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BAsstract

Phosphorus is scarce in Beacon Sandstone of the McMurdo Dry Valleys, Antarctica, and any input
from precipitation is minimal. In endolithic microbial communities recycling of P by the action of
phosphatases may therefore be important. The phosphatase activities of three different types of
endolithic communities in the McMurdo Dry Valley, Antarctica, were studied in the laboratory. The
dominant phototrophs were Chroococcidiopsis, mixed Gloeocapsa and Trebouxia, and Trebouxia.
Bacteria were also visually conspicuous in the latter two communities, and the Trebouxia in both
cases formed a lichenized association with fungal hyphae. In each case marked phosphomonoes-
terase (PMEase) activity was found in assays with 4-methylumbelliferyl phosphate (MUP) or p-
nitrophenyl phosphate as substrate, and phosphodiesterase activity with bis-p-nitrophenyl phos-
phate as substrate. The pH optimum of PMEase (assayed at 0.5 pH intervals) of the Chroococcidi-
opsis, Gloeocapsa—Trebouxia, and Trebouxia communities was 9.5, 5.5, and 8.0, respectively. These
values are similar for aqueous extracts of the respective rocks (pH 9.2, 6.2, 7.5). All three commu-
nities showed significantly higher PMEase activity at 5° than 1°C, and the first two also showed
much higher activity at 5° than 10°C. All three communities also showed slightly lower activity in
the light (7 pmol photon m™ s™') than the dark; this was found with all substrates and substrate
concentrations. Prior exposure of a moistened sample to light for 2 h led to a reduction in activity
even when the subsequent assay was done in the dark. The rate of PMEase activity (using 100 uM
MUP) in the Gloeocapsa—Trebouxia and Trebouxia communities was approximately linear with time
up to 24 h, whereas the Chroococcidiopsis community showed a marked decrease after 6 h. At least
part of this was due to retention of the 4-methylumbelliferone (MU) hydrolysis product. In spite
of the assays being conducted on a whole community, the activity—substrate relationship in each
case quite closely resembled a typical Michaelis—Menten relationship. Estimates were made of the

apparent half-saturation value and the concentration of MUP required to support half-maximal
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rates. The apparent K | values were: Chroococcidiopis, 230 uM; Gloeocapsa—Trebouxia 169 uM;

Trebouxia, 135 pM. The respective values for apparent V'

max

were 0.053, 0.55, and 0.35 pmol MU

g' h™. In view of the greater dependence of these communities on the rock for their sole supply

of P than for C and probably N, it is suggested that the cycling of P within the communities is a

key factor influencing their overall metabolic activity when moisture permits their activation.

Introduction

The McMurdo Dry Valley in Southern Victoria Land, Ant-
arctica, is one of the most extreme microbial habitats on
earth, with low biodiversity and exceedingly low productiv-
ity [7, 28, 29]. Under the prevailing arid conditions there are
extensive areas of rock and soil without snow or ice cover.
Apart from infrequent epilithic lichens [19], the microbial
communities forming the only biota are confined to a nar-
row zone beneath the surface of the rock [5, 6]. Such endo-
lithic communities always include one or more phototrophs.
The crust of the rock, although permeable to water and
gases, is a barrier to penetration of organisms and the cryp-
toendolithic microenvironment is largely separated from the
outside environment. Consequently, the microclimate inside
the rock can be distinctly different from the external climate
(20, 21].

Since the first detailed description of this community [9],
there have been many studies on its environment and the
way in which the various microbes respond to it. Melting
snow is the only source of water [4]. The upper and lower
survival limits of the community are usually sharp. The
former is probably determined by the ability to survive dam-
age by UV-B and visible light during the long periods with-
out water and hence without significant metabolic activity;
the latter probably reflects the lower limit of light sufficient
to permit a net gain from photosynthetic activity [21, 28].
The range of phototrophs in these communities has been
reviewed by Friedmann et al. [6] and Broady [1]. Their
variety presumably reflects in part the variety of rock types in
the desert valleys [11, 27]. The dominant phototrophs are
cyanobacteria or eukaryotic algae, but the latter are more
frequent and often in lichenized associations [10]. Among
the cyanobacteria, Chroococcidiopsis was the first to be de-
scribed and has since been found to be widespread in Ant-
arctic endolithic communities [1].

