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Photosynthetic performance of the terrestrial cy-
anobacterium Nostoc flagelliforme (M. J. Berkeley et
M. A. Curtis) Bornet et Flahault during rehydration
and desiccation has been previously characterized,
but little is known about the effects of solar UV
radiation (280—400 nm) on this species. We investi-
gated the photochemical activity during rehydration
and subsequent desiccation while exposing the fila-
mentous colonies to different solar radiation treat-
ments. Photochemical activity could be reactivated
by rehydration under full-spectrum solar radiation,
the species being insensitive to both ultraviolet-A
radiation (UVAR; 315-400 nm) and ultraviolet-B
radiation (UVBR). When the rehydrated colonies
were exposed for desiccation, the effective PSII
photochemical yield was inhibited by visible radi-
ation (PAR) at the initial stage of water loss, then
increased with further decrease in water content,
and reached its highest value at the water content of
10%-30%. However, no significant difference was
observed among the radiation treatments except for
the moment when they were desiccated to critical
water content of about 2%-3%. At such a critical
water content, significant reduction by UVBR of the
effective quantum yield was observed in the colon-
ies that were previously rehydrated under indoor
light [without ultraviolet radiation (UVR)], but not
in those reactivated under scattered or direct solar
radiation (with UVR), indicating that preexposure to
UVR during rehydration led to higher resistance to
UVR during desiccation. The photosynthetic CO,
uptake by the desiccated colonies was enhanced by
elevation of CO; but was not affected by both
UVAR and UVBR. It increased with enhanced desic-
cation to reach the maximal values at water content
of 40%-50%. The UV-absorbing compounds and
the colony sheath were suggested to play an import-
ant role in screening harmful UVR.
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Nitrogen-fixing cyanobacteria are important con-
tributors to overall primary productivity in ecosys-
tems, especially in extreme environments, such as
hypersaline pools, hot springs, deserts, alkali lakes,
and polar areas (Whitton and Potts 2000). Cyano-
bacteria, like all photoautotrophs, depend on solar
radiation as their primary source of energy. How-
ever, increasing solar ultraviolet-B radiation (UVBR,
280-315 nm) reaching the earth’s surface because
of anthropogenic depletion of the stratospheric
ozone layer (Kerr and McElroy 1993) may become
detrimental to photosynthetic organisms. Key meta-
bolic activities in cyanobacteria, such as photosyn-
thesis and N-fixation, are extremely sensitive to
ultraviolet radiation (UVR; Sinha et al. 1997, Kumar
et al. 2003). The UVR may also harm nutrient trans-
port (Sinha et al. 1997), cell differentiation (Blake-
field and Harris 1994), and gliding motility
(Donkor et al. 1993) of cyanobacteria. Recently, it
was determined that solar UVR broke the filaments
and altered the spiral structure of the economic cy-
anobacterium Arthrospora platensis (Nordst.) Gomont
(Wu et al. 2005).

Photosynthetic organisms exposed to visible and
UV radiation in their natural habitats possess
efficient defense mechanisms counteracting the
harmful effects of UVR, such as behavioral avoid-
ance (Bebout and Garcia-Pichel 1995), repair of
UV-damaged DNA by photoreactivation and exci-
sion repair (Sinha and Héider 2002), and accumula-
tion of carotenoids and detoxifying enzymes or
radical quenchers that provide protection by

628



PHOTOSYNTHESIS OF NOSTOC FLAGELLIFORME UNDER SUNLIGHT 629

scavenging harmful radicals or oxygen species
(Wolfe-Simon etal. 2005). Accumulation of
UV-absorbing compounds, such as mycosporine-like
amino acids (MAAs) or scytonemin (Ehling-Schulz
et al. 1997, Biidel et al. 1997), are supposed to play
an important protective role for some cyanobacteria
and algae.

