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Abstract The growth and phosphatase (phosphomonoesterase)
activity of Chroococcidiopsis culture isolated from the
cryptoendoliths of the Antarctic were compared with a similar
isolate from the Arizona hot desert. Such cyanobacteria living
inside rocks share several features with the immobilized cells
produced in the laboratory. This study has relevance because
the availability of phosphorus is a key factor influencing the
growth of these cyanobacteria in nature, in such unique ecological
niches as the hot and cold deserts. Phosphatase activity
therefore is of particular importance for these organisms if they
are to survive without any other source of phosphorus availability.
Also, there is paucity of knowledge regarding this aspect of study
in cyanobacterial cultures from these extreme environments.
The salient feature of this study shows the importance of
specific pH and temperatures for growth and phosphatase activity
of both cultures, although there were marked differences between
the two isolates. The pH and temperature optima for growth
and phosphatase activity (PMEase) of Chroococcidiopsis 1 and 2
were 9.5, 20°C and 8.5, 40°C respectively. The K, and V,__ values
of cultured Chroococcidiopsis 1 showed lower affinity of PMEase
for the substrate compared to the enzyme affinity of the same
organism when found within the rocks; Chroococcidiopsis 2 and
Arizona rocks containing the same alga however showed similar
affinity of PMEase for the substrate. An interesting observation
was the similarity in response of immobilized Chroococcidiopsis
1 culture and the same organism in the Antarctic rocks to low
light and low temperature stimulation of PMEase. This thermal
response seems to be related to the ability of the immobilized
Antarctic isolate and the rocks to either cryoprotect the PMEase
or undergo a change to save the enzyme from becoming
nonfunctional under low temperatures. The free cells of
Chroococcidiopsis 1 culture however did not show such responses.
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The Antarctic is a remarkable continent: remote, hostile,
and uninhabited. It is a place of extremes with the highest,
coldest, and windiest environments and with very little
snowfall; most of the continent is technically a desert [27,
31, 20]. Areas of extensive rock exposure where even the
glaciers fail to invade are known as the Ross Desert of the
McMurdo Dry Valley and represent one of the harshest
environments of our planet. Examples of other such extreme
habitats are the hot deserts like that in Arizona USA. The
surface of these hot and cold deserts, with the exception of
small protected niches such as cracks and depressions in
rocks, is practically abiotic. Communities of indigenous life
forms are in fact hidden. The cryptoendolithic communities
exist under the surface of the rocks colonized by
microorganisms, which occupy a sharply defined zone
under the thin rock crust. The dominant organisms in these
habitats are either the cyanobacteria, or infrequently, fungi
and algae forming lichen associations [22, 25, 14, 30]. Among
the cyanobacterial species, the most dominant form is the
unicellular cyanobacterium Chroococcidiopsis; which is the
most primitive organism of this group and is found to grow
where all other organisms fail to grow [3, 11, 12, 13].

Microbial life in the deserts is poised at the limits of
survival. Water is the primary limiting factor in both hot
and cold deserts and melting snow is the only source of
water in the Antarctic. There are many other physical,
chemical, and ecological factors, which are influential in
maintaining the delicate balance swinging from survival to
their establishment or extinction. They survive because they
are able to interact within their niche and either exploit its
attributes or modify it to make it more suitable [2, 3, 5, 30,
31,14,22,8].

Most studies on nutrient uptake and cycling in endolithic
communities of hot and cold deserts have dealt with carbon
[4, 21] and there are no reports on phosphorus and nitrogen
metabolism. Results on whole communities (rock samples)
of the Antarctic [2, 3] showed for the first time low
temperature and low light adaptations for the phosphatase
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enzyme and high rate of P uptake by Chroococcidiopsis,
the dominant flora within these rocks. There are however
no reports on phosphatase activity of cyanobacterial isolate
from endoliths of either the Antarctic or any hot desert.
There is almost complete lack of knowledge regarding the
ecology, survival mechanisms, physiology, metabolic pathways,
and applications of these permanently immobilized cells
within the rocks.