Some information has been reported on C fixation. Net
ecosystem productivity in the lichen-dominated community
is only about 3 mg C m™* yr'' [7]. The time required for
community lipid carbon turnover has been reported to be ca

20,000 yr [15], although this was revised to 10,000 years by
Nienow and Friedmann [19] to account for substantial me-
tabolism below 5°C. The lack of effect of light on incorpo-
ration of organic molecules in an endolithic community at
one site, Linnaeus Terrace, was assumed to reflect the active
metabolism of fungi and nonphotosynthetic bacteria,
whereas an increase in '*C-bicarbonate uptake in the light
was attributed to the phototrophs [23].

There is a little information on N and P sources for these
communities. Phosphate has not been recognized in the Bea-
con Sandstone of South Victoria Land. The mean value for
eight strata of Well-Stratified Sandstone (probably most like
the material studied here) was 0.109% P,O5 [22], but this P
probably consists of grains of apatite, a fairly common heavy
mineral in Permian Beacon Sandstone of the central Trans-
Antarctic Mountains. Values for inorganic N and inorganic
P after extraction with water for a 5-h period have been
reported [15] for communities dominated by Chroococcidi-
opsis or lichen. Based on the lack of positive response to
nitrate and phosphate additions during short-term assays,
the authors concluded that photosynthetic metabolism was
nutrient limited. However, their interpretation is open to
question, partly because nitrate is only likely to be a natural
source of N in these communities if nitrifying bacteria form
part of the almost closed ecosystem, but also because a pho-
totroph might use energy preferentially to take up any nu-
trient which was potentially more limiting than C. Unless a
rock has a high content of easily mobilized phosphate, the
rate of turnover of P in the community—and hence the
availability of P for growing organisms—seems likely to have
an important influence on the rate at which the community
can metabolize. Long-established communities are presum-
ably almost entirely dependent on P turnover, whereas they
may receive further inputs of C from CO, and perhaps also
N from N, fixation, although assays for the latter appear to
be lacking for the Antarctic desert communities.

Unless molecules released during breakdown of one or-
ganism are incorporated without degradation into other or-
ganisms, P availability for growth depends on there being a
range of phosphatases and other enzymes capable of hydro-
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Table 1. Features of the sites where the endolithic microbial communities were sampled
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East Beacon

Lower East Beacon

Barwick Valley

Variable
Dominant photograph(s)
Latitude
Longtitude

Altitude (m)
Distance to polar ice (km)

Aspect, facing North
Geological formation

Farnell Sandstone

Trebouxia Gloeocapsa-Trebouxia Chroococcidiopsis
77° 50° S 77° 50° S 77°22 S
160° 52’ E 160° 51’ E 160° 10’ E
2300 2200 800
15 15 15
North North-North-East

West Beacon Sandstone Beacon Sandstone

Geological Period Late Devonian Late Devonian Jurassic/Silurian
Grain size: % at feret diam. <250 pm 37 nd nd
250-500 um 32 nd nd
<500 pm 31 nd nd
Porosity % 6-7° nd nd
Moisture % 0.13-1.12 (0.41)° nd nd
Bed rock composition:
Fe total (ug g") 16231587 nd nd
Ca total (ug g™") 70-48 nd nd
K total (pg g™*) 507454 nd nd
Data obtained in this study
pH of water with ground rock 9.2 6.2 7.5
FRP in rock extracted by water for 4 h (pg g™*) 3.2 nd nd
TP in rock digested with acid for 45 min (ug g™') 12.1 nd nd

lyzing organic phosphates [18]. Such enzymes may be re-
leased during breakdown of cells, present on the surface of
live cells or released extracellularly by live cells. An overview
of the features influencing phosphatase activities of photo-
trophs is given in [13].

The aim of the study reported here is to characterize key
features of phosphatase activity in three different types of
cryptoendolithic communities in the Antarctic desert. The
study is based on samples collected by one of us and was
taken as far as availability of material permitted. The experi-
mental methodology involved disruption of the community,
so the results should be considered as a guide to the influ-
ence of environmental factors rather than an indication of
rates of activity likely to occur in situ.

Methods
Samples

The Beacon Sandstone samples, all of which were noted in the field
to contain obvious endolith communities, were collected by
DDW-W in summer (December) 1982. At the time of sampling
there was no snow on the valley floor or sides and the weather was
calm and above freezing. The samples come from (1) 1-m diameter
boulder in Barwick Valley, probably originating from the Beacon
Sandstone bed at 1000-1200 m above sea level on the NNE flank of
Apocalypse Peaks; (2) sandstone strata from the lower NW flank of

East Beacon; (3) sandstone strata from the N flank of the summit
of East Beacon. Environmental information is given in Table 1. It
was impossible to tell how long ago the Barwick Valley boulder had
been dislodged from the Apocalypse cliff and so how long there had
been for the endolith community to stabilize to its new environ-
ment. However, its aspect and exposure were similar to that of its
probable origin. Analysis of a sample of the Barwick rock using
differential scanning calorimetry showed that the concentration of
water was below the detection limit (M. R. Worland, personal
communication).