The terrestrial cyanobacterium Nostoc flagelliforme
is an economic species that has been used by the
Chinese for hundreds of years. It is distributed
in arid or semiarid districts of northern and west-
northern China, and its habitats are characterized
by intense solar radiation, extreme temperature dif-
ferences, and high altitude (1000-2800 m above sea
level; Gao 1998). High altitude, by decreasing the
path length for atmospheric attenuation, results in
high incident solar radiation at the earth’s surface.
The altitude gradients for UVR are much steeper
than those for visible radiation (PAR), and thus the
ratio of UVR to PAR increases with altitude (Casten-
holz and Garcia-Pichel 2000). However, little is
known about the physiological performance of
N. flagelliforme under solar radiation and its response
to UVR.

Photosynthesis in dried colonies of N. flagelliforme
is not active but can be reactivated by rehydration
(Gao etal. 1998). The reactivated photosynthetic
activity was light- and K'-dependent (Qiu and Gao
1999). Nostoc flagelliforme uses bicarbonate to photo-
synthesize when submerged, and the bicarbonate
uptake is associated with Na"/HCO3~ symport (Gao
and Zou 2001). Being a desiccation-tolerant cyano-
bacterium, N. flagelliforme maintains its superoxide
dismutase for years while being stored dry (Qiu et al.
2003). Nevertheless, previous studies were carried
out under indoor conditions with PAR as the light
source. As the effects of solar UVR were not consid-
ered, the physiological performance of N. flagelli-
forme may be different under sun exposure.

The aim of this study was to investigate the pho-
tosynthetic responses of N. flagelliforme to solar UVR
while rehydrated or desiccated so as to understand
the influence of solar UVR on this terrestrial econo-
mic cyanobacterium.

MATERIALS AND METHODS

Dry colonies of N. flagelliforme—filaments ~3-11 cm long
and hair shaped—were collected in 2004 from Sunitezuoqi
(43.85° N, 113.7°E) of Inner Mongolia and stored dry
at room temperatures in darkness before use in the
experiments.

Reactivation of photosynthetic activity. Nostoc flagelliforme col-
onies were rehydrated either under controlled indoor condi-
tions at 80 pmol photons~m_2-s_l and 25°C for 9-10 h (Gao
et al. 1998) or outdoors under either direct or scattered (under
shade) sunlight. The BG11 medium (Stanier et al. 1971) was
used for the rehydration. For the outdoor rehydration, quartz
chambers (15 X 15 X 5 cm) were used to allow both solar UVR
and visible PAR to pass through, where the filaments were
completely submersed for as long as the indoor treatment with
the air flowing through above the soaking medium.

Solar radiation measurements and treatments. Incident solar
radiation [UVBR: 280-315 nm; ultraviolet-A radiation (UVAR):
315-400 nm; and PAR: 400-700 nm] was continuously monit-
ored by a broadband filter radiometer (ELDONET; Real Time
Computer Inc., Erlangen, Germany) permanently installed on
the roof of a building at Shantou University (23.3° N 116.6° E).
This instrument, having been used worldwide and its reliability
internationally accepted (Hader et al. 1999), measures direct
and indirect radiation (Ulbrich integrating sphere) in three
different wavebands—PAR, UVAR (315-400 nm), and UVBR
(280-315 nm)—every second and records the averaged data at
1 min intervals.

Three different solar radiation treatments were implemen-
ted: (i) colonies receiving full solar radiation (PAB treatment,
280-700 nm), quartz chamber covered with no film; (ii)
colonies receiving UVAR and PAR (PA treatment, 320-
700 nm), quartz chamber (15 X 15 x 5 cm) covered with Folex
320 (Montagefolie, Nr. 10155099, Folex, Dreieich, Germany);
(iif) colonies receiving only PAR (P treatment, 400-700 nm),
quartz chamber covered with Ultraphan film 395 (UV Opak;
Digefra, Munich, Germany). The transmission spectra of these
filter films have been published by Figueroa et al. (1997).
These foils reflect an additional 3%-6% PAR compared with
the quartz tubes.