Such microorganisms living inside the rocks share several
features with the immobilized cells in those laboratory
systems where limited metabolic activity is required. For
instance, their location is fixed in relation to substratum,
and in most circumstances, it would seem advantageous for
the organism to grow only very slowly. Laboratory studies
on immobilized cyanobacteria and eukaryotic algae have been
carried out with several aims, including long-term preservations
[24], removal of materials from the environment [29],
production of specific extracellular products [10], and the
development of biological systems as sensitive as environmental
probes [1]. In all, some metabolic activity is required at low
levels. A study of naturally immobilized cells might provide
information useful to the development of such laboratory-
immobilized systems. We therefore decided to compare
the growth and phosphatase activity of Chroococcidiopsis
isolates in culture from the hot and cold deserts of Antarctic
and Arizona and compare the properties with the same
cultured organisms in immobilized conditions in the laboratory
as well as the organisms immobilized in its natural
environment within the rocks for a comparison.

MATERIALS AND METHOD

Test Organism and Sampling Sites

Axenic cultures of the endolithic cyanobacterium
Chroococcidiopsis, the only phototroph present in the rocks
of both Antarctic (from Barwick boulder) and Arizona,
U.S.A., were isolated from the rocks (Courtesy late Dr. D. D.
Wynn Williams and Charles Cockles of British Antarctic
Survey and Dr. Bukhard Biidel, Universitat Kaiserslautern,
Germany) in the laboratory of Algal Biotechnology, Bioscience
Department, Barkatullah University, Bhopal, by standard
microbiological techniques. The Antarctic sample came
from Beacon sandstone boulder in the Linneaus Terrace
(McMurdo Dry Valley) on the NNE flank of the Apocalypse
peak. The hot desert sample came from a sandstone
endolith from Arizona Coconino, 20 km from the Grand
Canyon National Park U.S.A. Other details of the rocks
relevant to the study are given in Table 1.

Culture Conditions

The cultures were maintained in modified CHU-10 (CHU10-
D) medium as given by Chu [6] and modified by Gibson
and Whitton [15]; P was reduced to 1 mgl"', EDTA used as a

Table 1. Some features of the rocks from where the microbial
communities were sampled.

Variable Antarctic Arizona
Dominant phototroph  Chroococcidiopsis  Chroococcidiopsis
pH 9.2 9.0

FRP (ug g'")* nd 11.36

TP (ug g ')** nd 883

TOP (ug g 'y**=* nd 871
Chlorophyll (g g™ 7.56 9.22

*FRP=Filterable reactive phosphorus.
**=Total phosphorus.
***=Total organic phosphorus.

chelator, and pH buffered to 7.6 with HEPES. Ammonium
~N (I mgl'') was used as the nitrogen source in place of
nitrate. Cultures were maintained at 20+2°C and a light
flux of 60-70 umol photons m™”s* and a light and dark
cycle of 14:10 h. The culture used for experimental studies
was grown for six months under the above-mentioned
conditions to acclimatize the organisms to its new environment
in the laboratory before starting the experiments. Also, as
these are extremely slow growing organisms, this time
period was needed to generate the cell mass required for
the experiments. One set of cultures was kept at 5°C and
8 wmol photon m”s ' in an Orbital Shaking Incubator,
representing conditions likely to occur in the Antarctic, and
the other set from Arizona was kept at 40°C and 10 pmol
photon ms™ to ensure that both the isolated organisms
could still grow in culture under the probable natural conditions
in which they are found. These data have been obtained
from scientists who have collected the rock samples. The
light source for low light conditions was a 15-W fluorescent
Phillips bulb fitted inside the Orbital shaker.

Measurement of Growth

Growth was measured by chlorophyll a extraction in 100%
methanol. The amount of chlorophyll extracted was calculated
by the equation of Mackinney [17]. The generation time was
calculated by the growth equation of Kratz and Myers [16].
Different pH levels were maintained using a Systronics [
pH meter system 361. Different temperature ranges were
maintained in different temperature-controlled Orbital Shaking
Incubators.

