
Fottea 11(1): 87–97, 2011                                                                                                                            87

In situ response of Nostoc commune s.l. colonies to desiccation in Central 
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Abstract: The effects of desiccation on photochemical processes and nitrogenase activity were evaluated in 
Nostoc commune s.l. colonies in situ from a wet thufur meadow at Petuniabukta, Billefjorden, Central Svalbard, 
during the 2009 arctic summer. The colonies were collected in the fully hydrated state, and were subjected to 
slow desiccation at ambient temperatures (5 – 8°C) and low light (30 – 80 µmol.m–2.s–1). For each colony the 
weight, area, photochemical performance, and nitrogenase activity were determined at the beginning, as well 
as on every day during the first four days of the experiment; thereafter, on every second day until desiccation 
was complete. The photochemical performance was evaluated from variable chlorophyll fluorescence parameters                              
(FV/FM, ΦPSII , qP, and NPQ), and the nitrogenase activity was estimated by an acetylene–ethylene reduction assay. 
A significant decrease in the photochemically active area was recorded from the third day, when the colony had 
lost approximately 40% of its original weight indicating some changes in the extracellular matrix, and stopped 
on the 14th to 18th day. No effects of the desiccation on the main photochemical parameters (FV/FM, ΦPSII, qP) were 
observed up to the sixth to eighth days of desiccation. Slightly lower values of FV/FM and ΦPSII recorded in fully–
hydrated colonies could be caused by impaired diffusion of CO2 into cells. The steep reduction of photochemical 
activity occurred between the eighth and tenth day of the experiment, when the colony had lost approximately 
80% of its fully–hydrated weight. The nitrogenase activity was highest on the first day, probably due to improved 
diffusion of N2 into cells, then declined, but was detectable until the sixth day of the experiment. Since Nostoc 
commune s.l. colonies were capable of photosynthesis and nitrogen fixation to the level of ca. 60% of its fully–
hydrated weight, even partly–hydrated colonies contribute substantially to carbon and nitrogen cycling in the High 
Arctic wet meadow tundra ecosystem. 
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Introduction 

The response of cyanobacteria to desiccation 
is similar to that of other poikilohydric (micro)
organisms, i.e. (micro)organisms tolerating 
desiccation, such as microalgae, lichens, and 
mosses (Alpert 2000;  Alpert 2005). This res-
ponse similarity indicates that desiccation was one 
of the major stresses during the early evolution 
of photosynthetic microorganisms (Potts 1999). 
Resistance to desiccation is correlated with 
other stresses, especially UV radiation, probably 
due to desiccation–activated protection from 
oxidative damage (Potts 1999; Alpert 2000). 
The mechanisms of cyanobacterial response and 
tolerance to water loss include a complex network 
of interactions and processes at various cellular 

levels and/or compartments. The desiccation–
resistant species usually develop thick mucilage 
envelopes or sheaths, or form akinetes. The cells 
synthesize large amounts of osmoticaly active 
compounds, e.g. oligosaccharides trehalose and 
sucrose, chaperones and water stress proteins. To 
prevent membrane damage due to formation of 
reactive oxygen species, the oxygen–scavenging 
enzymes (e.g. superoxiddismutases and catalases) 
are produced. The cells also modify protein 
structure, e.g. phosphorylation or disulphide 
linkage of coenzyme A, and increase the degree of 
unsaturation in membranes. The DNA protection 
mechanisms can include genome multiplication as 
well as repair mechanisms, i.e. photoreactivation, 
excision repair and postreplication repair (Potts 
1994). 
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In Arctic hydro–terrestrial environments, 
considerable (i.e. visible) amounts of microalgal 
and cyanobacterial biomass can accumulate over 
long time periods (Vincent 2000; Elster 2002). 
The cyanobacteria play a dual role here. Besides 
being considerable primary producers, they are 
able to fix atmospheric nitrogen; thus representing 
an important source of nitrogen for the other 
organisms, since nitrogen often limits the primary 
production in the Arctic (Davey & Rothery 1992; 
Liengen & Olsen 1997, and references therein). 
Desiccation stresses represent the most severe 
infliction in the polar regions (Davey 1989), 
so the cyanobacterial primary production and 
nitrogen fixation have to follow the moisture and 
temperature conditions, and water deficiency 
could slow or inhibit there processes (Liengen & 
Olsen 1997; Vincent 2000; Novis et al. 2007).
The cyanobacterial genus Nostoc is a significant 
nitrogen source in the polar environments (Liengen 
& Olsen 1997; Vincent 2000); additionally, it 
is considered to be well adapted to desiccation 
(Potts 1999; Potts 2000). No DNA damage was 
observed in dried Nostoc commune colonies after 
13 years (Shirkey et al. 2003); and a dried Nostoc 
commune colonies were even successfully revived 