Estimation of water loss. 'When the rehydrated N. flagelliforme
was exposed for desiccation, water loss [WL (%)] from the
colonies was assessed continually as follows:

WL (%) = (Wo— W)/ (W, —=Wa) x 100 (1)

where W, is the initial wet weight measured after removing
water drops by lightly blotting with tissue paper; W, instanta-
neous weight of the samples measured at time intervals; and
W, the dry weight (dwt) measured after the samples had
been dried at 80°C for 20-24 h and cooled in a desiccator.
Relative water content [RWC (%)] was estimated as
(100 — WL).

Measurement of photochemical efficiency. During the rehydra-
tion and desiccation of N. flagelliforme colonies, effective
quantum yield (AF/F,) of PSII was determined with a portable
pulse modulation fluorometer (PAM 2000; Waltz GmbH,
Effeltrich, Germany) in a lightadapted state (Genty et al.
1989). Accordingly,

AF/F,= (F,~F)/F, (@)

where F/ is the current steady-state fluorescence, which was
measured with a modulated red light of 0.3 pmol pho-
tons'm 2-s™}, and F,/ is the maximal fluorescence yield of
the light-adapted sample, which was measured by an 0.8 s
saturating  pulse  of  approximately = 6000 pmol pho-
tons-m~2-s™!. The colonial filaments were arrayed one by
one on a transparent plastic sheet, which was then sand-
wiched and measured as a ‘‘leaf”’ during the period of Janu-
ary 20-25, 2005 (Gao et al. 1998).

Measurement of photosynthetic CO fixation. During the desic-
cation of wet (physiologically reactivated) N. flagelliforme col-
onies, photosynthetic COy uptake was measured using a
portable photosynthesis analyzer (LCA-4 infrared analyzer;
Analytical Development Company, Hoddesdon, Herts, Eng-
land). The cover of the assimilation chamber was replaced with
a quartz one to allow full-spectrum solar radiation to penetrate.
About 0.06 g (dwt) samples (>100 rehydrated colonies) were
spread on a plastic net (6 X 4 cm) before being sealed in the
chamber. Solar radiation treatments (PAB, PA, P) were
implemented as mentioned above, and independent experi-
ments were performed during periods centered around noon-
time (10:00 am.-3:00 p.m.) on different days through the
periods of December 21-29, 2004, and January 6-12, 2005.
While the colonies were desiccated and their photosynthesis
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monitored, the radiation treatments were switched either from
P to PA then to PAB, or from PAB to PA and then to P by
changing the cutoff filters to see if the exposing order of the
radiation treatments would affect photosynthesis. Measure-
ment under each radiation took about 5 min. The temperature
within the chambers fluctuated from 19°C to 21°C during the
measurements; no difference in temperature within the cham-
ber was observed among the different radiation treatments
because of the flow-through air. Such photosynthetic measure-
ments were carried out at 180, 360, or 720 ppmv COs. Air bags
(1 m®) were used to maintain constant COs concentrations.
COy in the ambient air was reduced by pumping it through a
soda lime column to acquire the low COy concentration of
180 ppmv. A concentration of 720 ppmv COy was obtained by
injecting pure COy before pumping outdoor air into the air
bag.

Photosynthetic carbon-fixation rate (P,) [pmol COs-mg
(chl a)71 h™!] was calculated as follows:

P,=AC x F x 60 x 273/[(273+T) x 22.4 x chl ] ~ (3)

where AC is the difference in COy concentration (ppmv)
between the inlet and outlet air; F, the gas flow rate
(L-min_l); T, temperature (°C) inside the assimilation cham-
ber; and chl g, the amount of chl a in the samples.

Chlorophyll a was determined, according to Vonshak
(1997), after extracting the samples in 100% methanol
(>12 h in darkness) and measuring the absorbance using a
spectrophotometer (DU-530, DNA/protein analyzer; Beckman,
Palo Alto, CA, USA).