The surface area of rocks available for study was approximately
25, 6, and 15 cm? for Chroococcidiopsis, Gloeocapsa—Trebouxia, and
Trebouxia communities, respectively. The samples included the
surface, the endolith community and typically about 5 mm of rock
below the community. The upper part of the community was 2-5
mm below the surface and the typical thickness of the communities
was 1, 2.5, and 1.5 mm, respectively.

For Chroococcidiopsis-containing rock there were two samples
and these are considered separately, in case the proportion of cya-
nobacteria differed between them. Studies using MUP (to detect
phosphomonoesterase) on pH, substrate concentration, and time
course were done on sample [; those with MUP on temperature and
influence of preexposure to light, and those with pNPP (p-
nitrophenyl phosphate) and bis-p-NPP (bis-p-nitrophenyl phos-
phate) were done on sample II. (There was no obvious difference
between results from the two samples.) All experiments with the
other two communities were conducted on one sample only.

The rocks were stored and transported at approximately -20°C
until the time of the experiments.
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Preparation for Laboratory Assays

Because of the limited amount of material, it was decided simply to
use the mass of rock to standardize the amount material in an
assay, rather than some measure of biomass such as the lipid phos-
phate adopted by some authors based on [24], though a measure-
ment of chlorophyll a content was made for one sample of the
Chroococcidiopsis community. All the rock material of a particular
type was homogenized lightly and the mass of rock plus commu-
nity used in an assay was utilized to standardize the amount of
community present. Rocks from a particular site were fragmented
in a shaded part of a cold-room (c 10 pmol photon m™ s™') with
a geological hammer and washed chisel until the material appeared
relatively uniform. The process was carried out using a washed
high-sided tray to prevent loss and the tray was contained in ice.
Gloves were worn to prevent contamination. All the material from
a particular site (or sample in the case of Chroococcidiopsis) was
homogenized lightly and portions of approximately 0.1 g were
placed in sample tubes, refrozen and stored at -20°C until use; the
exact mass for each assay was weighed at the end of an experiment.

Chlorophyll a Analysis

Chlorophyll a was extracted from 0.2 g rock with the Chroococcidi-
opsis community (sample II). The methanol extraction procedure
of Marker [17] was used.

Phosphatase Assay

PMEase (phosphomonoesterase) activity was assayed routinely flu-
orometrically using the fluorogenic substrate MUP. Some assays for
PMEase activity were also conducted using the less sensitive meth-
odology with the substrate pNPP and one set of assays for PDEase
(phosphodiesterase) activity was made using bis-pNPP. Many of
the practical details are given in [26]. Assays were carried out in a
P-free version of the medium described in [16], but buffered to give
a range of pH values using 100 uM final concentrations of DMG
(3,3-dimethylglutaric acid) (pH 4.5-5.5), HEPES (N-(2-
hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)) (pH 6.0-7.5)
or glycine (pH 8.0-10.0). For each replicate, a universal bottle was
filled with 5.9 mL cold sterile medium and the homogenized rock
was added to each bottle (excluding one of set of controls).
Assays were conducted in a refrigerated water-bath with gentle
shaking. A temperature of 5°C was used unless stated otherwise.
Temperature was measured at the end of assays to ensure that there
was no difference between samples in the light or dark. The light

flux was about 6-8 umol photon m™ s™*

in routine experiments,
but other conditions were tested, including dark and higher values.
Dark conditions were obtained by wrapping the universal bottles,
including caps, twice in aluminum foil. Particular care was taken in
one experiment to ensure that the rock was kept in the dark all the
time it was exposed to medium; otherwise “dark” samples were

exposed to low light for about a minute prior to the addition of
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substrate. The influence of high light flux was tested using a Phillips
H P 1, 400-watt light source, to provide a flux of 800 umol photon
m? s for the sample.