after 55 (Shirkey et al. 2003), 87 (Lipman 1941), 
or more than one hundred years (Cameron 1962). 
The desiccation leads to the diminution of the 
physiological processes in an ordered sequence. 
First the nitrogen fixation ceases, followed by 
photosynthesis, and finally respiration; upon 
rehydration, this order is reversed. Increased 
respiration is recorded several minutes after 
rehydration, but it takes hours to recover the 
photosynthetic function, and days to start the 
nitrogenase activity again (Scherer et al. 1984; 
Davey 1989; Scherer & Zhong 1991; Hawes et 
al. 1992; Potts 2000; Qiu & Gao 2001). 

Our experimental locality in Petuniabukta, 
Billefjorden, Central Svalbard, in the High 
Norwegian Arctic, is situated in a lowland 
coastal terrace wet thufur meadow. The meadow 
is saturated with water at the beginning of the 
vegetation season, due to extensive snow melt; 
however, it gradually becomes desiccated during 
the summer and early fall. The desiccation 
process can be interrupted by short rain events 
that can temporally supply the tundra with water 
again. The tundra vegetation is often subjected 
to repeated cycles of drying and re–hydration 
(Hodkinson et al. 1999). The colonies of  Nostoc 

Fig. 1. Thufur tundra (A) in Petuniabukta, Billefjorden, Central Svalbard in 2009; inserted detailed pictures of dry (B) and wet 
(C) colonies of Nostoc commune s.l. 



commune s.l. are abundant, and produce a visible 
biomass contributing to the total carbon and 
nitrogen cycling in this ecosystem (Liengen & 
Olsen 1997; fig. 1). In order to determine how 
water availability affects the photochemical 
performance and nitrogen fixation, the Nostoc 
commune s.l. colonies were collected and 
slowly dried at ambient air temperature and low 
irradiance. Such an experimental protocol was 
required in order to eliminate the oxidative stress 
caused by photoinhibition (Hideg et al. 1994), 
and thus to record only those changes which were 
caused by desiccation (Qiu et al. 2003).  During 
the experiment, the main objectives were (1) to 
determine the time when the first desiccation 
effects can be observed and the time that is 
necessary to dry the colonies completely, (2) to 
follow the changes in photochemical processes and 
nitrogenase activity caused by slow desiccation, 
and (3) to evaluate the relations between the 
physiological performance and hydration state of 
the Nostoc colonies. 

Material and methods 

Sample collection. In the 2009 summer season, 
20 fully hydrated Nostoc commune s.l. colonies 
of different weights, ranging from 0.398 to 3.253 
g, were collected in several small ponds in a wet 
thufur meadow at Petuniabukta, Billefjorden, Central 
Svalbard (N 78°43’49” E 16°26’41”, 15 m a.s.l., Fig. 
1). The colonies were put into 50 ml plastic tubes with 
approximately 25 ml of water from the locality, and 
then transferred in a cooling bag to the station. There, 
they were weighted and photographed, and their 
photochemical performance and nitrogen fixation were 
measured. These measurements were completed within 
12 hrs from the colonies having been collected. 

Desiccation procedure. After these measurements 
were taken at the beginning of the field experiment, 
the colonies were placed on desiccation plates covered 
by a sheet of cloth and filter paper in a shaded dry 
place (on the table in front of the field station). The 
experiment was performed in low light conditions (30 – 
80 µmol.m–2. s–1) and ambient temperatures of 5 – 8°C. 
At the beginning of experiment, the plate was wetted, 
in order to simulate the natural desiccation processes in 
the field. The colonies were weighted, photographed, 
and their photochemical performance and nitrogen 
fixation were measured every day for the first four days 
of the experiment; after that, on every second day until 
desiccation was complete. 

