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ABSTRACT: Biomass and the concentrations of the UV-absorbing compounds scytonemin, pterins and 
mycosporine-like amino acid compounds (MAAs) were determined in a seasonal study of a cyanobac- 
terial mat growing on an intertidal mangrove sediment at Towra Point, Sydney, Australia. The commu- 
nity was dominated by the filamentous cyanobacteria Lyngbya cf. aestuarii and Microcoleus chthono- 
plastes. While the first occurred as a thin compact layer on top of the mat without any obvious 
indcation of growth over the course of the study, the latter formed a layer underneath Lyngbya and 
showed an increase in the thickness of the layer after the summer period. The sheath pigment scy- 
tonemin was only formed by L. cf. aestuarii and represented at all sampling dates the quantitatively 
most important UV-absorbing compound, ranglng from 140 to 1300 mg m-'. The areal scytonemin con- 
tent seemed to follow the seasonally fluctuating solar intensity In contrast, the areal contents of pterins 
and MAAs did not increase under elevated solar radiation conditions. The data indicate the importance 
and effectiveness of scytonemin deposition in the outer sheaths of L. cf. aestuarii as a sunscreen for the 
entire benthic community underneath. 
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INTRODUCTION 

Cyanobacterial mats often develop on salt marsh and 
mangrove intertidal flats in warm-temperate to tropi- 
cal regions, where they play an  important role as pri- 
mary producers, as well as in the formation, stabiliza- 
tion and biogeochemistry of sediments (Hussain & 
Khoja 1993, Paterson 1994, Pinckney et al. 1995). In 
these habitats, microbial mats experience tidal irnmer- 
sion-emersion cycles and, under such conditions, they 
are subjected to strong amplitudes in salinity and irra- 
diance, as well as long intervals of desiccation (Potts 
1994, Bebout & Garcia-Pichel 1995, Karsten 1996). 
Enhanced solar ultraviolet (UV) radiation due to the 
depletion of the stratospheric ozone layer has been 
proposed as a major stress factor for many photo- 
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trophic organisms in aquatic ecosystems (Franklin & 
Forster 1997). In warm-temperate to tropical regions 
the UV radiation is strong enough to affect marine 
organisms in the intertidal zone even under normal 
stratospheric ozone concentrations (Fleischmann 1989, 
Madronich 1993). 

Deleterious effects of UV radiation on marine pri- 
mary producers are well recognised, and include the 
direct effects of UV-B (280 to 320 nm) on molecular tar- 
gets such as DNA, RNA and proteins, on physiological 
processes such as photosynthesis and on community 
structures (Smith et al. 1992, Buma et al. 1995, David- 
son et al. 1996, Franklin & Forster 1997). Although 
UV-A (320 to 400 nm) may also have a net damaging 
influence on photosynthesis (Cullen et al. 1992), this 
waveband in general exerts a more positive effect on 
physiology by inducing photobiological events such as 
photolyase activity for DNA damage (Buma et al. 
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1997). Of major interest is the identification of repair Oscillatona sp, since UV-A radiation has been 
and/or protective mechanisms that allow phototrophic reported to be very effective in eliciting biosynthesis of 
organisms living in high-light habitats to survive and a biopterin glucoside compound (Matsunaga et al. 
reproduce. 1993). However, the metabolic function of pterins in 