A 0.1-mL aliquot of substrate was added to the bottles to give a
final concentration of 100 uM for routine assays and the universal
bottles then capped tightly. Details of time course studies or length
of assays are given in Results. Two controls with assay medium
were sampled at each time interval: substrate, but no rock; rock, but
no substrate. There was no detectable change in absorbance or
fluorescence in either case. After an assay, the supernatant was
passed through a GF/C filter and activity ended using 10% (v/v) of
the correct base/acid terminator. The filters were put in the appro-
priate universal bottles with the remainder of the endolithic bio-
mass. Using excitation at 356 nm, fluorescence emission was mea-
sured at 444 nm. The absorbance of pNP (p-nitrophenol) and
bis-pNP (moieties remaining after hydrolysis) was measured at 405
nm. The bottles containing the filters were dried overnight at
105°C. The mass of the filter and biomass were recorded while the
amount of rock and associated biomass was determined after cor-
rection for the mass of the filter. The results are expressed as prod-
uct (MU, pNP, bis-pNP) formed g' d - wt h™' (MU = 4-meth-
ylumbelliferone; pNP = p-nitrophenol; bis-pNP = bis-p-
nitrophenol).

Microscopy and Staining for Localization of Phosphatase

Observations on the microbial communities were made using vis-
ible light and fluorescence microscopy. The dimensions of
Chroococcidiopsis cells were determined using a Leitz Ploemopak
epifluorescence system with a green excitation filter (N2, 530 nm
excitation) for phycocyanin fluorescence and an image analyzer
(Sonata Seescan, Cambridge). The attachment to the substratum of
untreated but carbon-coated Chroococcidiopsis cells was imaged us-
ing a scanning electron microscope (Leica Cambridge Stereoscan
360).

Potential localization of enzyme activity in field samples was
studied by visible light microscopy using BCIP (bromo-4-chloro-
3-indolyl phosphate) as an organic phosphate substrate. A rock
sample was washed three times, resuspended in 1 mM BCIP in
assay medium at pH 7.0, left for 30 min at 32°C, and again washed
three times. BCIP is first hydrolyzed, releasing one molecule of
soluble, colourless indole and one molecule of phosphate. This is
followed by an oxidation step, leading to the production of the
highly insoluble blue pigment 5-bromo-4-chloro indigo. Staining
therefore depends on both enzyme activity and the presence of
0, [2].

Phosphate Analysis

FRP (filtrable reactive phosphate-P) was measured using the
method in [3]. A measurement was made on water (5 mL) in which
Barwick rock (0.1 g total) had been shaken for 4 h (5°C, 6-8 umol
photon m™ s™'). Total P was also measured after extraction from
0.1 Barwick rock for 45 min using the digestion mixture in [3].
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Fig. 1.
ing cells of Chrococcidiopsis embedded in an exopolysaccharide ma-

Scanning electron micrograph of Beacon Sandstone, show-

trix on a quartzite crystal. Cell dimensions: mean = 1.8 pm, cv =
15%. (The cells are dehydrated, which probably explains why their
dimensions are slightly less than those shown by light microscopy.)

pH of rocks

To determine the approximate pH of the environment for the
endolith, rock fragments (0.5 g) were suspended in deionized water
(5 mL) and shaken for 4 h at 5°C and 6-8 pmol photon m™s™". The
pH of the supernatant was then read.

Statistical Analysis

Mean values and standard deviations are given in the figures. To
determine the significance of differences between treatments, a #-
test with a significance level of 0.05 was performed. Owing to
insufficient rock material, some experiments were conducted on
single representative samples and therefore do not have error bars.

Results

The dominant phototrophs in each rock type are listed in
Table 1. Epifluorescence microscopy with green excitation of
the Chroococcidiopsis-dominated community in the Barwick
boulder (both replicates) showed that >90% of the cyano-
bacterial cells appeared viable. They are partially embedded
in an exopolysaccharide matrix adhering to the quartzite
substratum (Fig. 1). Rod-shaped and coccoid bacteria were
evident, but constituting far less biomass than the cyanobac-
teria. The cyanobacterial cells shown by epifluorescence im-
age analysis immediately after mounting crushed rock in
water consisted entirely of Chroococcidiopsis, frequently as-
sociated in pairs, with the following dimensions (mean +
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c.v.,, n = 100): length 2.05 pm *+ 12% and width 1.77 pm +
11%.

In the Gloeocapsa—Trebouxia community of Lower East
Beacon, the prevalence of the brown sheaths of Gloeocapsa
suggested that the cyanobacterium was the more abundant
component of the community. However, fluorescence mi-
croscopy indicated that only a minority of the sheaths in-
cluded viable cells. Bacteria and fungal hyphae were abun-
dant, the latter presumably being the mycobiont of lichen-
ized Trebouxia. The Trebouxia—fungal hyphal association in
the East Beacon rock was more closely integrated than the
similar association in the Lower East Beacon rock. The bac-
terial population in the East Beacon rock was more abun-
dant than in the Barwick rock, but less than in the Lower
East Beacon rock.