Weight and colony area. The individual colonies 

were weighed with digital scales (MXX–123, Denver 
Instruments, Germany). The colonies weights were 
normalized to the full hydrated state at the start of 
the experiment. The rate of desiccation of individual 
colonies was estimated from exponential weight decay 
curve fitting, using SigmaPlot 10.0 software (Systat, 
USA).

The photochemically active area (PAA) was 
determined during fluorescence data evaluation 
(FluorCam 7 software, Photon Systems Instruments, 
Czech Republic), as the maximum number of pixels 
where the variable fluorescence signal was detected. 

Photochemistry. The photochemical processes were 
measured using a FluorCam 700MF fluorescence 
imaging camera (Photon Systems Instruments, Czech 
Republic). The dark adaptation before the measurement 
lasted at least 4 hrs. The protocol for quenching analysis 
was used. The red measurement pulses of less than         
3 µmol.m–2. s–1 lasted 33.3 µs. The white saturation 
pulses of 2100 µmol.m–2.s–1, lasting 800 ms, were 
applied to define FM and FM′. The first saturation pulse 
in order to determine the maximum quantum yield (FV/
FM) was set 10 s after the start of measurement, and was 
followed by 40 s of dark relaxation. Then, red actinic 
light of 100 µmol m–2s–1 was switched on for 2 minutes, 
and four saturation pulses were applied at 30, 66, 102, 
and 139 s after the start of the experiment, in order to 
determine FM′ during light exposure. The period of 
actinic light was followed by 10 s of dark relaxation. 
The photochemical parameters were calculated by 
FluorCam 7 software (Photon Systems Instruments, 
Czech Republic), according to Roháček & Barták 
(1999) and Maxwell & Johnson (2000). 

The FV/FM, which indicates the maximum 
possible quantum yield of photosystem II (PSII), was 
measured in the dark–adapted state, and was calculated 
according to the equation: 

M

M
MV F

FFFF 0/ −
=  (1),

where F0 is the minimum fluorescence in the dark, and 
FM is the maximum fluorescence during the saturation 
pulse. 

The actual quantum yield (ΦPSII) reflected the 
actual photochemical yield in PSII in light, and was 
calculated as:

'F
F'F

M

TM
PSII

−
=Φ  (2), 

where FT is the steady–state fluorescence, and FM′ is 
the maximum fluorescence during the saturation pulse 
during actinic light exposure. 

The Stern–Volmer non–photochemical 
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quenching (NPQ) is correlated to the amount of 
energy that is used in non–radiative energy dissipation 
(Roháček 2002), and was calculated according to 
equation:

'F
'FFNPQ

M

MM −
= (3).

The photochemical quenching (qP) is that proportion 
of the PSII reaction centers that are able to accept a 
photon (so–called open reaction centers), which is 
calculated as:

'F'F
F'FqP

0M

TM

−
−

=  (4),

where F0′ is the minimum fluorescence within one 
second after actinic light exposure. 

Nitrogenase activity. The nitrogenase activity was 
measured by an acetylene–ethylene reduction assay 
(Stewart et al. 1967). First, 5 ml of commercial–grade 
acetylene was added by syringe to 100 ml glass flasks 
containing cyanobacterial colonies and closed with 
butyl rubber stoppers. The assay was performed under 
the same conditions as the desiccation experiment. The 
headspace samples of 5 ml were collected by a syringe 
and transferred into 5 ml evacuated LABCO vials after 
30 and 90 min of incubation. Ethylene in the headspace 
samples was quantified with a Hewlett Packard 5890 
gas chromatograph (Hewlett Packard, USA) equipped 
with a flame ionization detector. Nitrogenase activity 
was expressed in nmol C2H4 g

–1 fresh biomass h–1.

Statistical analyses. The statistical analyses were 
performed by Statistica 8.0 software (StatSoft, U.S.A.), 
and the results were considered significant if p was less 
than 0.05. Correlation analysis was performed to find 
possible relationships between the colony weight and 
the other studied parameters. The Tukey HSD test was 
used to distinguish the beginning of the desiccation 
effects, and to determine its final stages. The 
relationships between the studied parameters and the 
hydration state were evaluated by linear regression and 
nonlinear estimation approaches using the least square 
method, and their fitness were tested by ANOVA. 

