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Up-regulated Gene Expression during Dehydration in a Terrestrial
Cyanobacterium, Nostoc sp. Strain HK-01
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Genes expressed more intensively during dehydration were screened in the terrestrial cyanobacterium Nostoc
sp. HK-01, which is phylogenetically very similar to the aquatic Anabaena sp. PCC 7120. A DNA microarray for
Anabaena was used to determine the gene expression of Nostoc sp. HK-01 cells. The results showed that genes
homologous with those of Anabaena were expressed increasingly more during dehydration. The expression was
transient in Anabaena while in Nostoc it increased until the wet weight decreased to 10% of that before drying. It
was concluded that the higher desiccation-tolerance of Nostoc was supported by the more intensive gene expres-

sion than in Anabaena.
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Cyanobacteria, the photosynthetic, O,-evolving prokary-
otes, grow in diverse habitats ranging from tropical to polar
regions. In terrestrial cyanobacteria, the cells can survive
under desiccated conditions for a long time. Such desiccated
cells rapidly recover their physiological functions immedi-
ately after rewetting®. It is proposed that there are three
phases in this drought tolerance”. The first is the drying
phase which initiates dehydration from inside and outside of
the cells. In this phase, cells avoid lysis from hyper osmotic-
down shock and protect DNA, RNA, proteins and mem-
branes from salt stress, oxidative stress, and UV stress. The
second is the desiccation phase in which the cells dry up and
no physiological activity occurs. The third is a rehydration
phase when water is again supplied. In this phase, the cellu-
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lar metabolism promptly recovers, and the damage from
desiccation is repaired. Despite many studies on the mecha-
nism of drought tolerance, the molecular responses of cells
to drying, desiccation and rehydration remains unclear.

The terrestrial cyanobacterium Nostoc sp. strain HK-01
(hereafter Nostoc HK-01) was isolated from a cyanobacteri-

‘al mat on soil and was found to be very similar to the aquat-

ic Anabaena sp. strain PCC 7120 (hereafter Anabaena PCC
7120) in the 16S rRNA gene and #nL(UAA) intron
sequences?. The genomic sequence of Anabaena PCC 7120
(6.4 Mbp and 6 plasmids) has been determined?. Recently,
we have made a DNA microarray for Anabaena PCC 7120
using sequencing clones with 3 to 4 kbp'?. The gene expres-
sion of terrestrial cyanobacteria during dehydration has not
yet been investigated.

Nostoc HK-01 was grown at 30°C in WK medium® with
5 mM N-tris-(hydroxymethyl)methyl-2-aminoethanesulfon-
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Table 1. Primers used for RT-PCR and number of PCR cycles

Gene Forward primer

Reverse primer Number of PCR cycles

16S rRNA GCGTAGAGATCAGGAAGA
alr0894
alr3090
all4050
all3197
alr3199
alr5182
asr5183

CGITATTGGCACAACTTT
GGGCCTCATTTTCTAGAT
GGATGACCAGAGACCAAG
CCGAATATTCCCCCAGTG
CGCTCACCAAGAACAACT
GCTAAAGAAGGTGCAGAT
GTAGATTGTGCTAGAGCA

CCATGCACCACCTGTGTT 20 (positive control)
30 (negative control)
AATTTGCTGITCTGGTTC 25
TTITGAATGCTGGCTCAGA 30
GCCAACAGCTACTTCACC 25
TGTGGCGATAGGAGAGTT 30
GGGCTGATAGCCTTGATT 25
GAGGGAATTAAAGGTGTC 25

CAGGTGCAATAATTTCCC 30

Anabaena PCC 7120

Nostoc HK-01

Fig. 1. Drought-test for Anabaena sp. PCC 7120 and Nostoc sp.
HK-01. Cells dried for 8 months were soaked with sterile water
for 10 min, streaked on a WK agar plate, and incubated under
continuous light (35 uE m~2s71) at 30°C. In each panel, the cells
on the left are Anabaena sp. PCC 7120 and the right side cells are
Nostoc sp. HK-01 after soaking and streaking.

ic acid (TES)-NaOH (pH 8.0) at 35 uE m2s! under contin-
uous fluorescent illumination. Anabaena PCC 7120 was
grown at 30°C in BG11 medium!V with 20 mM N-2-hy-
droxyethylpiperazine-N -2-ethanesulfonic acid (HEPES)-
NaOH (pH 8.0) at 35 uE m2s! under continuous fluores-
cent illumination. Cells were grown in a volume of 50 ml in
a culture tube and bubbled with air containing 1% CO,. The
concentration of chlorophyll extracted by methanol was
measured using a spectrophotometer (model UV-160A, Shi-
madzu, Kyoto, Japan) and calculated with Agss 1=13.4 pg
chlorophyll/ml9.

