the unique capabilities of vegetative cells to enter a dormant state and
be poised for rapid resuscitation upon wetting. To elucidate the key events involved in the exit from
dormancy, we performed a wetting experiment of a BSC and followed the response of the dominant
cyanobacterium, Microcoleus vaginatus, in situ using a whole-genome transcriptional time course
that included two diel cycles. Inmediate, but transient, induction of DNA repair and regulatory genes
signaled the hydration event. Recovery of photosynthesis occurred within 1h, accompanied by
upregulation of anabolic pathways. Onset of desiccation was characterized by the induction of
genes for oxidative and photo-oxidative stress responses, osmotic stress response and
the synthesis of C and N storage polymers. Early expression of genes for the production of
exopolysaccharides, additional storage molecules and genes for membrane unsaturation occurred
before drying and hints at preparedness for desiccation. We also observed signatures of preparation
for future precipitation, notably the expression of genes for anaplerotic reactions in drying crusts,
and the stable maintenance of mRNA through dormancy. These data shed light on possible
synchronization between this cyanobacterium and its environment, and provides key mechanistic
insights into its metabolism in situ that may be used to predict its response to climate, and or,
land-use driven perturbations.
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Introduction reduces wind and water erosion (Belnap and
Gillette, 1998; Kidron and Yair, 2001; Belnap et al.,
2007). Their colonization of these desert soils may
facilitate the subsequent growth of vascular plants
by providing and recycling critical nutrients
(Mayland and McIntosh, 1966) and have a major
role in the nitrogen balance of these ecosystems
(Strauss et al., 2011). However, BSCs are sensitive to
both physical disturbances and to alterations in
temperature or precipitation (Belnap et al., 2004;
Kidron et al., 2012; Kuske et al., 2012), and the

Biological soil crusts (BSCs) are phototroph-driven
microbial communities that cover extensive por-
tions of the world’s arid and semi-arid deserts and
are often dominated by cyanobacteria (Pointing and
Belnap, 2012). BSCs can be considered ecosystem
pioneers, being the first primary producers, fixing
carbon and increasing soil organic matter that
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natural time scale for their recovery range in years to
decades (Belnap and Warren, 2002; Kidron et al.,
2008). Clearly, a better understanding of the envir-
onmental factors that influence the growth and
metabolism of BSCs will improve our ability to
predict the impacts of global or land-use change on
these systems and to develop management strategies
to restore BSCs following large-scale disturbances.
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Microcoleus vaginatus, a filamentous cyanobac-
terium, is the dominant member of early succes-
sional stage BSC communities found in cold deserts
of the Colorado plateau (Garcia-Pichel et al., 2001),
and one of the most common BSC members world-
wide. This organism synthesizes a polysaccharide
sheath that bundles many filaments together,
efficiently binding particles of sand and soil, stabiliz-
ing the substrate and forming the matrix of the early
stage BSC (Garcia-Pichel and Wojciechowski, 2009).
M. vaginatus is able to rapidly resuscitate from and
reenter a stress-resistant dormant state during brief
periods of hydration (Garcia-Pichel and Belnap,
1996) that favor dormancy strategies over sporula-
tion. M. vaginatus is thought to remain in a
desiccated and metabolically inactive state below
the soil surface during the dry periods that dominate
much of the year in these ecosystems (Brock, 1975).
During the infrequent rainfall events, M. vaginatus
exhibits a form of hydrotaxis (Garcia-Pichel and
Pringault, 2001; Pringault and Garcia-Pichel, 2004),
where they migrate to the surface of the crust causing
a visible greening of the surface (Supplementary
video 1). Inevitably, desiccation follows and
M. vaginatus migrates back below the crust surface,
entering a dormant state, yet remains poised to
resume growth upon wetting.

Desiccation tolerance has been studied in other
cyanobacteria (Potts, 1994), including Nostoc
commune (Billi and Potts, 2002), and the endolithic
Chroococcidiopsis spp. (Billi, 2009), as well as other
bacteria including the radiation-resistant
Deinococcus radiodurans (Slade and Radman,
2011), actinomycetes (LeBlanc et al., 2008) and
Bacillus spores (Granger et al., 2011). In general,
these reports suggest that desiccation leads to
damage of cell membranes, nucleic acids and
proteins, primarily because of oxidative stress
(Franca et al., 2007) that results from the release of
reactive oxygen species (ROS) during desiccation,
which is exacerbated under conditions of high light
and UV irradiation, typical characteristics of a
dehydrating BSC. Known or suspected strategies
for desiccation tolerance include mechanisms to
prevent or reverse ROS damage, mechanisms for
osmoprotection by accumulation of compatible
solutes like trehalose and sucrose, and the produc-
tion of exopolysaccharides that slow the speed of
water loss (Billi and Potts, 2002).

That M. vaginatus can rapidly migrate to the soil
surface following rehydration, and retreat in
response to impending desiccation (Garcia-Pichel
and Pringault, 2001; Pringault and Garcia-Pichel,
2004), suggests that it possesses a coordinated, and
possibly anticipatory, response strategy to these
sporadic precipitation events. This anticipatory
regulation cannot be based on other known cyano-
bacterial master regulators, like those involved in
internal clocks (Golden and Canales, 2003), because
the duration and frequency of the wetting events are
unpredictable. The questions remain: how does this
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cyanobacterium rapidly restart its metabolism after
prolonged dormancy, and how does it prepare for
inevitable desiccation? Many aspects of these
processes remain unknown or poorly characterized,
the exit from dormancy having been studied in only
a few microbial systems such as in Actinobacteria
and germinating Bacillus and fungal spores
(Dworkin and Shah, 2010).