Results 

Since the fully–hydrated colonies were randomly 
sampled, their initial values of all measured 
parameters reflected their variability in situ (Table 
1). The measured data during the desiccation 
were re–calculated as a percentage of the initial 
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Table 2. The correlation coefficients between colony weight and the selected parameters in fully–hydrated colonies (n = 20). 
Significant coefficient is in bold (for parameter description, see legend to Table 1).  

PAA FV/FM ΦPSII NPQ qP NA 
(C2H4 mol.g–1. h–1)(pixels)

Weight (g) r = 0.900
p <0.001

r = –0.255
p = 0.278

r = 0.245
p = 0.298

r = 0.093
p = 0.696

r = 0.101
p = 0.673

r = –0.198
p = 0.403

values. This led to slight shifts (± one day) in 
the estimations of the time when the desiccation 
effects had been observed for the first time, i.e. 
statistically significant change of  given measured 
parameter, as well as the time when the complete 
desiccation, i.e. no further significant weight 
changes,  had occurred (Table 1, Fig. 2).

Weight and colony area
The colony area and weight were strongly 
positively correlated in fully–hydrated colonies; 
however, no significant correlations were found 
between the colony weight and photochemical 
parameters or nitrogenase activity in the fully–
hydrated colonies (Table 2). Changes of the 
photochemical parameters and/or nitrogenase 
activity reflected the physiological states of the 
colonies, and were independent of their initial 
weight and area colony area. The weight of the 
colony gradually decreased during desiccation and 
statistically significant dehydration was observed 
after one day. The weight loss continued up to 
the 16th through 18th day of desiccation (Figure 
2). The desiccation rates, estimated from the 
exponentional weight decay curves,  were higher 
in smaller colonies (correlation analysis: n = 20, r 
= 0.466, p = 0.038; non–parametic Kruskal–Wallis 
ANOVA: H = 6.52, p = 0.038, Figure 3).

A gradual decrease was also observed in 
the photochemically active area (PAA); since 
the colony area, expressed in pixels, was directly 
proportional to the weight [g] (n = 220, r = 0.894, 
p < 0.001). A significant reduction in the PAA 
was recorded on the third day, corresponding to 
58.5 ± 12.1% of the weight in the original fully–
hydrated state. The PAA disappeared by the 14th  

to 18th day of exposure to desiccation (Fig. 2). A 
rapid decrease in the colony area started when the 
colony had lost approximately 40% of its original 
weight (Table 3, Fig. 4). 

Photochemistry 
Contrary to the weight and PAA, the values of 
the photochemical parameters were stable up 

to the sixth (FV/FM), eighth (ΦPSII, qP), and even 
tenth (NPQ) days of desiccation corresponding to     
36.8 ± 12.7, 21.1 ± 11.1, and 11.4 ± 9.1% (mean 
± standard deviation; n = 20) of the initial weight, 
respectively. These photochemical parameters 
indicated the relatively good physiological state 
of the colonies. The slight increases of ca. 10 – 
30% for FV/FM and ΦPSII against their initial values 
suggested a slight stress in fully–hydrated colonies 
(Figs 2, 4). The steep reduction of photochemical 
activity occurred between the eighth and tenth 
days of the experiment, and no photochemical 
activity was observed after the twelfth day when 
the FV/FM had dropped below 0.1 (Table 2, Fig. 
2). 

The photochemical activity started to 
decrease when the colony lost approximately 80% 
of its fully–hydrated weight (Table 3, Fig. 4). When 
the value of the studied parameter dropped to half 
of what it was in the initial fully hydrated state 
level, the hydration status was estimated from a 
nonlinear estimation of a 4–parameter hyperbolic 
function. A 50% reduction of the photochemical 
parameters occurred at 14.1% for FV/FM (n = 220, 
F = 463.4, p < 0.001), at 13.2% for ΦPSII (n = 220, 
F = 513.5, p < 0.001), and at 11.0% for qP (n = 
220, F = 327.8, p < 0.001) of the initial weight, 
respecively. For NPQ, no trend was observed; 
this probably due to photoacclimation processes 
to lower irradiance during the experiment and the 
variability of the NPQ in the colonies (Table 3).  