A 30-ml portion of cell culture was harvested by filtration
on filter paper at a chlorophyll concentration of 15 pg chlo-
rophyll/ml and dried on a plastic dish in an incubator under
light (35 UE ms7) at 30°C and 30~40% relative humidity.
The cells were harvested when the wet weight decreased to
50%, 30% and 10%. As a control, cells were used immedi-
ately before drying. Total RNA was isolated from the cells
by the hot-phenol method”. Crude total RNA was treated
with 0.1 U/ul DNase I (Takara, Shiga, Japan) at 37°C for 3
h. After phenol:chloroform:isoamyl alcohol extraction and
ethanol precipitation, total RNA was suspended in RNase-
free ultrapure water.

The DNA microarray experiment was performed as de-
scribed by Katoh er al¥. Hybridization was performed
overnight at 60°C. Washing was performed as follows: (i)
one wash in 2x SSC and 0.2% SDS at room temperature for
10 min; (ii) two washes in 0.2x SSC and 0.2% SDS at room
temperature for 10 min; (iii) two washes in 0.2x SSC and
0.2% SDS at 55°C for 10 min; and (iv) two washes in 0.2x
SSC at room temperature for 5 min. Then, the microarray
was dried using a spin dryer mini 2350 (Wakenyaku, Kyoto,
Japan). Microarrays were scanned by a laser fluorescent
scanner (Scanarray 4000, GSI Lumonics, Billerica, MA,
USA). The expression level of each spot on the DNA mi-
croarray during drying was indicated by the drying/control
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ratio.

The genes whose expression was up-regulated in Nostoc
HK-01 were determined by RT-PCR using a RNA PCR Kit
(Takara). The DNA sequence of those genes conserved
among Anabaena sp. PCC 7120, Anabaena variabilis
ATCC29413 and Nostoc punctiforme was chosen as a prim-
er (Table 1). PCR amplifications were performed for 20-30
cycles each consisting of 30 s at 94°C, 30 s at 50°C and 1
min at 72°C in the case of Nostoc HK-01. RT-PCR experi-
ments of positive and negative controls for Nostoc sp. HK-
01 were performed using 16S rRNA gene primers (Table 1).
Since the amount of transcript of the 16S tRNA gene had
decreased as dehydration progressed for Anabaena PCC
7120, the quantitative determination of the total amount of
RNA was made only with a spectrophotometer.

The cells of Nostoc HK-01 and Anabaena PCC 7120
were harvested after culturing for 2 weeks. Each cell sus-
pension with 7.5 pg of chlorophyll per milliliter was then
filtered on a cellulose acetate membrane filter (Toyo Roshi
Co, Ltd., Tokyo, Japan), dried for a week, and stored for 8
months in the dark at 30°C and 30-40% relative humidity.
These dried strains were soaked with sterile water for 10
min, streaked on an agar plate with WK medium, and incu-
bated under light (35 uE ms™') at 30°C. Figure 1 shows
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that once dried, Nosfoc HK-01 cells exhibited a recovery of
growth while Anabaena PCC 7120 cells were unable to re-
cover from desiccation and disappeared after 4 days. The re-
sults show that even though Nostoc HK-01 and Anabaena
PCC 7120 are very similar phylogenetically, they are quite
different in their drought-tolerant capacity.

The genome-wide gene expression of Nostoc HK-01 was
determined using the DNA microarray of Anabaena PCC
7120. The profile of the down-regulated gene expression in
the Nostoc cells (data not shown) was almost the same as
that in the Anabaena cells during drying®. We focused on
genes whose expression levels were still high even if the
wet weight decreased to 10% (Table 2).

To confirm the expression of genes observed in the DNA
microarray, RT-PCR was carried out on almost all genes
up-regulated. Results of RT-PCR experiments showed that
the expression of the genes encoding homologs of alr0894,
alr3090, all3197, alr3199, all4050, alr5182 and asr5183 in-
creased during drying (Fig. 2). In the cells just before dry-
ing, no expression of genes homologous with alr0894,
alr3090 and all4050 was observed. The increase in gene ex-
pression lasted until wet weight decreased to 10%. The gene
expression of the all3197 homolog was detected when wet
weight reached 10%. These results showed that the microar-