Historically, the search to reveal mechanisms that
control important functions in microbe-dominated
ecosystems is biased towards studies that focus on
the key organism in axenic cultures (reviewed by
Hardoim et al. (2008)). Laboratory cultivation may
result in the evolution of the model organisms
towards the well-defined growth conditions typi-
cally used (reviewed by Gibbs (1999)), which in turn
may influence the microbial response towards the
stress being examined. Microorganisms may func-
tion differently when studied in axenic cultures
versus in their natural environment not only
because of ecological interactions with a complex
microbial community but also because of the abiotic
environment that are challenging to mimic in a
laboratory setting. Moreover, research pertaining to
desiccation of bacteria is often focused on a single
function or a small set of functions and may not
consider the genome-wide response of the model
organism.

Here we report the genome-wide response of
M. vaginatus wild populations to a controlled
in situ hydration—dehydration cycle in their natural
habitat and complex microbial community. This
experiment was performed in the laboratory simu-
lating the wetting event that might be brought about
by the passage of a rain front, but with controlled
temperature, light cycle and crust hydration. We
used BSC samples collected from a cold desert near
Moab, UT for these experiments. In addition to
monitoring pH, oxygen in the crust interior as well
as net CO, fluxes, aliquots of soil were destructively
harvested for M. vaginatus whole-genome expres-
sion analysis over a 6-day period. These data were
used to construct a conceptual model of the
molecular events that occur during this dynamic
period. Multivariate statistical analysis was used to
resolve the temporal expression patterns starting
from the early events that characterize the reinitia-
tion of metabolism immediately following wetting,
to the main metabolic pathways expressed in the
hydrated and fully active M. vaginatus, and finally
the key responses that characterize this organism’s
preparation for desiccation.

Materials and methods

Sample collection

Petri dishes (6 x1cm?) were used to core and
transport samples of BSCs from the Green Butte
Site near Canyonlands National Park (38°42'53.9"N,
109°41'34.6"W, Moab, UT, USA). All samples were
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taken from a circular area of 3m radius and were
1cm deep. Details on the sampling site, sampling
methodology and storage of the samples prior
experiment can be found elsewhere (Strauss et al.,
2011). Samples were transported air-dry, and main-
tained in the dark under an atmosphere in equili-
brium with LiCl desiccant until experimentation
(~1.5 weeks).

Wet-up and dry-down

To recreate field conditions, a microcosm room was
assembled, where we reproduced the conditions of a
rain event equivalent to a 3-day rainy weather
system. Although infrequent and shorter wetting
events are most common in the desert, larger storms
result in such prolonged periods of wetting
(Supplementary Data). The microcosm room lacked
windows and sun light was mimicked using 400 W
lamps, ~40cm from the samples achieving ~ 600
pmole photons m~?s~?, typical of an overcast
summer day in Moab. Dusk and dawn were
simulated using a 400-W lamp situated ~2m from
the samples (~24pumole photons m~*s~ ). Day,
dusk, night and dawn cycles lasted 11, 2, 9 and 2h,
respectively. Rainfall was simulated by addition of
10ml of ultra-pure water simultaneously to each
crust sample and moisture lost due to evaporation
was replenished as needed every 6h to a total of
3.5 mm. During the wet-up, crust material from three
biological replicates (three individual pre-sampled
petri dishes chosen at random) was collected at: 0h
(before wetting sample), 3min (immediately after
wetting), 15min, 1h, 9h (day), 11.5h (dusk), 18h
(night), 22h (dawn), 25.5h, 31.5h (day), 35.5h
(dusk), 42h (night) and 49.5h (day). Drying was
then initiated at 72h by the removal of surface
water, and was assisted by decreasing the humidity
of the room through the use of air conditioners.
Crust material from three biological replicates was
collected at 1 and 2h following removal of water
when the crust was still moist, at 4 h when the crust
appeared semi-dry, at 8 h when the crust was visibly
dry, and a final fully dry sample 3 days later. All
samples were immediately frozen in liquid nitrogen
and stored at — 80 °C until RNA extraction.

Biogeochemical measurements

Simultaneous pH and O, analysis was performed on
a separate BSC sample using microelectrodes.
Oxygen concentration was monitored continuously
at the surface of the crusts using a fiber optic-based
microoptode sensor system (Microx, Precision
Sensing GmbH, Regensburg, Germany), placed using
a motorized micromanipulator, and operated
according to manufacturer’s specifications. Sensor’s
fibers had their tips coated with a fluorescent dye
that can be quenched by oxygen (Klimant et al.,
1995). The signal was 2 point calibrated against air-
bubbled, fully oxygenated water (100% saturation)
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and N,-flushed water (0% saturation). Data were
digitized and reported at 5 min intervals. Following
calibration in two buffers (pH 4.0 and 10.0),
pH measurements were made at 3s intervals using
PH-50 microelectrodes (Unisense, Aarhus, Den-
mark). Current was measured with a Unisense
microsensor multimeter and recorded using
SensorTracePRO software (Unisense). As we used
microelectrodes to constantly measure O, and pH,
these measurements were interrupted once the
dry-down started. Temperature was measured with
five sensors placed randomly at the same distance
from the light source as the BSC samples.

A separate set of samples was used to determine
CO, flux. Four biological replicates were sealed with
100ml mason jars connected to a Micro-Oxymax
Respirometer (Columbus Instruments, Columbus,
OH, USA) with a time resolution of 42min per
replicate. These values were scaled to units of
gm *h~" and the values in Figure 1 are the means
of the four replicates (Supplementary Table S1). The
maximum values of CO, production were between
0.03-0.05g CO, m *h ", and minimal values (that
is, uptake) between —0.06 and —0.10g CO, m?
h~" (Supplementary Table S1). After initiating the
dry-down the samples used to measure CO, flux
were removed from the jars to allow the water to
evaporate. Therefore, CO, flux measurements during
the dry-down were more intermittent than during
the wet part of the experiment.