1 cm? of sample II of the Barwick rock weighed approx.
2.3 g. The single measurement of chlorophyll a gave a value
of 3.4 ug chl g' rock.

Lower pH, as determined after rehydration of the rock
samples, favored eukaryote-dominated communities more
than the Chroococcidiopsis-dominated community (Table 1).
For clarity in the remainder of the Results, the communities
are named according to their dominant phototroph.

The effect of pH on the PMEase activity of the three
endolith communities is shown in Fig. 2. The Chroococcidi-
opsis community showed a pH optimum of 9.5; below pH
7.0, the rates were either near the detection limit or the cells
had lysed. The Trebouxia community peaked at pH 8.0,
whereas the Gloeocapsa—Trebouxia community had two pH
optima, 5.5 and 8.5-9.5. Subsequent assays were carried out
at the optimum pH for each community (pH 9.5 for
Chroococcidiopsis, 5.5 for Gloeocapsa—Trebouxia, and 8.0 for
Trebouxia). These values are quite similar to the pH values
determined for rock shaken in water (Table 1: pH 9.2, 6.2,
7.5, respectively).

The influence of temperature on the PMEase activity of
these communities is shown in Fig. 3. In all three cases
activity was significantly higher (p = <0.01) at 5°C than at
1°C, and in two cases significantly lower (p = <0.01) at 10°C
than at 5°C.

In view of the mixed composition of a community, assays
on the influence of substrate concentration (Fig. 4) gave a
surprisingly close approximation of what might be expected
with a pure enzyme (see Discussion). Estimates were there-
fore made of the apparent half-saturation value and the con-
centration of MUP required to support half maximal rates.
The apparent K _, values for the communities were
Chroococcidiopis, 230 pM; Gloeocapsa—Trebouxia, 169 pM;
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Fig. 2. Effect of pH on PMEase activity (100 uM MUP, 5°C, 7

pmol photon m™ s™') of Chroococcidiopsis, Gloeocapsa—Trebouxia,
and Trebouxia communities; assays conducted for totals of 6, 4, and
4 h, respectively, but rates expressed per hour. Mean + S.D., n = 3.

Trebouxia, 135 uM. The respective apparent V . values
were 0.053, 0.55, and 0.35 pumol MU g' h™".

As light is essential for the long-term maintenance of
these endolithic communities, its influence was examined.
All three communities showed lower PMEase activity in the
light (6-8 pmol photon m™ s') than the dark (Fig. 5).
Although the difference in activity between light and dark at
individual times was not always significant, the fact that all
10 measurements for a community were lower in the light is
highly significant (p < 0.01) for each community. The re-
sponse with time of Chroococcidiopsis community differed
from that of the other two communities (Fig. 5); its PMease
activity showed a marked decrease in rate in both light and
dark after about 6 h. Much of the difference between total

85

Chroococcidiopsis
0.15 q
0.10 -
0.05 -
—o— Light
v—l4 —e— Dark
en 0 T T T T 1
S 5. Gloeocapsa-Trebouxia
721
S 4
J—(
g 3
2
-
= 1
0
"5 T 1 1 ) 1 L
£ :
310 - Trebouxia
8 -
6 -
4 -
2 -
0 T T T T 1
0 3 6 9 12 15
Temperature [°C]
Fig. 3. Effect of temperature on PMEase activity (100 uM MUP,)

of Chroococcidiopsis, Gloeocapsa—Trebouxia, and Trebouxia com-
munities in light (7 pmol photon m™ s™') and dark. Results are
presented for the full 10-h period (not per hour). Mean * S.D.,

n = 3.

activity in light and dark seemed to develop in the first 2 h
with Chroococcidiopsis, but became more evident with time
with the other communities. Nevertheless, the difference at
12 h was similar for all three: 9%, 11%, and 20%, respec-
tively.