Data analysis. The UVR-induced inhibition of photosyn-
thetic CO, uptake was evaluated as follows:

Inhyvr(%) = (Sp—Spas)/(Sp) x 100 (4)

where Sp and Spap represent the photosynthetic COq-uptake
rate of samples exposed to PAR only and PAR+UVAR+UVBR,
respectively. Data were analyzed by #test or one-way analysis
of variance (ANOVA); treatments effects were considered sig-
nificant at P < 0.05.

RESULTS

Reactivation of photosynthetic activity. Nostoc flagelli-
Jorme colonies are photosynthetically inactive when
they are dry. We rehydrated and reactivated these
colonies under indoor light (without UVR) or sha-
ded (with scattered UVR) or direct solar irradiance
and investigated their photochemical and COo-
fixation performances during the rehydration and
subsequent desiccation (dehydration) to see how
solar PAR and UVR would affect them. When the
dry, photosynthetically inactive N. flagelliforme colon-
ies were rehydrated in shaded outdoor radiation,
the effective quantum yield became detectable and
then gradually increased with time during the rehy-
dration to reach about 0.3 at the end of the day
(Fig. 1a). Further rehydration overnight raised
the value to about 0.6 in the early morning of the
next day. Under direct solar irradiance, where the
PAR level was ~2.5 times that in the shade,
photochemical reactivation was also achieved
(Fig. 1b). The effective quantum yield was reactiva-
ted similarly to about 0.3 after 7 h exposure to solar
radiation. Further reactivation overnight brought
the yield to only ~0.4 in the early morning of the
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Fic. 1. Effective quantum yield (AF/F,’) of Nostoc flagelliforme
colonies during rehydration in the shade (a) or under the sun
(b) while exposed to different solar radiation treatments: PAB,
full spectrum of solar radiation; PA, solar radiation without
UVBR; P, solar radiation without UVAR and UVBR. Shade or
direct solar irradiances were for January 21-22 (a) and January
24-25 (b), 2005, respectively. Vertical bars for the yield data rep-
resent SD for triplicate measurements of different samples.

next day, lower compared with that obtained in the
shade and under UV-ree indoor light conditions
(value at the initial desiccation in Fig. 2). No signifi-
cant difference (P> 0.05) in the effective quantum
yield was found among the radiation treatments;
that is, UVAR and UVBR did not affect the photo-
chemical recovery during rehydration either in
shade or under direct solar radiation. Higher levels
of direct solar radiation resulted in faster initial
reactivation but lower final values of the yield com-
pared with shaded light (P < 0.05; Fig. 1)

Changes in effective quantum yield during desiccation
and subsequent rewetting. When N. flagelliforme colon-
ies that were previously photosynthetically reactiva-
ted under UV-free indoor conditions were exposed
and desiccated under different solar radiation treat-
ments, their effective PSII photochemical activities
(AF/F,/) declined from a maximum at the fully
hydrated initial phase until the water content
reached about 60% (Fig. 2). Such photochemical
reduction in this phase was associated with the high-
est solar irradiance at noon (Fig. 2b), when the
highest levels of PAR, UVAR, and UVBR were 296,
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Fic. 2. (a) Effective quantum yield (AF/F,/) of fully indoor-
reactivated (rehydrated) Nostoc flagelliforme colonies that were
reactivated under UV-free indoor conditions while exposed to air
under different solar radiation treatments (PAB, full spectrum of
solar radiation; PA, solar radiation screened of UVBR; P, solar
radiation without UVAR and UVBR). RWC indicates relative water
content during the exposure. (b) Solar irradiance during the
measuring period on January 20, 2005. Vertical bars for the yield
data represent SD for triplicate measurements.