The crust water activity was measured using
an Aqualab Dew Point Water Activity Meter
(Decagon Devices Inc, Pullman, WA, USA) and
converted to water potential according to the
manufacturer’s instructions (Supplementary Table
S2 and Supplementary Figure S1).

RNA extraction and microarray analysis

Total DNA and RNA were co-extracted from BSC
samples using a modified CTAB/phenol-chloroform
method as described (Placella et al, 2012)
(SI Methods). The extracted RNA was DNAse treated
using Turbo DNA-free DNAse (Life Technologies,
Grand Island, NY, USA), and the DNA-free RNA
(50ng) was amplified using the Sigma Whole-
Transcriptome Amplification 2 kit (Sigma-Aldrich,
St Louis, MO, USA). The resulting cDNA was
cleaned up using Qiaquick PCR clean up kit (Qiagen
Inc, Valencia, CA, USA), and was labeled with Cy3
9-mers using One color DNA labeling kit (Roche-
Nimblegen, Madison, WI, USA) following the
manufacturer’s protocol. Four microgram of the
labeled ¢cDNA was hybridized at 42 °C overnight to
a custom Roche-Nimblegen microarray. M. vaginatus
is the dominant taxon in this metagenome
(Supplementary Figure S2) and the array was
designed using 42499 60-mer oligonucleotide probes
in triplicate that represent 6130 M. vaginatus genes
(7 probes per gene), with 5461 sequences from strain
PCC 9802 and 669 sequences from strain FGP-2
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Figure 1 Simulated hydration—dehydration cycle in a BSC sample. (a) Measurements of CO, flux, O, partial pressures, pH and
temperature of BSC samples over a hydration period of 72 h with day—night cycles. Dusk and dawn simulations are indicated by the light
purple shading and night by the dark purple shading. The schematic of the BSC appearance indicates greening of the crust within a few
minutes of wetting, which reversed within a few hours of the start of the drying. (b) Inter-array correlation map of all replicates in all
time-points (three replicates per time point, except for 25.5h, 35.5h and D-4 h that have two replicates each), showing three blocks of
correlation forming the early-wet-up, the diel phase and the dry-down blocks. The heatmap also demonstrates heterogeneity within
individual replicates of a single-time point, where some correlate better with earlier or later time points than to their contemporaries.

(Starkenburg et al., 2011). The slides were scanned at
5321nm using the GenePix 4200A scanner (Molecular
Devices, Sunnyvale, CA, USA). The images were
gridded and pair files generated using the Nimble-
scan software version 2.4 (Roche-Nimblegen). All
replicates for all time points (only two replicates

were used for the 25.5h wet-up, and 4h dry-down
time points owing to poor array quality of the third
replicate) were normalized together by RMA (robust
multi-chip average) analysis using Nimblescan. The
array data have been deposited in NCBI's Gene
Expression Omnibus (accession number: GSE40188).
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Microarray correlation analysis

Each pair of normalized microarray expression
values were then compared using correlation with a
Euclidean distance in Matlab (Mathworks, Natick, MA,
USA). Correlation distances were then visualized in
an array-by-array matrix. Arrays that correlated
weakly with their replicates (one replicate at 35.5h)
were removed from further analysis. As three blocks
of correlation separating the early time points, the
intermediate diel cycle time points and the dry-down
time points were clearly identifiable, we partitioned
the data and analyzed these three groups in parallel.

Selection of genes for profile clustering

In each of the three blocks of correlation, we
identified the genes that were most robustly varying
within the arrays. We used the RMA-normalized
expression values to calculate the pooled s.d. for
each gene on the microarray using the pooled
variance method. The mean expression of each gene
at each sample point was calculated. The mean
time-point expression was used to calculate the
profile deviation (s.d. of expression across time-
points). The genes with a profile deviation greater
than 1.25-fold their pooled s.d. were selected for
profile building. This resulted in a core set of genes:
883 for the early wet-up block, 80 for the diel phase
block, and 201 for the dry-down phase
(Supplementary Tables S3, S4, S5).

Gene profile clustering

Expression profiles of each gene were further
normalized to be centered (zero mean) and unit
length. k-Means clustering was then applied to gene
expression profiles previously selected using corre-
lation distance, and used 1000 replicates to build
k=1-12 clusters. Mean cluster patterns were then
inspected, selecting k=5, 3, 5 as the most informa-
tive partitioning for the early, diel and late regimes,
respectively. The mean cluster profile was then
generated by finding the mean expression value at
each time-point for the genes within a cluster.

Gene profile cluster mapping

To understand how genes were behaving within
each temporal-regime, we mapped each gene back to
a profile cluster. To account for genes that might not
map well to any cluster (that is, be negatively
correlated with all clusters) we introduced a null-
cluster profile representing no expression change.
The correlation distance of each gene expression
profile to each mean cluster profile was calculated,
and each gene was assigned to its closest cluster
profile (Supplementary Table S6).

Cluster functional enrichment
Gene sequences corresponding to the probes on the
microarray were mapped to KEGG Orthology IDs
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using the KEGG Automatic Annotation Server
(KAAS), which allows for the mapping of a gene to
one or more KEGG pathway. Each cluster was then
checked for enrichment of KEGG pathways using
the hypergeometric distribution.

Results

Biogeochemical observations during the wet-up and
dry-down experiment

Samples of early successional stage BSC were
harvested from an existing field site near Moab,
UT, USA. After addition of water to the crust
samples, the surfaces became noticeably green
within 15 min, and small bubbles, presumably O,,
were observed effervescing at the surface of the BSC
within 45 min (Supplementary video 1). There was
visible heterogeneity in the extent of greening
observed across the different samples.