Phosphatase Assay

Phosphomonoesterase (PMEase) activity was assayed routinely
using a fluorometric method with the fluorogenic substrate
4-methylumbelliferyl phosphate (MUP), as this is considered
to be the most sensitive method for this enzyme assay. The
practical details are previously described [3, 28]. As the
cultures were grown in very low concentrations of phosphorus
in the medium (1 mgl™") initially, they were transferred to a
P minus medium before the assay for two weeks to deplete
the cells of phosphorus before the assay. Assays were



carried out in a P-free version of the CHU-10 D assay
medium described by Mahasneh et al. [18]. The effect of
pH on PMEase activity was carried out in a medium that
was buffered to give a range of pH values using 100 uM
final concentration of DMG (3.3-dimethyl-glutaric acid)
for (pH 4.5- 5.5), HEPES (N-(2 hydroxyethyl) piperazine-
N'-(2 ethanesulphonic acid) for (pH 6.0-7.5), and glycine
for (pH 8.0- 10). After buffering, each specific pH from
acidic to alkaline range was checked and maintained with a
Systronics i pH meter system 361. Different temperatures
used to study PMEase activity were maintained as described
for growth. Wrapping the universal tubes with aluminum
foil created dark conditions. Cell immobilization was done
by the cell entrapment method using calcium alginate [26].
Assays were conducted in a water bath with gentle shaking.
Temperature was measured at the beginning and end of the
experiments to ensure that there was no difference between
light and dark, especially for the Arizona samples where
high temperatures were involved. A 0.1 ml aliquot of substrate
from a stock solution of 600 UM was added to the universal
bottles containing the required culture and buffer (total
volume 6 ml) to give a final concentration of 100 uM for
routine assays. Two controls with assay medium were
sampled at each time interval along with the experimental
ones: substrate but no alga, and alga but no substrate to
ensure the presence of no other source of fluorescence. For
immobilization, 4 beads and 0.2 ml culture had the same
chlorophyll content and were used for the experiments as
such. After the assay, the samples were passed through a
GF/C filter and activity ended by using 10% (v/v) of the
correct base/acid terminator. Using excitation at 356 nm,
fluorescence emission was measured at 444 nm. The filter
paper with the alga was dried for 24 h in a vacuum oven at
105°C. For immobilized cells, the 4 beads without alga
were dried along with the beads containing the alga. The
difference between the two gave the dry weight of the
alga. The results are expressed as product (MU) formed
g dwt h"' (MU=4 methylumbelliferone). All results are
meanzstandard deviation of three independent replicates.

Phosphate Analysis

FRP (Filterable reactive phosphate-P) was measured using
the method of Eisenreich et al. [9]. Total P was also measured
after extraction from the rock samples using the digestion
mixture as in of Eisenreich et al. [9].

Chlorophyll a Analysis

Chlorophyll a was extracted from rocks containing the
Chroococcidiopsis community by the methanol extraction
method previously described [19].

Statistical Analysis
The mean values and standard deviation are given in the
figures as error bars. To determine the significance of
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differences between treatments, a t-test with a significance
level of 0.05 was performed.

RESULTS

Table 1 shows some of the properties of the rock samples
from where the two cultures of Chroococcidiopsis were
obtained. For ease of description and tabulation, the Antarctic
culture has been referred to as Chroococcidiopsis 1 and the
Arizona culture has been referred to as Chroococcidiopsis
2 in the rest of the text.

Three standard culture media commonly used for
cyanobacterial research (Foggs, CHU-10, BG-11) were used
to test the growth of both cultures of Chroococcidiopsis to
determine which culture medium was the most suitable for
further experiments.

Figure 1 shows the generation time of the two cultures
tested in the three media and fastest growth was recorded
with CHU-10 for both. The generation time was 96h
and 85 h for Chroococcidiopsis 1 and Chroococcidiopsis
2, respectively. Effect of different temperatures (5- 50°C)
on growth showed lowest generation time of 96 hand 85 h
at 2022°C and 4022°C for Chroococcidiopsis 1 and 2. This
value for Chroococcidiopsis 1 was significantly higher (p=
<0.01) at 20°C compared to 53°C. In Chroococcidiopsis 2,
however, 40+£2°C showed higher value (p=<0.01) compared
to 20+2°C. The effect of pH was also studied on the growth
of the two cultures. The pH optima for maximum growth
were 9.5 and 8.5 for Chroococcidiopsis 1 and 2, respectively.
This pH was nearly the same as the rocks from where they
were isolated (see Table 1). When the effect of dark
condition was compared with light condition on growth of
the two cultures, dark conditions produced negligible growth
and no growth in organisms 1 and 2, respectively