Fic. 3. Changes in the effect-
ive quantum yield (AF/F,))
during desiccation of  Nostoc
Slagelliforme  colonies that were
previously photosynthetically
reactivated (rehydrated) in the
shade (a) or under the sun (c).
Desiccation occurred under dif-
ferent solar radiation treatments
(PAB, full spectrum of solar radi-
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44, and 1.2 W-m™2, respectively. Further desicca-
tion of the colonies gave rise to a gradual increase
in the effective quantum yield, reaching the initial
values at the start of desiccation, when the colonies
contained ~4% water. There was no significant dif-
ference (P> 0.1) in the effective quantum yield
among the three solar radiation treatments, indica-
ting that yield was reduced by PAR but not affected
by UVAR and UVBR. The effective quantum yield
declined sharply (P < 0.01) when the relative water
content reached <2% (Fig. 2). At this critical point
of water content, the values in P and PA treatments
were significantly higher (P < 0.01) than those in
the PAB treatment, indicating an effect of UVBR,
though its irradiance was much reduced in the late
afternoon. When the colonies at this stage were
completely rehydrated, the effective quantum yield
rose immediately (P < 0.01) under all radiation
treatments, increasing by 50% in about 10 min
under the PAB treatments. However, significant dif-
ferences among the three solar radiation treatments
were not observed in the recovered values after the
second rewetting (P> 0.5). For the colonies whose
photochemical  reactivation  (rehydration)  was
achieved under scattered (shade) sunlight (Fig. 3a),
similar patterns of the change in the effective quan-
tum yield were found: a decrease with enhanced
desiccation under high levels of solar radiation,
then an increase with further water loss, and a fur-
ther decrease to the lowest values at a critical water
content of ~3%. For the colonies that were
rehydrated and photochemically reactivated under
direct sunlight (Fig. 3c), the effective quantum yield
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decreased to a lesser extent compared with those re-
hydrated indoors or in the shade. At the levels of
critical water content, reduction of the effective
quantum yield by UVBR was to the same extent of
~0.1 among the colonies previously rehydrated
under either indoor light (without UVR) or shaded
or direct solar radiation (Figs. 1 and 2). However,
the instant solar radiation values at the moments of
the critical water content were correspondingly 150,
280, and 230 W - m™® (PAR), being 53%-87%
higher for the samples previously rehydrated
under shaded or direct sunlight than those indoor-
reactivated. The yield reduction in PAR+UVAR+
UVBR treatment was significantly different only in
the colonies previously rehydrated under indoor
light (without UVR; Fig. 3) compared with those in
PAR+UVAR or PAR alone. It appeared that pre-
exposure to solar UVR during rehydration led to
reduced sensitivity to UVBR.

Changes in photosynthetic CO, fixation during desicca-
tion. When the rehydrated colonies of N. flagelli-
forme were desiccated under solar radiation, their
photosynthetic COy uptake increased with water
loss to reach a maximum and then decreased with
further desiccation (Fig. 4). A similar pattern was
seen under different radiation treatments at
reduced or elevated COq levels (Fig. 4). It was the
desiccation that affected the rate of photosynthetic
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COgqy uptake (Fig. 5). The sequence of radiation
treatments, changing from PAB to P or from P to
PAB, did not result in any difference in the photo-
synthetic performance (Fig. 5). The maximal rate
of the photosynthetic COs uptake was achieved at
a water content of 40%-50% (Fig. 5) and increased
with increased COs concentrations in the air
(P<0.01; Fig. 6a). The rates at 720 ppmv COgy
were 58% and 29% higher than those at 180 and
360 ppmv COs concentrations, respectively. When
UVR-induced inhibition of COgy uptake was ana-
lyzed at all levels of dehydration and plotted
against COy concentrations, it became obvious that
the changing rate in photosynthetic COy uptake at
different levels of water loss or time was not affec-
ted by UVAR or UVBR, as seen in the absence of
inhibition caused by UVBR or UVAR (Fig. 6b).
Such an insensitivity of photosynthetic performance
to UVR was identical even at elevated or reduced
COgy concentrations.