Soil solution oxygen concentration measurements
indicated severe oxygen depletion in the crusts
within the first few minutes after wetting, followed
by a steady increase up to 3.7 atmospheric equiva-
lents of O, (Figure 1a). Subsequently, oxygen
concentrations followed a diurnal pattern. Sharp
declines in production were observed at the day-to-
dusk transition, with the soil solution becoming
anoxic at night, followed by sharp increases at the
dawn-to-day transition. Higher steady-state oxygen
concentrations (up to 6.9 atmospheric equivalents,
or 1.4atm) were observed during the second day
compared with the first (Figure 1a).

Carbon dioxide measurements indicated that CO,
uptake began during the first hour. On the first day,
CO, fixation increased until dusk, when it declined
sharply and net efflux (respiration) was observed
during the nighttime coinciding with oxygen deple-
tion (Figure 1a). Net CO, uptake was observed
again at the start of day 2, coincident with the onset
of photosynthetic oxygen evolution (Figure 1a).
Diel cycles of temperature ranged from 19 to 27 °C
(Figure 1a). The pH measurements also showed a
diurnal pattern, with a pH of up to 10.7 during
photic periods, and decreasing to 8.4 in the
dark phases (Figure 1a). All of these changes in
microenvironmental conditions are consistent with
earlier reports in similar crusts (Garcia-Pichel and
Belnap, 1996).

Following the removal of surface water, crusts
became visibly dry over a 6 h period and developed
a more gelatinous appearance (Supplementary
video 2). The filamentous cyanobacteria retreated
below the surface, visible as a reversal of the initial
‘greening’. The early stage of dry-down showed a
characteristic decline in bulk sample water potential
over 3h from ~0.30 to —5.0MPa (Supplementary
Table S2 and Supplementary Figure S1). After 24h
of drying, water potentials approached —80MPa
(Supplementary Table S2). Subsequent time points
showed a cyclical pattern with water potentials



increasing in the early morning measurements,
possibly as a result of equilibration with room
humidity in the transition from day to night
(Supplementary Figure S1). Periodic CO, flux
measurements during the drying indicated contin-
ued CO, fixation during daytime, with respiration in
the morning time points (Supplementary Table S1).

Temporal gene expression analysis

Inter-array correlation analysis with an array-
by-array matrix revealed three correlation groups
that separated the transcriptional responses of the
early wet-up, the intermediate diel cycle and late
dry-down time points (Figure 1b). K-means cluster
analysis on the three phases in parallel
(see methods, Figures 2a—c) defined five clusters,
A1-A5, in the early wet-up group (Figure 2a), three
clusters, B1-B3, for the diel phase group (Figure 2b),
and another five clusters, C1-C5, for the dry-down
group (Figure 2c).

A comparison of the clusters in the early wet-up
and dry-down groups revealed clear patterns. There
was significant enrichment of genes found in the
early clusters A4 and A5 that increased in expression
upon hydration and the dry clusters C4 and C5 that
decreased in expression during dehydration (Tables 1
and Supplementary Table S7). These clusters
included the majority of genes with KEGG assign-
ments in the major metabolic pathways (Table 1). The
early clusters A1 and A2 that decreased in abun-
dance upon wetting had strong overlaps with dry
clusters C1, C2 and C3 whose expression increased
during drying (Supplementary Table S7).

Early events in M. vaginatus upon crust hydration
Starting from TO, the first 9h post wet-up marked
the early events of crust hydration (Figure 2a). Genes
in cluster A1l decreased in expression immediately
upon wetting, and overlap with those that increased
in expression during drying, and are therefore
discussed in detail in the later section; transcrip-
tional events during drying. Genes in clusters
A2 and A3 showed transient increases in expression
at 3 and 15min post wetting respectively. Cluster
A2 included genes encoding signaling/regulatory
proteins, and a few genes possibly involved in DNA
repair (Figure 3a, Supplementary Table S8). Cluster
A3 included DNA repair genes (mutT, rec/ and
recR), genes with DNA-binding domains and penta-
peptide repeat genes that may be DNA mimics
(Hegde et al., 2011) (Figure 3b, Supplementary Table
S8). There were also signaling/regulatory genes
encoding alternate RNA polymerase sigma factors,
or involved in cyclic nucleotide signaling or two
component systems with possible functions in light
sensing, chlorophyll metabolism or chemotaxis
(Supplementary Table S8).

As early as between 3 and 15 min of wetting, genes
in most major metabolic pathways were induced
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(Clusters A4 and A5, Table 1). These included genes
in photosynthesis (allophycocyanin antenna genes,
and a few PSII and electron transfer genes),
chlorophyll synthesis, glycolytic and pentose phos-
phate pathways, respiration, nitrogen assimilation,
fatty acid metabolism, synthesis of exopolysacchar-
ides and storage molecules (Supplementary Table
S9). Genes for the transport of various nutrients such
as phosphate, bicarbonate, sulfate, nitrogen sources
(nitrate, ammonium, urea), sugars, amino acids,
spermidine, ferric and cobalt ions were also induced
(Supplementary Table S9).

Diel-regulated transcriptional events

The fully hydrated crust displayed characteristic
diel behavior (Figures 2b and 4, Supplementary
Table S10). The bicarbonate transport genes and the
carbonic anhydrase gene cluster were maximally
expressed during the day, whereas the carboxysome
structural genes (ccm operon) were induced at night
(Figure 4). In the Calvin cycle, RubisCo and
phosphoribulokinase genes showed a slight
increased expression during the photic periods.
Only two photosystem genes (encoding a PSII
protein and the Psal. protein) expressed in a
putative operon showed a diel pattern. The light-
dependent protochlorophyllide reductase gene in
chlorophyll synthesis increased in expression dur-
ing the day, whereas the light-independent enzyme
increased in expression at dusk (Figure 4).