Figure 2 shows the effect of different pH values on
PMEase activity of both cultures. The pH optima were 9.5

160 -

OBG-11 BFoggs ECHU-10

120 4

Generation Time (Hour)
5 3
A L

Fig. 1. Comparative growth of Chroococcidiopsis | and 2 shown
as generation time in three different media.
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Fig. 2. Effect of pH on the PMEase activity of Chroococcidiopsis
land 2.

and 8.5 for Chroococcidiopsis 1 and 2, respectively (p=
<0.01), compared to the acidic range. These values also
supported maximum growth in both organisms and also
recorded for the rock samples of the two habitats. Figure 3
shows the temperature optima for maximum PMEase
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Fig. 3. Effect of temperature on the PMEase activity of
Chroococcidiopsis 1 and 2.

Table 2. Comparison of optima for maximum PMEase activity
of Antarctic and Arizona rocks, and cultures of Chroococcidiopsis
isolated from them, together with their apparent K, and
V.. values. Assay condition of 8 umol photon m™’s™', substrate
concentration of 100 pM MUP buffered at pH 9.5 by glycine for
Antarctic, and 10 umol photon m’s”', substrate concentration
100 uM MUP buffered at pH 9.5 by glycine for Arizona.

Sample pH Temperature (uKl\'/}) (umol Z/Im{}g"h")
Aantarctic rocks 9.2 5C 230.8 0.053
Chroococcidiopsis-1 9.5 20°C 164.1 7.60
Arizona rocks 9.0 42°C 136.0 0.025
Chroococcidiopsis-2 8.5 40°C 132.8 0.021

activity of the two cultures, which were 20°C and 40°C for
Chroococcidiopsis 1 and 2, respectively. Table 2 shows the
comparison for maximum PMEase activity in Antarctic
and Arizona rock samples dominated by Chroococcidiopsis
which is the author’s own work {2, 3], and the respective
cultures isolated from them with apparent values of K_and V__.
When the pH optima for the PMEase in both the Antarctic
and Arizona rocks were compared with Chroococcidiopsis
1 and 2, the result in organism 1 was nearly the same (i.e.
9.5) but it differed slightly in the Arizona rock and organism
2. The temperature optima for maximum PMEase activity
of Antarctic rock and culture were however found to be
very different with rocks at 5°C and cultures at 20°C (p=
<(.01). In contrast the values for Arizona rocks and samples
were quite similar (40°C and 42°C). From the K, and V_,
values, it appears that PMEase activity of Antarctic rocks
had a very high affinity for substrate while the isolate from
it showed a low affinity in spite of the fact that the cultures
were grown in very low concentrations of P in the medium
in initial stages and then transferred to P-minus medium
before the assay. Arizona rock and cuiture showed significant
and similar affinity of PMEase for the substrate.

Table 3 shows the comparison of PMEase activity in
light and dark of Antarctic and Arizona rocks and cultures
of Chroococcidiopsis 1 and 2. Assuming that very little
light reaches the endolithic layer under natural conditions
because of its depth within the rock, it was desirable to test
the effect of darkness on phosphomonoesterase activity.

Table 3. Comparison of PMEase activity of Antarctic and
Arizona rocks and cultures of Chroococcidiopsis isolated from
them in light and dark at 96 h. Assay condition of 8/10 wmol
photon m™s™', substrate concentration of 100 UM MUP buffered
at pH 9.5 by glycine.

Sample Condition Fold increase
Antarctic culture Light 2.10
Arizona cultures Light 1.85
Antarctic rocks Dark 1.8
Arizona rocks Light 2.06




Table 4. Comparative observations of optima of PMEase
activity of immobilized culture of Chroococcidiopsis 1 and rock
samples of the Antarctic. Assay condition of 8 umol photon m™’s”
', substrate concentration of 100 uM MUP buffered at pH 9.5 by
glycine.