Besides the migration of filamentous cyanobacteria various phototrophic organisms is not understood (Gal- 
in microbial mats as a mechanism to avoid excessive land & Senger 1988), and the average amounts of 
exposure to harmful UV-B radiation (Bebout & Garcia- pterins accumulated by cyanobacteria do not attain 
Pichel 1995), many species have been shown to pro- concentrations high enough to provide a significant 
duce various types of UV-absorbing compounds (Gar- optical effect (Grether et al. 1996). 
cia-Pichel & Castenholz 1993). Three chemical classes The possible seasonal variation in the concentration 
of these substances have been identified in cyanobac- of UV-absorbing compounds in natural microbial com- 
teria: the brown pigment scytonemin, an indole alka- munities has never been investigated, neither under 
loid located in the extracellular sheath with an  absorp- simulated laboratory conditions nor in the field. There- 
tion maximum in the UV-A range (370 nm in vivo) fore, the objective of this study was to determine over 
(Garcia-Pichel & Castenholz 1991), as well as myco- a period of 1 yr the contents of all scytonemin, MAAs 
sporine-like amino acid compounds (MAAs) (Garcia- and pterins in a cyanobacterial mat growing on an 
Pichel & Castenholz 1993, Bohm et al. 1995, Karsten & intertidal mangrove sediment under natural insolation. 
Garcia-Pichel 1996) and pterins (Matsunaga et al. Of special interest was the evaluation of the type of 
1993), which optimally absorb at  shorter wavelengths compound which may be the most important as UV 
between 310 and 360 nm. The physiological function of sunscreen in the field, and to understand species- 
scytonemin as an effective UV sunscreen has conclu- specific acclimation strategies in various members of 
sively been shown in different strains of cyanobacteria the mat under elevated solar radiation in summer. 
isolated from sun-exposed habitats (Garcia-Pichel & 
Castenholz 1991, Garcia-Pichel et al. 1992, Brenowitz 
& Castenholz 1997). In contrast to scytonemin, MAAs MATERIALS AND METHODS 
represent a suite of chemically related water-soluble 
compounds which are in most cases intracellularly Microbial mats were collected from an intertidal 
located. In the terrestrial cyanobacterium Gloeocapsa mangrove sandy sediment at Towra Point, a small 
sp. the MAA concentrations were a function of the UV- peninsula located at the southern shore of Botany Bay, 
B dose (Garcia-Pichel et al. 1993), and the estimation of Sydney, Australia (Fig. 1).  Sampling of ca 30 X 30 mm 
their sunscreen capacities suggested a significant pro- pieces, 10 mm deep, was done between July 1995 and 
tection from potentially deleterious UV effects (Garcia- May 1996 in intervals of 2 wk. After collection mat 
Pichel & Castenholz 1993). A possible role of pterins as samples were kept in the dark and air-dried in the lab- 
UV-protecting compounds has recently been sug- oratory overnight. They were stored in the dark in a 
gested for the marine planktonic cyanobacterium refrigerator at  4OC in sealed plastic bags until chemical 

analysis, which took place within 8 wk after 

Melbourne 

sampling. Under these conditions no sub- 
stantial degradation of chlorophyll a (chl a) 
as indicated by the presence of phaeophytin a 
or chlorophyllide a could be observed. 

Data on air temperature and rainfall were 
collected from the meteorological station at 
Sydney Airport, information on water temper- 
ature was kindly provided by Dr I. Suthers 
(University of New South Wales, Sydney), data 
on UV radiation were obtained from the Aus- 
tralian Radiation Laboratory in Melbourne, 
and sunrise and sunset times for the calcula- 
tion of daylengths were obtained from Sydney 
Observatory. The values for maximum and 
minimum air temperature and for water tem- 
perature represent the average temperature of 

Fig. 1 Map of the  location Towra Point, Sydney, Austraha where the 2 wk before each sampling date. For the daily 

intertidal cyanobacterial mats were  collected between July 1995 and UV-B doses (280 to 320 nm) the average of 3 d 
May 1996 before each sampling was calculated. 
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Nomarski interference contrast microscopy and epi- 
fluorescence microscopy were done with a Zeiss Axio- 
plan microscope to exanline the presence and distribu- 
tion of cyanobacterial species in the microbial mat 
during the course of the seasons. The percentage cover 
at  the surface of the mat and in < l  mm depth was esti- 
mated for the most abundant filamentous species 
Lyngbya cf. aestuarii Liebm. and Microcoleus chthono- 
plastes Thuret in ca 200 I.lm thin sections sliced from 
the cores by using a razor blade. The respective thin 
sections were microscopically investigated by count- 
ing the percentage cover of the bottom area of ran- 
domly selected fields. 'L.  aestuarii' is a common mor- 
photype in mats, but its taxonomic validity has not 
been studied with modern methods. Therefore we use 
L. cf. aestuarii (cum forme). 