The chlorophyll a-/b-binding proteins and orange
carotenoid protein encoding genes, the groES/EL
chaperones and some oxidative stress protection
genes, including a superoxide dismutase, followed a
day cycle (Figure 4, Supplementary Table S10).
Additionally, an FeS cluster assembly operon
sufSDCB was highly induced during the day, and
an associated sufR regulatory gene showed a similar
pattern (Figure 4).

Some genes in the pentose phosphate pathway,
glycogen breakdown and respiration followed a
dusk or night cycle (Figure 4). An interesting cluster
of predicted gas vesicle proteins were induced at
dusk or night times (Figure 4). Several regulatory
genes also followed a diel cycle (Supplementary
Table S10).

Transcriptional events during drying
Most molecular events that mark the reentry into
desiccated state (Figure 2c) were completed within
8h of water removal. Expression of genes in the
majority of central anabolic pathways were
repressed within 1-2h following the removal of
surface water from the crust (See Table 1 for
enrichment of KEGG metabolic pathways in clusters
C4 and Cb).

Genes for the synthesis of compatible solutes
such as trehalose and sucrose, as well as sugar
transporters and K*/H* or Na*/H™ antiporters
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Figure 2 Transcriptional response of M. vaginatus in the BSC to the simulated hydration—dehydration event. Graphs represent k-means
clustering of expression profiles and the cell diagrams depict the conceptual models showing the key transcriptional events in the early
wet-up block 0-9h (a), in the diel phase block from 9-49.5h (b) and in the dry-down block (c). Y axis represents the expression
intensities in arbitrary units after RMA normalization and centering to zero mean. The similar colors for cluster lines in (a, ¢) indicate a
high overlap in the genes represented by those clusters between the early wet-up and dry-down blocks. Colors for the cluster lines also
match those used in the cell diagrams to represent the same set of genes. In the early wet-up (a), DNA repair, signaling via two component
systems and cyclic nucleotides, and RNases that are transiently induced in response to wetting are representative of genes in clusters A2
and A3 (blue). Synthesis of compatible solutes and storage molecules are representative of cluster A1 (red) that have decreased
abundance on wetting. Nutrient uptake, photosynthesis, chlorophyll metabolism, oxidative phosphorylation, EPS synthesis and fatty
acid desaturases are among the genes that are induced in response to hydration in clusters A4 and A5 (green). In the diel phase (b), CO,
uptake and concentration, ROS scavengers (superoxide dismutase SOD, orange carotenoid protein OCP), GroES/EL chaperones, FeS
cluster assembly (suf genes), nonribosomal peptide synthase (INRPS) genes and regulators of chlorophyll synthesis (GUN4) and
photosynthesis (TSPO) represent cluster B1 with a day cycle (purple). Structural components of the carboxysome (ccm) and cyclic
nucleotide signaling genes (cycA) represent cluster B2 with a night cycle (blue), and gas vesicle like genes, cytochrome bd oxidase,
pentose phosphate pathway genes, glycogen breakdown and sigma factor regulation represent cluster B3 with a dusk cycle (orange). In
the dry-down (c), clusters C4 and C5 (green) that decrease in expression upon drying include nutrient uptake, photosynthesis, oxidative
phosphorylation and FeS cluster assembly. Clusters C1, C2 and C3 (red) that are induced upon drying include synthesis of trehalose,
sucrose, cyanophycin, polyhydroxyalkanoate (PHA), (p)ppGpp. genes utilizing polyphosphate, ROS scavengers, sugar and Mn ** uptake,
K* and Na* antiporters, phycobilisome degradation protein NblA, chaperones, glycogen breakdown, pentose phosphate pathway,
proteases and sigma factor regulation.
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Table 1 KEGG functional assignments for the different clusters in the early (A1-A6), diel (B1-B4) and dry-down phases (C1-C6)

Pathway No. of Number of genes in
genes
Early phase clusters Diel phase clusters Dry-down clusters

A1 A2 A3 A4 A5 A6 B1 B2 B3 B4 (C1 C2 C3 C4 C5 Cé6
Glycolysis/Gluconeogenesis 25 6 0 2 2 15 0 5 12 8 0 6 0 O 2 17 0
Citrate cycle (TCA cycle) 13 0 1 0 3 9 0 1 7 5 0 1 1 1 2 8 0
Pentose phosphate pathway 21 3 4 3 3 8 0 3 10 8 0 5 3 1 4 8 0
Fatty acid biosynthesis 10 2 3 0 2 3 0 3 6 1 0 0 1 1 4 4 0
Oxidative phosphorylation 33 0 0 2 4 27 0 17 6 10 o0 7 0 3 0 23 0
Photosynthesis 42 2 1 2 8 29 O 22 18 2 0 4 4 1 4 29 O
Photosynthesis antenna proteins 13 3 1 2 1 6 0 9 4 0 0 0 2 1 0 10 0
Purine metabolism 43 7 6 9 4 17 0 8 21 14 0 3 3 2 10 25 O
Pyrimidine metabolism 32 5 5 9 2 11 0 4 16 12 0 3 3 1 8 17 0
Peptidoglycan biosynthesis 14 1 2 0 1 10 0 6 5 3 0 0 0 © 7 7 0
Glycerolipid metabolism 10 0 0 O 4 6 0 4 5 i1 0 0 0O 0O 2 8 O
Glycerophospholipid metabolism 8 0o 1 1 4 2 0 3 5 0O 0 0 1 o0 0 7 0
Carbon fixation in photosynthetic organisms 17 5 0 0 4 8 0 312 2 0 3 0 0 3 11 O
Carbon fixation pathways in prokaryotes 19 2 3 0 4 10 O 4 10 5 0 4 1 1 6 7 0
Porphyrin and chlorophyll metabolism 46 8 4 9 6 19 0 10 19 17 0 7 6 3 13 17 O
Terpenoid backbone biosynthesis 13 3 2 2 3 3 0 1 10 2 0 1 2 0 1 9 o0
Carotenoid biosynthesis 10 1 3 2 31 0 6 4 0 o0 2 0 1 2 5 0
Nitrogen metabolism 21 4 1 1 8 7 0 9 6 5 1 7 1 1 3 9 0
AminoacyltRNA biosynthesis 25 1 1 4 8 11 0 10 9 6 0 2 1 1 8 13 0
ABC transporters 61 8 8 8 20 17 O 22 24 13 2 2 8 4 15 32 O
Two component system 46 12 9 9 7 9 0 13 20 13 0 6 9 9 12 10 O
Bacterial chemotaxis 6 3 2 1 0o 0 O 3 1 2 0 0 1 5 0 0 O
Ribosome 51 12 2 0 1 36 O 5 <] 38 0 0 1 4 41 5 0