In the case of Chroococcidiopsis, PMEase activity de-
creased slightly toward the end of the period in assays using
100 uM MUP substrate (Fig. 5), and markedly so in those
using 300 uM MUP (data not shown). Because of this de-
crease in activity after 16 h, an experiment was conducted to
see whether all the nonphosphate moiety (MU) from hydro-
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Fig. 4. Relationship between PMEase activity (5 °C, 7 pmol pho-

ton m™2 s™') and substrate (MUP) concentration for the Chroococ-
cidiopsis, Gloeocapsa—Trebouxia, and Trebouxia communities. Ac-
tivities measured over 6-, 4-, and 4-hour periods, respectively.

lyzed MUP phosphomonoester added was still present in the
medium when fluorescence was measured. A homogenized
rock sample at the end of an assay was washed thoroughly
and resuspended in fresh buffered medium without sub-
strate. There was a slow release of MU up to at least 1 h
(Table 2).

The rates for various assays are compared in Table 3. The
various experiments gave quite similar values for the com-
munities with Gloeocapsa—Trebouxia and Trebouxia, but less
so with Chroococcidiopsis.

Two other substrates (100 uM pNPP and bis-pNPP) were
also used to assay changes in PMEase and PDEase activities
with time in light and dark (Fig. 6). The absolute values of
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Fig. 5. Effect of time on total PMEase activity of the Chroococ-

cidiopsis, Gloeocapsa—Trebouxia, and Trebouxia communities. As-
says conducted with 100 uM MUP (5°C, 7 umol photon m™> s")
and assessed as concentration of MU in the medium. Mean + S.D.,
n = 3. (The lack of linearity with time using Chroococcidiopsis is in
part due to retention of MU by particulate material: see text.)

PMEase were slightly higher using pNPP than using MUP
(compare with Fig. 5). PDEase activity was about half that of
PMEase activity with Chroococcidiopsis and Gloeocapsa—
Trebouxia communities, but less with the Trebouxia com-

Table 2. MU (non-phosphate moiety) released by Chroococcidi-
opsis community after completion of assays with MUP for 16 h in
the light (7 pmol photon m™ s™') at three substrate concentrations

Substrate concentration (pM) pumol MU g rock

5 0.01
100 0.022
300 0.031
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Table 3. Comparison of rates of PMEase and PDEase activities using 100 pM substrate in different experiments with the three commu-
nities®
Substrate purpose of expt. Chroococcidiopsis Gloeocapsa—Trebouxia Trebouxia
MUP Time (h) pmol MU g 'h™! Time (h) pmol MU g'h™ Time (h) pmol MU g'h™
pH 6 0.05 4 0.25 4 0.15
Temperature 10 0.012 10 0.35 10 0.22
Temperature, dark 10 0.0135 10 0.41 10 0.25
Substrate concentration 6 0.018 6 0.23 6 0.15
Time course 6 0.018 6 0.30 6 0.17
Time course, dark 6 0.02 6 0.35 6 0.18
pNPP pmol pNP g h! pmol pNP g' h™' pmol pNP g h!
Time course 6 0.046 6 0.46 0.36
Time course, dark 6 0.06 6 0.48 [ 0.40
bis-pNPP pmol bis-pNP g™' h™! pmol bis-pNP g h! pmol bis-pNP g™ h™!
Time course 6 0.033 6 0.13 6 0.08
Time course, dark 6 0.035 6 0.16 6 0.10

* Rates are expressed as product released per hour, though assays have been run for different lengths of time (as shown in table). The estimate for
Chroococcidiopsis based on the temperature study is an underestimate of the extrapolated value, as the assay was continued beyond the period of linear
increase in total activity with time. Experiments were carried out at 5 °C and at 7 pmol photon m™ s™', apart from the four in the dark.

munity. The rates were higher in dark than light with both
substrates and all three communities.

Further experiments on the influence of light were con-
ducted on the Chroococcidiopsis community. Part of a ho-
mogenized rock sample was exposed at 5°C to 2 h continu-
ous light (7 mol photon™® s™') before the start of an assay; a
comparison was then made of the PMEase activity (100 uM
MUP) of this sample and of one for which care had been
taken to avoid any preexposure to light. Preexposure to light
led to a marked reduction in PMEase activity, whether the
assays were run in light or dark (Fig. 7; p < 0.01). Under all
treatments the rate of activity slowed markedly between 30
and 60 min. Another experiment with preexposure for 2 h at
800 pmol photon® 5™ led to cessation of activity (data not
shown).

FRP was measured in filtrates after 16 h of assay (Table
4). The values ranged from 5.7 pg P g"' rock (Chroococcidi-
opsis) to 24.8 ug P g rock (Trebouxia). Staining the rock
samples with BCIP showed purplish-blue color around the
sheath of the Chroococcidiopsis community. For Gloeocapsa-
Trebouxia and Trebouxia communities this color was not
only found on the outer surface of the organisms, but also
elsewhere on rock fragments.