Nitrogenase activity 
The nitrogenase activity rose significantly after 
one day of desiccation; however, this steep 
increase was followed in the following days by a 
slower decline to values comparable to the initial 
stage (Table 1, Fig. 2). The nitrogenase activity 
was detectable up to 6th day of the experiment, but 
was not observed on the 8th; corresponding to an 
average of 21.1 ± 11.1% of original weight in the 
fully–hydrated state. 
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Fig. 2. The time course of the studied parameters (mean ± 
standard deviation, n = 20) during desiccation. The letters 
above the error bar indicate individual statistically significant 
different groups (Tukey HSD test, p = 0.05, n = 220; for 
parameter description, see legend to Table 1).

Discussion

Contrary to many previous studies on desiccation 
injuries in Nostoc (Scherer et al. 1984; Scherer 
& Zhong 1991; Hawes et al. 1992; Gao et al. 
1998b; Gao & Ye 2007; Fukuda et al. 2008), 
our experiments lasted almost three weeks. Our 
results, similar to those of Davey 1989; Hawes et 
al. 1992; Novis et al. 2007, suggest that even a 
partially hydrated Nostoc commune s.l. colony is 
capable of photosynthesis and nitrogen fixation in 
Arctic hydroterrestrial habitats, in our case even 
for almost two weeks. This could provide a great 
advantage for the Nostoc commune s.l. itself, and 
also for the ecological functioning of the thufur 
meadows where the water supply fluctuates 
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widely (Hodkinson et al. 1999), so the ability 
of photosynthesis and nitrogen fixation in partly 
hydrated state extends the period of favorable 
growth conditions or helps to survive the less 
favorable ones.  

Slow desiccation, which was performed 
in our in situ experiments, reflects the actual 
situation in the tundra where the Nostoc commune 
s.l. colonies occur on a wet, mostly moss surface 
which slows down the desiccation rate. Our 
results also confirmed previously presented data 
(Gao & Ai 2004), that smaller colonies lost their 
water faster than the larger ones, due to their 
higher surface/volume ratios. Although higher 
photosynthesis rates can be expected in smaller 
colonies such as in Nostoc sphaeroides (Gao & 
Ai 2004; Li & Gao 2004), no credibly higher 
photochemical parameters (FV/FM, ΦPSII, qP and 
NPQ) were observed in our experiments. In the 
field, the largest colonies could be metabolically 
active through relatively long dry periods. 

The sequence of diminishing of Nostoc 
commune s.l. metabolic activity was the same 
as in previous studies, although the fluorescence 
techniques did not allow respiration measurements 
(Scherer et al. 1984; Davey 1989; Scherer & 
Zhong 1991; Hawes et al. 1992; Potts 2000; 
Qiu & Gao 2001). If a colony’s water loss was 
less than ca. 40% of its fully–hydrated weight, 
no (or only minor) desiccation damages were 
observed. At the beginning of desiccation, 
even the slight increases (ca 30%) of selected 
photochemical parameters (FV/FM and ΦPSII) were 
recorded indicating improved photochemical 
performance of partly desiccated colonies. This is 

probably due to inferior CO2 diffusion to fully–
hydrated colonies, or due to possible previous 
photoinhibition of the colonies in the field. 
This phenomenon was confirmed by the steep 
rise in the nitrogenase activity during the initial 
steps of desiccation. Decreases to 40% in water 
content, caused by water loss in the extracellular 
mucilage, do not influence the photochemical 
and nitrogenase activities of Nostoc commune s.l. 
colonies. However, when the weight loss exceeded 
ca. 40%, the colony started to shrink, and changes 
in the mucilage structure began as seen from 
decline of the colony size. The nitrogenase activity 
declined slowly when the water loss exceeded 
70% and diminished completely at a weight loss 
of ca. 80%. The photochemical activity remained 
unaffected until the colonies lost ca. 80% of their 
original weight, and was detectable until a weight 
loss of ca. 90%. The long–term stability of the 
photochemical performance and nitrogenase 
activity can be explained by a complex response 
to water deficiency. At the beginning of the 
desiccation, the major water loss occurred in 
the mucilaginous envelopes of the colonies and 
the intracellular water content was not affected. 
When the water stress attains a particular limit, 
modifications of the cytosol and intracellular 
protective mechanisms are induced (compatible 
solute synthesis, stabilization of proteins, etc.) 
(Potts 1999, Tamaru et al. 2005). 