Abbreviation: TCA, tricarboxylic acid cycle.

increased in expression (Figure 5, Supplementary
Table S11). Among reserve polymers, gene clusters
for metabolism of cyanophycin and synthesis of
polyhydroxyalkanoates were upregulated, (Figure 5)
but the breakdown of glycogen was also enhanced.
In addition, genes involved in the pentose phos-
phate pathway and the respiratory cytochrome
oxidase genes coxABC and cydA were also over-
expressed (Figure 5). A gene predicted to encode
polyphosphate  glucokinase, which catalyzes
poly(P)-driven formation of glucose-6-P from
glucose, was strongly upregulated. Furthermore, a
putative operon involved in pentose-glucuronate
conversions and some genes predicted to be
involved in amino sugar or nucleotide sugar meta-
bolisms were also induced during dehydration
(Figure 5, Supplementary Table S11).

Chaperone genes, such as groES/EL and dnaj-
dnak, and a putative stress-induced LEA-like (late
embryogenesis abundant) protein that has been
implicated in reducing desiccation-induced aggre-
gation of cell proteins (Chakrabortee et al., 2012)
were induced. Several oxidative stress protection
genes were expressed (Figure 5, Supplementary
Table S11), such as multiple Mn-containing cata-
lases to scavenge ROS, dps (DNA-binding ferritin)
genes that protect DNA from oxidative damage
(Martinez and Kolter, 1997), and thioredoxin/glutar-
edoxins and methionine sulfoxide reductases to
reverse protein oxidation (Boschi-Muller et al.,

2008; Kohéryova and Kolérova, 2008). Genes for
photo-protective orange carotenoid proteins and
chlorophyll A-B-binding proteins (Kirilovsky
2010) were strongly upregulated. ABC transporter
genes for Mn "2 ions were among the few transpor-
ters that were upregulated during drying (Figure 5)
and might be involved in protecting the proteome
against oxidative stress by forming Mn-complexes
that scavenge ROS as demonstrated for
Bacillus subtilis (Granger et al., 2011) and Deinococ-
cus (Frederickson et al., 2008). The nblA gene
encoding a phycobilisome degradation protein
(Richaud et al., 2001) was highly overexpressed. The
putative operon (PSII-psal) and an orphan carbonic
anhydrase gene showed low increases in expression.

Among other top differentially expressed genes,
there were several genes coding for enzymatic
functions such as dehydrogenases, esterases and
hydrolases and multiple protease genes. A phos-
pholipid-binding domain protein along with some
glycoside hydrolase genes encoded in the same gene
cluster were upregulated, as well as a GTP-binding
protein and the translation elongation factor EF-G
genes (Figure 5, Supplementary Table S11).

There were many signaling and regulatory events
that appeared to be desiccation specific (Figure 5,
Supplementary Table S11): the stringent response
alarmone (p)ppGpp synthetase (RelA/SpoT), ChaB
cation transport regulators and the iron sulfur
cluster biosynthesis regulator sufR, in particular.
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Figure 3 Genes transiently induced during early wet-up time
points. (a) Genes belonging to cluster A2 showed a low increase in
expression immediately upon wetting and include DNA repair and
signaling genes. For more detail see Supplementary Table S8.
(b) Genes belonging to cluster A3 showed a peak in expression at
15min past wetting and include DNA repair, DNA-binding
proteins, possible DNA mimics, signaling events, RNAases, rRNA/
tRNA modifications and oxidative stress genes. For details see
Supplementary Table S8. Heatmaps depict fold change in normal-
ized expression relative to T0, according to the scale above each.
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Discussion

Microorganisms that inhabit arid environments
withstand extreme fluctuations in water potential
and severe exposure to solar radiation. Microorgan-
isms that routinely survive such conditions may be
expected to have developed coordinated dormancy
strategies that ensure cellular integrity and the
ability to respond rapidly to, or even anticipate,
rehydration, which occurs through infrequent rain-
fall events. Here we report a temporal system-level
analysis into how M. vaginatus, a major contributor
for carbon fixation in light BSC, responds to wetting
and desiccation in the context of its natural
microbial community.

Our approach of interrogating natural populations
of M. vaginatus using intact soil crusts has the
advantage that they are already adapted to the
constraints of their natural habitat. Thus, the use
of the intact BSC microbial community allowed us
to expose our system to diel patterns comparable to
an overcast desert day, while axenic M. vaginatus
cultures can only withstand light intensity ten times
lower than that used in our experiment. We also
used a 3-day long rain episode. Such conditions
are relatively rare in the desert but do occur
(Supplementary Data) and enabled the differentia-
tion of wet-up and dry down vs diel cycle responses.
Using these simulated weather conditions, and
sampling in a temporal manner over the 6-day
experimental period, allowed us to track key
transcriptional responses as and when they
occurred.