Samples pH  Temperature  Fold increase

Antarctic rocks 9.5 5°C 1.8
Immobilized culture 9.5 6.2°C 1.68

This experiment gave interesting results, where the Antarctic
rocks showed much higher activity in the dark compared
to light. Antarctic rocks showed 1.8-fold increase in
dark over light in PMEase activity (p=<0.01). Cultures of
Chroococcidipsis 1 however showed higher PMEase activity
in light, and dark conditions were found to be inhibitory
(p=<0.01). For the Arizona rocks and Chroococcidiopsis
2, this dark stimulation effect was not documented. When
the PMEase activity of free and immobilized cells of
Chroococcidipsis 1 were studied in light and dark, very
interesting results were obtained with free cells showing
2.10-fold increase in PMEase activity in light over dark
(p=<0.01). In contrast, immobilized cells of Chroococcidiopsis
1 showed 1.68-fold increase in PMEase activity in dark
over light (p=<0.01). A comparison was then made between
the immobilized Chroococcidiopsis 1 and the Antarctic
rock samples containing the same organism. The Antarctic
rocks had a pH optimum of 9.5, temperature optimum of
5°C, and 1.8-fold stimulation in the dark over light for
PMEgase activity. Immobilized cells of the Chroococcidiopsis
1 culture showed very similar resuits to the rock samples,
having pH optimum of 9.5, temperature optimum of 6.2°C,
and 1.68-fold increase in the dark over light (p=<0.01). In
sharp contrast, although in the free cells pH optimum for
PMEase activity was similar (i.e. 9.5), there was marked
difference in temperature optimum (20°C) and a 2.10-fold
increase in PMEase activity in light (Table 4). Therefore, it
appears that PMEase activity of Chroococcidiopsis isolates
from the Antarctic was quite similar to rock samples when
immobilized.

DISCUSSION

The differing response obtained in cultured Chroococcidiopsis
1 is a very significant observation but it seems unlikely
that such marked changes as observed for Antarctic whole
cells and cultures in response to temperature and light
could occur due to genetic drift. It seems more likely that it
is an environmental response occurring within a few cell
generations of the organism being removed from the rock
and exposed to more favourable conditions. A similar
suggestion was made by Fischer et al. [10] that the
sensitivity to light of two immobilized cyanobacterial cultures
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was probably due to the thin layer of water in the
immobilization chamber and their fine distribution on the
surface just like the naturally immobilized Chroococcidiopsis.
It seems likely that substantial portions of total P present in
rocks or soil system are in organic form and are derived
from decaying or lysed microorganisms and comprise a
large portion of P uptake in such endolithic systems apart
from the organic P released from the rocks. Therefore,
phosphatase activity is the key to metabolism of P for this
organism inside the rocks and the same holds true for their
cultures. The observation with hot desert culture showing
high phosphatase activity at temperatures as high as 42°C
focus on the significance of adaptation of these enzymes to
higher temperature and reflects the importance of flexibility
of extreme values which could denature enzymes in nature.

The dark effect and other characteristic such as low
temperature adaptation of phosphatase seem to be unique
features of Antarctic rocks and are by no means universal,
and this is also shown by immobilized cultures. The
observation that a flux value as low as § umol photons
m’’s” is inhibitory suggests that even this low value may
be above the optimum not only for PMEase activity of
endolithic communities but other metabolic processes of
the Chroococcidiopsis when immobilized under laboratory
conditions. The precise reason for the difference in thermal
responses of immobilized Chroococcidiopsis 1 isolate and
the same organism within the rocks of the Antarctic may
be due to the ability of immobilized cells to undergo a change
which protects the PMEase from becoming nonfunctional
at low temperatures. Low temperatures may also initiate de
novo synthesis of certain proteins of a cryoprotective
nature, which safeguards the enzyme from damage caused
by freezing or subfreezing temperatures. Accumulation of
disaccharide sugars is common in desert cyanobacteria like
Chroococcidiopsis sp. [23] and it is probably this ability
that allows not only the naturally occurring organism but
also the culture to survive under dark conditions. These
phenomena need more detailed explanation, not only because
of its intrinsic interest but also for understanding the
properties of organisms in the Antarctic dry desert so
near the limits of life. It will also help to understand the
properties of these organisms that might be used in studies
such as those of Fischer er al. {10] and perhaps especially
in their use in biosensors.
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