Discussion

Despite their existence in xeric habitats near the limits of life,
phosphatase activity associated with endolithic cyanobacte-

ria and algae was demonstrated on rehydration. However,
before discussing the results in detail, it is necessary to con-
sider how the samples had been treated before the experi-
ments were carried out. The rocks were collected during the
summer season of continuous light, though it is very doubt-
ful if they were metabolically active at the time of sampling,
because of the absence of snow and consequent desiccation
and the known absence of water in the Barwick community.
The Chroococcidiopsis-dominated community was in a fallen
boulder originating from an upper stratum of Beacon Sand-
stone. The boulder was well-bedded and partly entrapped by
subsequent rockfalls, so it is unclear how long ago this oc-
curred. However, its aspect (including shading) and orien-
tation were similar to those of endolithic communities of the
original rock outcrop, and the relatively small difference in
altitude (c. 200 m) is unlikely to have a significant influence
on such slow-growing communities. The rocks were kept
below 0°C immediately after sampling and stored at ap-
proximately -20°C in the dark for some 16 yr (c.f. dark
winter temperatures of -19° to -45°C) [8]. These conditions
are not abnormal for communities with a 10,000-year C-
turnover time [19]. The procedure for homogenizing the
rocks for experimental purposes was carried out in the cold-
room at low light intensity, and the temperature of the ma-
terial probably rose little above 0°C. This may be compared
with the surface of N-facing exposed sandstone on a calm
sunny day, when the temperature can reach as high as +15°C
[8]. Following homogenization, the material was then re-
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All the samples showed phosphatase activities, with
maxima close to the ambient pH. This and the staining of
cyanobacterial sheaths suggest that “surface” phosphatases
of the organisms make an important contribution to the
activity detected. Apart from any inorganic phosphate re-
leased from the rock, almost all the phosphate available for
growing organisms must be that released from decaying or-
ganisms and thus initially organic phosphates, together with
an extremely limited occasional input from snow meltwater
and aeolian dust. It is likely that the phosphate released in
the present experiments was enhanced considerably from
that in nature due to the disturbance of the community, the
optimal hydration state, experimental mixing, and high con-
centrations of substrate. The inorganic phosphate extracted
from an endolithic lichen-dominated community by Vestal
and Friedmann [23] may well have arisen from organic
phosphate hydrolyzed by phosphatases.

Two of the communities assayed showed their highest
activity at 5°C (compared with 1° or 10°C). Short-term as-
says of surface phosphatases of organisms isolated from tem-
perate and tropical climates often show optima at consider-
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Table 4. Comparison of the concentration of phosphate-P measured in the assay medium with the concentration which would be
expected based on measurements of MU in the medium following incubation with 100 pM MUP for 16h (5 °C, 7 umol photon m™ s')*

Estimated P measured as
P present MU released P released % estimated
Communities (pg g rock) (umol g™ rock) (pg™ rock) P released
Chroococcidiopsis 5.8 £0.78 0.127+ 3.9+ 67%
Gloeocapsa—Trebouxia 13.1 £ 0.37 6.2 192 7%
Trebouxia 24.8 + 0.5 4.8 148 17%

? Results are expressed as ug P g™ rock in order to provide a comparison with the other studies.

ably higher temperatures than those of their natural habitat
[13]. This emphasizes the significance of the adaptation of
enzymes to low temperature in these Antarctic communities.
Although temperatures above 10°C are uncommon in en-
dolithic habitats, PMEase activity continued to increase
above 5°C in the Trebouxia-dominated community, which
may reflect the importance of flexibility to allow for ex-
tremes that could denature sensitive enzymes.

Some of the features of the phosphatase activities were
similar to those of many other organisms or communities,
such as the higher PMEase activity found when using pNPP
rather than MUP as substrate. This is probably due to the
hydrolysis of pNPP by a range of enzymes and not just
PMEases [18]. Comparison of PMEase and PDEase activities
using pNPP and bis-pNPP showed approximately half the
activity with the latter in two of the communities. A similar
result has been reported from a number of laboratory cul-
tures [14], suggesting that the same enzyme may possibly be
involved in both processes. However, the ratio between the
two activities is by no means universal in assays with other
organisms taken from nature. Although the phosphatase ac-
tivities assayed are presumably due to a range of enzymes,
nevertheless the data in Fig. 4 suggest that the activity—
substrate relationships resemble quite closely a typical Mi-
chaelis—Menten relationship.