In our simulated rainfall experiment, we observed
a rapid recovery of photosynthetic oxygen evolution
and CO, uptake, and a diel pattern was apparent
immediately following a transition from light to
dark. The speedy recovery of metabolism was
consistent with previous studies on natural crusts
(Garcia-Pichel and Belnap, 1996; Harel et al., 2004;
Ohad et al., 2010), and was faster than observed in
pure culture studies of other organisms (Scherer
et al., 1984). Concurrent with our biogeochemical
measurements, transcription displayed cyclical
patterns of gene expression with exit from dormancy
upon hydration, a re-initiation of metabolism and
preparation for desiccation. We observed mirrored
trends through early stages of wetting and late stages
of drying, with strong overlaps among the genes
downregulated during drying and those induced
during early wetting, and among genes upregulated
during drying and those that decreased during early
wetting.

Our results suggest the following conceptual
model for M. vaginatus’s response to hydration and
desiccation (Figure 2). Early gene expression events
following hydration included (1) a turnover or active
downregulation of transcripts that were synthesized
during desiccation; (2) increase in expression of
genes involved in nutrient uptake, synthesis of
chlorophyll and ATP synthesis among others that
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Figure 4 Primary genes displaying differential expression over day—night cycles. (a) Structural components of the carboxysome (genes
2505167029-34, purple) showed a preferential nighttime expression. (b) Genes encoding gas vesicle-like proteins (2505166061-68, green)
had maximal expression at dusk. (c) Expression of operon 2505169735-45 (orange), with several sigma factor regulatory genes, also
peaked at dusk. (d) The three subunits of the light-independent protochlorophyllide reductase (chiB, chIN, chIL) (red) had maximum
expression at dusk, whereas that of the light-dependent enzyme (blue) peaked during daytimes. (e) Pentose phosphate pathway genes
(phosphoketolase, glucose-6-phosphate-1-dehydrogenase and 6-phosphogluconate dehydrogenase) (green) as well as the cytochrome d
oxidase (cydAB) (purple) reached maximal expression at dusk. (f) The sufSDCB (turquoise) and the sufR (orange) genes for FeS cluster
assembly had maximum expression during the daytime. (g) The groES/EL/EL2 chaperone genes (blue), and oxidative stress protectants
superoxide dismutase (orange), peroxiredoxin (green), glutaredoxin (purple) genes were induced during the day. (h) The bicarbonate
ABC transporter genes (2505169176-79) (blue) and the carbonic anhydrase gene cluster (2505169834-38) (red) were also maximally
induced during the day. For more gene information and a complete list of all genes showing detectable diel gene expression patterns, see
Supplementary Table S10. The colored bar on top indicates day—night cycles with yellow blocks indicating daytime and purple blocks
indicating dark (short light purple blocks depict dusk and dawn while the longer dark purple blocks depict night).

contribute to the rapid re-initiation of metabolism;
and (3) transient increases in expression of genes
required to repair the DNA damage caused by
desiccation, signaling/regulatory genes that possibly
transduce the signals such as water potential
change, RNAses for turnover of unnecessary tran-
scripts and TRNA/tRNA modification genes that may
be necessary for preparation of translation
(Figure 2a).

Following hydration, the cells rapidly (1-9h)
entered a phase of fully active metabolism. Several

responses that mapped to this phase may also serve
as preparation for a subsequent dehydration event.
For example, one of two gene clusters for the
synthesis/hydrolysis of cyanophycin (a typical
nitrogen reserve; Kolodny et al., 2006) was
expressed only upon hydration. Polyphosphate, also
a storage molecule, may be continuously synthe-
sized using the two polyphosphate kinase genes
ppk1 and ppk2, as they are expressed but did not
appear to be differentially regulated. Concentrations
of polyphosphate may be controlled by the
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Figure 5 Transcripts that downregulate upon wetting (a) are induced again at onset of desiccation (b). These include chaperones,
oxidative stress protectants, synthesis and transport of compatible solutes, synthesis of storage molecules, glycosidases, proteases and
other enzymes, photosystem genes, pentose phosphate pathway and pentose-glucuronate conversion genes, respiration, fatty acid
metabolism, some DNA modifications, and several signaling and regulatory genes. The heatmap denotes fold change in normalized
expression relative to TO for the early wet-up time points T0,.02,.25, 1 and 9h (a), and fold change in expression relative to the first
dry-down time point for the times 1, 2, 4, 8 and 72h past start of dry-down (b). For gene details see Supplementary Table S11.

exopolyphosphate ppx gene levels, which increased  desiccation. Induction of genes for exopolysacchar-
upon wetting, and through (p)ppGpp (Kuroda et al.,  ide synthesis upon hydration (Figure 2a) may be
1997) the synthesis of which was induced during important in contributing to desiccation tolerance

The ISME Journal



by protecting cell membranes (Hill et al., 1997;
Tamaru et al., 2005). Also, exopolysaccharide
synthesis may facilitate the motility of M. vaginatus
as previously observed (Campbell, 1979). Genes for
fatty acid desaturation, which were highly over-
expressed upon wetting (Figure 2a), may aid in
desiccation resistance as a result of altered, possibly
increased, membrane fluidity (Allakhverdiev et al.,
2001).