Our fluorescence measurements showed 
that the collected Nostoc commune s.l. colonies 
were still in a relatively good physiological 
state up to a water content of ca. 60% of their 
original weight; this is in agreement with other 
publications on Nostoc (Gao et al. 1998a; Hirai 
et al. 2004). Similar results were also observed 
in Nostoc flagelliforme (Gao et al. 1998b; Qiu & 
Gao 2001), as well as in  the cyanobacterial genus 
Phormidium and green alga Prasiola (Davey 
1989). The slight depression of photosynthesis 
in fully–hydrated thalli, observed as lower 
values of the maximum quantum yield (FV/FM), 
actual quantum yield (ΦPSII), and photochemical 
quenching (qP) of the colonies, was also observed 
in the genus Phormidium (Davey 1989). This was 
probably caused by the limited diffusion of CO2 
to the cells, as has also been observed in lichens 
(Lange & Green 1996). Minor photoinhibition, 
encountered in situ before collection, cannot be 
excluded (Campbell et al. 1998).  

The rapid increase of the nitrogenase 
activity after one day of desiccation could be 

Fig. 3. Dependence of the desiccation rate, estimated from 
exponentional decay of the colony weight, upon the initial 
colony weight. Circles – measured values, straight line – 
regression line, dashed line – 0.95 prediction interval.
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caused by the improved substrate (i.e. acetylene) 
supply to the enzyme; thus supporting the 
hypothesis of reduced photosynthesis due to 
CO2 deficiency in fully–hydrated colonies. The 
nitrogenase activity ceased at the time when the 
photochemical parameters started to decline on 
the sixth day of desiccation. Since the nitrogen 
fixation is energetically costly (16 ATP per each 
N2 assimilated; Falkowski & Raven 2007), even 
a small decline in the cellular energy inputs from 
photosynthesis and/or respiration should lead to 
reduction of the nitrogenase activity. However, 
our methods do not allow measurements of 

direct primary productivity, nor growth rate 
measurements, both necessary for an estimation of 
the carbon and nitrogen balances. There are studies 
of these relationships and interactions among 
various photosynthesis measurement methods and 
nitrogen fixation (e.g. Genty et al. 1989; Seaton 
& Walker 1990; Romero et al. 1992); however, 
the great variability in the measured data and 
experimental organisms realistically excludes any 
estimates that would allow reliable predictions for 
the Nostoc sp. community. Since the growth rate of 
cyanobacteria is relatively low in polar ecosystems 
(Vincent 2000), long–term laboratory and in situ 

Fig. 4. The relationship between the hydration state and other parameters (mean ± standard deviation, n = 20). Horizontal gray 
bar – the hydration state (mean ± standard deviation, n = 20) calculated for each day (for parameter description, see legend to 
Table 1).
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growth experiments are necessary in order to 
estimate the growth rate/primary production of 
the Nostoc commune s.l. colonies under different 
temperature/light regimes in thufur wet meadow 
Arctic habitats. 

The photochemical and nitrogenase activity 
data obtained during desiccation indicate that 
even loss of 50% water did not affect the studied 
metabolic processes of the Nostoc commune 
s.l. colonies and the slight colony dehydration                 
(ca 30% of weight loss) could be even beneficial 
due to better diffusion of carbon dioxide and 
nitrogen into the cells.  Due to water fluctuation, 
partial desiccation could be probably the prevailing 
condition at the Arctic tundra (Hodkinson et 
al. 1999).  Further, the moss substrate (Fig. 1) 
could reduce the desiccation rate in situ and 
provide the water to the colonies, extending thus 
period of Nostoc metabolic activity in the Arctic 
summer. Our field observation revealed that the 
water availability in the experimental locality in 
Petuniabukta could change within several days 
dramatically, so the tolerance of approximately 
two–week period of desiccation stress caused by 
slow drying could reflect common conditions. 
Due to low growth rate of cyanobacteria in the 
polar regions, any adaptation that can extend their 
growth period, even for several days, should be 
important for not only for their own survival, 
but also for nitrogen and carbon cycling in harsh 
environment, and even for ecosystem stabilization 
(Vincent 2000). Thus, the ability of photosynthesis 
and nitrogen fixation of partly–hydrated colonies 
of Nostoc commune s.l. contribute substantially to 
carbon and nitrogen economy in the High Arctic 
wet meadow tundra ecosystem. 
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