DISCUSSION

Nostoc flagelliforme, as a terrestrial cyanobacterium,
experiences frequent rehydration due to dew or
rain and subsequent desiccation under sunlight.
The present study showed that the photosynthetic
recovery process of dry colonies during rehydration
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Fic. 4. Representative patterns of change in the photosynthetic COg-uptake rate of Nostoc flagelliforme colonies while desiccated at 180
(b), 360 (d), and 720 ppmv CO, (f) under different solar radiation treatments (PAB, full spectrum of solar radiation; PA, solar radiation
screened of UVBR; P, solar radiation without UVAR and UVBR). (a), (c), and (e) represent solar irradiance during the measuring periods
on December 29 and December 22, 2004, and January 6, 2005, respectively. RWC indicates relative water content during the exposure.
Repeated measurements were carried out on January 6-7, 2005, at 180 ppmv COs; on December 21-23, 2004, at 360 ppmv COy; and on

January 6, 9, 10-12, 2005, at 720 ppmv CO, as shown in Figure 5.
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Fic. 5. Rate of photosynthetic COy uptake as a function of
water loss (%) of rehydrated and photosynthetically reactivated
Nostoc flagelliforme colonies when exposed to different solar radi-
ation treatments at 180 (a, b), 360 (c, d), and 720 (e, f)
ppmv COq. Measured dates: December 21-29, 2004, and January
6-12, 2005. Sequences of solar radiation treatments were either
P-PA-PAB (a, c, and e) or PAB-PA-P (b, d, and f). Each panel
represents the data obtained with different samples (>100
filamentous colonies) during the periods centered around noon
(1000-1500 hours) on at least three different days.

and COg-uptake rate during desiccation were insen-
sitive to solar UVAR and UVBR. This insensitivity
was constant when the colonies were exposed to
lower (180 ppmv) or higher (720 ppmv) COs levels,
though enriched COy enhanced the photosynthetic
rate of the wet colonies while exposed for desicca-
tion.

The PSII effective quantum yield of the rehydrat-
ed colonies of N. flagelliforme was inhibited by higher
solar irradiance at the initial stage of desiccation.
This decline was invoked by high levels of PAR,
rather than UVR, as no difference was observed
when UVR was filtered out. High levels of PAR led
to enhanced thermal dissipation of excessive excita-
tion energy and damage to PSII, resulting in
decreased AF/E,/ (Franklin et al. 2003). The UVBR
additionally reduced quantum yield compared to
UVAR when the colonies reactivated (rehydrated)
under indoor light (without UVR) contained ~2%
water. However, such UVBR-induced damage was
not significant for the colonies that were rehydrated
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FiG. 6. Maximal rates of photosynthetic COy uptake (Pax) (a)
and UVR-induced inhibition (b) of Nostoc flagelliforme colonies
during desiccation at different COy levels while exposed to differ-
ent solar radiation treatments measured at 180, 360, and
720 ppmv COq.

in the presence of UVBR under shaded or direct
solar radiation when compared among the different
radiation treatments, in spite of the higher levels of
solar radiation in late morning and early afternoon
when the critical water content was reached. Pre-
exposure to UVBR during rehydration could have
aided in activating the UV-protective mechanisms in
N. flagelliforme. Simultaneous illumination by visible
light and UVBR impairs PSII activity to a lesser
extent than independent damaging events (Sicora
et al. 2003).

The photosynthetic COg-uptake rate of N. flagelli-
Jforme colonies (rehydrated) increased with increased
dehydration during desiccation. Repeated exposures
of 5 min intervals to each of the radiation treat-
ments, either in a sequence of P, PA, and then PAB
or vice versa, did not result in any difference in the
photosynthetic response. Such insensitivity to both
UVAR and UVBR was constantly observed within
the range of ~35%-93% water content. This finding
contrasts with the significant reduction in photosyn-
thetic Oy evolution in an outdoor-grown strain of
the cyanobacterium Arthrospira plantensis exposed to
solar radiation with UVR for less than 5 min (Wu
et al. 2005).