The diel phase following hydration showed
expected patterns such as bicarbonate uptake and
carbonic anhydrase gene clusters peaking in expres-
sion during the photic period (Jensen et al., 2011)
(Figure 2b). Similarly, the structural components of
the carboxysome also displayed expected expres-
sion patterns with expression in the dark as
preparation for CO, uptake during the next photic
period. The transcriptional regulation of photosyn-
thetic activity during the diel cycle may be via the
sufSDCB-sufR genes (Figure 2b), potentially
involved in FeS cluster generation for the photo-
synthetic apparatus (Wang et al., 2004), and also via
expression of the psll-psal. gene cluster. The
cyclical nature of temperature, light and oxygen
concentrations was also reflected in the expression
of genes related to heat or oxidative stress response
such as the chaperones and ROS scavengers. The
dark phase upregulation of a gene cluster homo-
logous to gas vesicle proteins was surprising as
M. vaginatus is not known to synthesize these
buoyancy-providing structures, although some of
the genes essential to their formation (gvp/-M-O)
were not identified (Offner et al., 2000).

The onset of dehydration triggered the down-
regulation of genes involved in several pathways
that corresponded to a decrease in metabolism, and
also the upregulation of genes that were required to
prepare for desiccation (Figure 2c). Although
M. vaginatus employed several strategies to deal
with desiccation, we observed continued CO, fixa-
tion (and respiration) even as bulk soil water
potentials reached —40to — 95 MPa (approximately
water content values of 1.5% and 0.5%)
(Supplementary Tables S1 and S2, Supplementary
Figure S1). Previous work (Brock, 1975) has demon-
strated that photosynthesis ceases when M. vagina-
tus is exposed to water potentials below — 2.8 MPa.
Taking into account this observation, and the fact
that it was done in an axenic culture of Microcoleus
without its native microbial community and abiotic
environment, we hypothesize two explanations for
photosynthesis and respiration at water potentials
between —40 and —95MPa. Although, a desicca-
tion stress response was clear from the M. vaginatus
transcriptome, this cyanobacteria or other organisms
from the BSC cryptobiota may have unknown
mechanisms that keep water potential higher in
the immediate vicinity of the cells allowing the BSC
microbial community to support photosynthesis.

Oxidative stress is known to be a primary product
of desiccation (Franca et al., 2007) and M. vaginatus

Desiccation/resuscitation cycle of M. vaginatus
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responded by inducing several genes to scavenge
ROS and protect DNA and proteins from oxidative
damage and to prevent photo-oxidative damage to
reaction centers (Figure 2c). Microcoleus PSII
reaction centers have been proposed to have a
photo-protective  mechanism  whereby singlet
oxygen release is reduced under high-light stress
(Ohad et al., 2010). EPS production in UV-B stressed
cells of M. vaginatus has also been shown to protect
against oxidative damage (Chen et al., 2009).
Increased expression of chaperones may help
reverse any protein unfolding expected to occur
during desiccation. Under these conditions pro-
teases may be used to recycle unwanted proteins as
part of resource allocation or degrade misfolded
proteins. Some genes, such as the groES/EL chaper-
one, orange carotenoid protein and chlorophyll
a-/b- binding protein, as well as the regulatory genes
sufR, GUN4 and TSPO-domain, also showed a diel-
expression pattern with increased expression during
the day. However, the increase during desiccation
was much greater than that seen during diel cycling,
likely due to exacerbation of photo-oxidative stress.
Osmotic balance is likely maintained initially
through cation transport using Na*/H* exchangers
or K*/H™" antiporters that can be regulated by ChaB
domain transport regulators (Osborne et al., 2004)
(Figure 2c). As desiccation stress intensified,
genes for the synthesis of compatible solutes,
trehalose and sucrose (Hagemann, 2011) were
induced. Our results suggest a turnover of glycogen,
while reserving nutrients and energy in the form
of cyanophycin, poly-hydroxy-alkanoates and poly-
phosphate, during desiccation (Figure 2c).
Transcriptional events during dehydration also
suggest processes that may poise the cells for
resuscitation. The expression of transporters for
the uptake of sugars during drying may be impor-
tant in competing for extracellular compatible
solutes upon wetting. The upregulation of pentose
phosphate pathway, and the polyphosphate gluco-
kinase enzyme (Figure 2c) uniquely induced during
drying, provide mechanisms for producing pentose
sugars and reducing equivalents (NADPH) both of
which are required for the synthesis of nucleotides,
and may poise the cell to repair DNA damage
during desiccation (Slade and Radman, 2011).
Induction of genes in respiration (Figure 2c) may
be providing energy required for these anaplerotic
reactions. The upregulation of the second carbonic
anhydrase specifically during drying may also be
for anaplerotic assimilation by phosphoenolpyru-
vate carboxylase (Giordano et al., 2003; Ye et al.,
2008), and it may explain the continued CO,
uptake seen during drying. The induction of the
translation elongation factor EF-G and the GTP
binding has been associated with an exit from
dormancy (Dworkin and Shah, 2010). Analysis of
the dry crust at TO suggested that several RNA
transcripts, such as that of the photosystem genes,
were stably maintained through dormancy, and this
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preparedness may contribute to the fast resuscita-
tion upon hydration.

Our data have helped to uncover several of the
likely adaptations that M. vaginatus employs to
emerge from and re-enter desiccation-induced dor-
mancy. Among the genes that are shared between
early cluster A1 and dry-down clusters C1 and C2,
33% and 43%, respectively, of genes are hypothe-
tical or with unknown or uncharacterized domains.
Several of these novel genes are likely to have
important roles in desiccation survival. The trends
in gene transcription observed in response to
hydration and dehydration also hint at preparedness
for resuscitation. Our data and model provides a
foundation for future studies to further explore the
genetic basis for adaptation of M. vaginatus and BSC
communities to their harsh ecosystems.
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