The lack of linearity of PMEase activity (assayed with
MUP) of the Chroococcidiopsis community with time (Fig. 5)
is at least in part due to retention of MU by particulate
material (Table 2). There are several possible explanations
for the slow release of some of the nonphosphate moiety of
an organic phosphate molecule by particulate material. If
hydrolysis takes place inside the cell (in addition to hydro-
lysis at or external to the cell wall), the product released in
the cell might move slowly to the exterior. Another expla-
nation could be that MU released by PMEase activity in the

thick sheath of Chroococcidiopsis(Fig. 1) tends to be retained
there.

There was some uncertainty concerning the fate of phos-
phate hyrolyzed during the assays. The phosphate present in
medium at the end of a 16-h assay with the Chroococcidiopsis
community was approximately the same as that released
from MUP, suggesting that uptake by the cyanobacteria and
any other bacteria present is slow. However, only a low
proportion of the phosphate released by the other two com-
munities was detectable in the medium (Table 4), suggesting
that there is either a very high rate of uptake by organisms or
immobilization on the rock.

The inhibitory effect of light on PMEase activity with
either substrate and also on PDEase activity was unexpected.
Much of the effect appeared to occur during the early
stage of assays with Chroococcidiopsis, so the percentage
decrease dropped during long-term assays. Nevertheless,
this effect was consistent and repeatable, and there was
no obvious source of an artifact, such as might occur if
light influenced the temperature in the assay bottles or hy-
drolysis of the substrate. Most studies on surface phospha-
tases show no effect of light during short-term studies,
though a few studies on seaweeds have shown enhancement
in the light [13], where the effect is thought to reflect the
demand for energy to transport the phosphate released by
hydrolysis into the cell. The red alga Corallina elongata is
apparently the only organism reported to show higher ac-
tivity in the dark than under low light flux [12]. It was
suggested that phosphatase activity may help fulfill P re-
quirements in this organism when direct uptake of inorganic
P is reduced under conditions of limited reducing power.
This might apply to the endolithic community, though this
would not fit with the interpretation in [23] that photosyn-
thetic metabolism in the endolithic communities studied
showed no sign of nutrient limitation (including P limita-
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tion). Possibly the surface phosphatase(s) in the endolithic
communities undergoes some form of change on transfer
from dark to light. The minimal input of P into the
endolithic ecosystem from meltwater and aeolian dust
makes the recycling of organic P very important for the
transient metabolism of endolithic microbial communities.
Any factor that affects the metabolism of this element, which
is crucial for biomolecules associated with energy exchange
and genetic processes at the limits of survival, is of great
importance.

These studies have been made under conditions (shaking,
dilution with medium) likely to enhance greatly the rates of
activity occurring in nature. In addition it is unclear how
well the hydrolysis of MUP simulates that of the substrates
present in situ. We also do not know whether organic phos-
phates are more likely to be available at very low concentra-
tions for much of the time or whether growing organisms
depend on higher concentrations supplied in pulses, though
fungal hyphae may aid the lichenized Trebouxia to mobilize
nutrients from scattered microzones of microbial break-
down.

The following assessment of the relevance of phospha-
tase activities for growth of the Chroococcidiopsis-domi-
nated community in situ is presented as a guideline for
future researchers. Suppose that the chlorophyll content
of the cyanobacterium is 1.8% dry weight and that any
contribution to PMEase activity from heterotrophic or-
ganisms is ignored. Then, based on the chlorophyll a con-
tent (3.4 ug g rock) and the values for PMEase activity
in Table 3, 1 mg cyanobacterium releases approx. 3 pg P
h! from 100 uM substrate. Assuming P is and remains at
1% dry weight (based on other studies of cyanobacteria)
[25], it would take about 30 h of metabolic activity at 5°C for
the cyanobacterium to obtain enough P to double in mass.
As there is an approximately linear relationship between
activity and substrate concentration over the lower part of
the concentration range, a 10-fold decrease in substrate con-
centration would lead to a 10-fold increase in the time re-
quired. In addition, phosphodiesters, which were hydrolyzed
at about half the rate of phosphomonoesters (Fig. 6), con-
stitute an important component of cell P, thus also increas-
ing the time required. In view of the spasmodic activity of
these communities during very transitory periods of rehy-
dration, this activity may be sufficient to support the phos-
phorus metabolism necessary to accompany the carbon and
nitrogen metabolism of these remarkable slow-growing

communities.
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