The responses of photochemical activity and pho-
tosynthetic COq-uptake rate to desiccation showed a
remarkable discrepancy in N. flagelliforme (Fig. 7). At
the initial phase of desiccation, the effective
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Relative activity

Relative desiccation under sunlight

FiG. 7. Hllustration of the discrepancy between the change pat-
terns of the effective photochemical activity and photosynthetic
COg-uptake rate in the Nostoc flagelliforme colonies during desicca-
tion.

quantum yield decreased sharply because of high
PAR, while the photosynthetic COy uptake
increased with water loss from the colonies. The ini-
tial loss of the yield caused by solar PAR around
noontime could be a response to higher excitation
pressure on electron transport, reflecting a photo-
protective down-regulation to avoid photoinhibition
by PAR (Franklin et al. 2003). The enhanced COs
fixation due to moderate desiccation, as reported
previously (Qiu and Gao 2001), could be related to
a reduced water layer around the colonies and, con-
sequently, a decreased barrier for COq diffusion, as
COy diffuses about 10,000 times slower in water
than in air. Further progress of the desiccation
resulted in a parallel rise in the photochemical yield
and COs fixation until the critical water content was
reached. For PSII photochemical activities, the high-
est value appeared at relative water content of ~5%,
while for the photosynthetic COq uptake, the high-
est value was at 44%-55% water content. Photosyn-
thetic Oy evolution and maximal quantum yield of
PSII of N. flagelliforme have been observed to
increase with increased concentration of NaCl
under aquatic conditions (Shi et al. 1992, Ye and
Gao 2004). It is possible that both photosynthetic
carboxylation and PSII photochemistry of this ter-
restrial cyanobacterium are highly sensitive to osmo-
tic changes, to which COy uptake and PSII activity
might respond differentially in terms of the extent
and time. Synthesis of key proteins for the photo-
synthetic carbon fixation could be stimulated by des-
iccation as the activity of total carbonic anhydrase in
N. flagelliforme increased with desiccation (C. Ye, K.
Gao, and M. Giodano, unpublished data). The eco-
logical implication is that the distinctive patterns of
photosynthetic COgy uptake and PSII activity
observed in N. flagelliforme enable this species to pro-
tect itself under high solar radiation by reducing its
quantum vyield and at the same time sustain high

efficiency of COy fixation due to desiccation-facilita-
ted COq uptake, making it possible for this organ-
ism to survive in habitats where drought occurs.

Ultraviolet-absorbing pigments, water stress pro-
tein (Wsp), and extrapolysaccharides (EPS) were
found in the cyanobacterial sheath of Nostoc sp.
(Hill et al. 1994), and the cyanobacterial sheath has
been suggested to associate with cellular resistance
against environmental stresses. In Nostoc commune
Vaucher ex Bornet et Flahault DRH1, UVA/B irradi-
ation stimulated the UV-absorbing pigments as well
as the extracellular glycan (Ehling-Schulz et al.
1997, Potts 2000). The EPS are known to provide a
water repository for the cells (Potts 1999, Hill et al.
1997) and, together with the water they hold, may
reduce the levels of attenuated UVR and PAR. The
Wsp, constituting some 70% of total soluble protein
of the colonies, could also contribute partially to
reduce UVR through the sheath. The UV-absorbing
pigments, MAAs, and scytonemin occur in many
species of cyanobacteria (Cockell and Knowland
1999, Castenholz and Garcia-Pichel 2000) and are
induced by exposure to UVR and periodic desicca-
tion (Sinha et al. 2001, Dillon et al. 2002). Studies
have shown that the incident UVAR entering the
cells may be reduced by ~90% because of the pres-
ence of scytonemin in the cyanobacterial sheaths
(Garcia-Pichel et al. 1992, Brenowitz and Castenholz
1997). Nostoc flagelliforme appeared to contain such
UV-absorbing compounds, as indicated by the
absorption peaks through the UV range (data not
shown). The photosynthetic insensitivity of N. flag-
elliforme colonies to solar UVR must involve highly
efficient protective mechanisms, which need to be
studied further.
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