Table 2. List of genes in Nostoc sp. HK-01 clearly detected with the Anabaena DNA microarray. Names used are those of the corresponding

genes of Anabaena sp. PCC 7120

drying/control ratio®
Anabaena sp. PCC 7120 ORF contained in DNA-fragment® wet-weight 50% wet-weight 30% wet-weight 10%
ratio std ratio std ratio std
alr0893: hypothetical protein, alr0894: hypothetical protein, alr0895: 4.8740.36 2.600.41 3.45+0.30
alcohol dehydrogenase, alr0896: unknown protein
alr0896: unknown protein, alr0897: alcohol dehydrogenase, alr0898: 4.5610.49 2.73£1.47 1.96+0.37
hypothetical protein, all0899: hypothetical protein, alr0900:
serine/threonine kinase with two-component sensor domain
alr3088: nifS protein, class-V aminotransferase, ast3089: 1.89+0.22 2.1320.65 1.67+0.28
transglycosylase-associated protein, alr3090: hypothetical protein
alr3790: hypothetical protein, all3791: ribonuclease D, all3792: 3.03£1.02 2.2140.27 2.38+0.56
hypothetical protein, all3793: unknown protein
alr5180: unknown protein, alr5181: unknown protein, alr5182: 1.6410.07 1.78+0.24 2.2410.49
oxidoreductase, asr5183: unknown protein, all5184: Mg-transport
protein
as13196: hypothetical protein, all3197: hypothetical protein, all3198: 2.09+0.14 1.7840.27 2.01£0.80
hypothetical protein, alr3199: unknown protein
as13360: unknown protein, alr3361: hypothetical protein, alr3362: 2.7240.27 2.1710.40 2.0240.56
hypothetical protein, alr3363: hypothetical protein
asr4048: unknown protein, all4049: unknown protein, all4050: 4.86£2.05 2.59+0.44 3.05+0.36

hypothetical protein, all4051: hypothetical protein

2 Cyanobase (http:/www.kazusa.or.jp/cyanobase/) was referred to for the ORF and description.
b The values were calculated as a ratio of the signal intensity of drying to control. All expression rates are shown as averages with standard devia-

tions of three independent experiments.
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Nostoc sp. HK-01

alr0894-homolog
alr3090-homolog
all4050-homolog
all3197-homolog
alr3199-homolog
alr5182-homolog

asr5183-homolog

positive control

negative control
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Anabaena sp. PCC 7120

alr0894

alr3090

all4050

all3197

alr3199

alr5182

asr5183

Fig. 2. RT-PCR analysis for up-regulated genes in Nostoc sp. HK-01 homologous with those in 4nabaena sp. PCC 7120. Numbers show tem-
plate conditions. 1-4: reverse-transcribed RNA samples when wet weight was 100%, 50%, 30% and 10% during drying, respectively. RT-
PCR experiments of positive and negative controls for Nostoc sp. HK-01 were performed using 16S rRNA gene primers (Table 1).

ray of dnabaena PCC 7120 can be used to determine the
gene expression of Nostoc HK-01.

To compare the differences of gene expression between
Nostoc HK-01 and Anabaena PCC 7120 cells, RT-PCR was
carried out for genes of Anabana PCC 7120. alr0894,
alr3090, all3197, alr3199, all4050, alr5182 and asr5183,
during drying. In contrast to Nostoc HK-01, all these genes
except alr5182 were expressed most actively when wet
weight reached 50% or had decreased as dehydration pro-
gressed (Fig. 2). The gene expression of alr5182 was not at
all detected in the Anabaena PCC 7120 cells before and
during drying.

Proteins homologous with alr0894, alr3199, all4050 and
alr5182 reportedly accumulated in response to UV-B shock
in the cells of Nostoc commune DRH12. The expression of
genes is considered indispensable to drought tolerance. The
alr5182 product is predicted to be an oxidoreductase and the
products of alr0894, all3197, alr3199 and asr5183 are un-
known proteins. The alr3090 product was homologous with
manganese-containing catalase, an antioxidant catalyzing
the conversion of hydrogen peroxide to water and molecular

oxygen. Hydrogen peroxide would be converted to the high-
ly reactive hydroxyl radical which is able to damage a wide
variety of molecules within a cell, leading to cell death.
Thus, the alr3090 product might function to protect the cell
from oxidative stress. all4050, named anaK, has been re-
ported as a homolog of the akinete marker gene in Anabae-
na variabilis'. Akinetes are resistant to desiccation and
coldness, and are able to recover cellular metabolism and
germinate to produce new filaments when cells are returned
to ordinary growth conditions?.

Why did Anabaena PCC 7120 cells stop expressing cer-
tain genes while Nostoc cells kept expressing them during
dehydration? Presumably, the Anabaena PCC 7120 cells
can live only in aquatic conditions whereas Nostoc HK-01
cells acquired the ability to live under desiccated environ-
mental conditions. It is extremely important that Nostoc
HK-01 cells have a mechanism to maintain active gene ex-
pression even if wet weight decreases to 10%. More studies
are needed to elucidate this molecular mechanism of
drought tolerance. However, the present work provides new
evidence concerning genes necessary for drought tolerance
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in cyanobacteria.
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