For the deternlination of the various UV-absorbing 
conlpounds, air-dried field samples were renloistened 
with several drops of stenle seawater. Afterwards 3 or 
4 independent mini-cores (inner diameter of 8 mm) 
were taken with the thick end of a Pasteur pipette. The 
uppermost cyanobacterial mat layer had a maximum 
thickness of ca 2 mm. The biomass of each core was 
determined using chl a concentration as indicator. This 
pigment was extracted together with the sheath pig- 
ment scytonemin in ice-cold 100% acetone and 
analysed by HPLC as described in detail by Karsten & 
Garcia-Pichel (1996). Scytonemin and chl a showed 
retention times of 2.05 and 15.80 min, respectively, and 
were identified by CO-chromatography with authentic 
scytonemin isolated from a pure culture of the well- 
characterised cyanobacterium Scytonema javanicum 
strain B-77 (Garcia-Pichel & Castenholz 1991) and by 
using a commercially available chl a standard (Sigma 
Chemical Co.). Pigments were quantified by peak 
areas using molar extinction coefficients for scytone- 
min and chl a of 27.9 and 91.7 at  436 nm, respectively. 
Mini-cores were also directly extracted for quantitative 
MAA determination. Sample extraction and HPLC 
analysis were carried out according to Karsten & Gar- 
cia-Pichel (1996) modified as follows. MAAs were sep- 
arated on a stainless-steel Knauer Spherisorb RP-8 col- 
umn (5 pm, 250 X 4 mm I.D.) protected with a RP-8 
guard cartridge (20 X 4 mm I.D.). The mobile phase 
was 25 % aqueous methanol (v/v) plus 0.1 % acetic acid 
(v/v) in water. This solvent was isocratically run at a 
flow rate of 0.7 m1 min-l. MAAs were detected at 
335 nm and absorption spectra were recorded each 
second between 290 and 400 nm directly on the HPLC- 
separated peaks. Identification was made by spectra, 
retention time and in some cases CO-chromatography 
with standards extracted from the marine organisms 
LissocLinum patella (ascidean), Palythoa tuberculosa 
(zoanthid), coral trout lenses and the red macroalga 
Porphyra sp. ,  which were kindly provided by Dr D. 

Karentz (Department of Biology, University of San 
Francisco, USA). While some MAAs such as shinonne 
were easily identified, most others remained unknown. 
Therefore the sum of all compounds was summarized 
and quantified by using an  average extinction coeffi- 
cient of 120 1 g-' cm-' (Garcia-Pichel & Castenholz 
1993), as well as an  average molecular weight of 300. 

Pterins were extracted in HCl, oxidized to their fluo- 
rescent forms with iodine, purified by cation-exchange 
chromatography and separated using reverse-phase 
HPLC with fluorescence detection. The methodology 
for pterin isolation, analysis, identification and quan- 
tification is described in detail by Maier & Ninnemann 
(1995). 

The concentrations of chl a and the various UV- 
absorbing compounds are expressed in units of mass 
per surface area of mat. 

RESULTS 

Botany Bay is an  estuary with many small peninsu- 
las, inlets and tidal channels whose shores are  covered 
with mangrove and salt marsh vegetation, as well as 
with microbial mats on the tidal flats. The salinity in 
the water column at  Towra Point, a small peninsula 
(Fig. l ) ,  fluctuates usually between 25 and 34 ppt, with 
lower values after heavy rainfalls or freshwater run-off, 
and higher values after long periods of evaporation 
especially in summer. The seasonal soil salinity fluctu- 
ates between 12 and 78 ppt (calculated from Clarke & 

Hannon 1969). At this location water and air tempera- 
tures increased starting in August (water: 13.g°C; air: 
16.3"C), and the maximum was measured in January 
(water: 22.6"C; air: 26.6"C) (Fig. 2), indicating rela- 
tively small annual differences. Calculations of the 
seasonal change in daylength gave a minimum of 9.9 h 
in late June and a maximum of 14.4 h in late December 
(Fig. 2). Comparisions between the daily total UV-B 
doses clearly showed a >5-fold increase from the 
beginning of the study in July until December/January 
followed by a gradual decrease back to the original 
level in mid May (Fig. 2). 

The type of microbial mat studied consisted of 2 dis- 
tinct layers growing always fully exposed to solar radia- 
tion on top of a sandy sediment (Fig. 3).  While the top 
layer had a nearly constant thickness in the range of 
0.5 mm and a brownish colour over the course of the 
seasons, the underlying lamina varied between 0.7 and 
1.5 mm in thickness and appeared always blue-green 
coloured. This blue-green layer was generally thicker 
in the second period of this study after the summer, 
compared to the first 6 mo. Microscopical examinations 
demonstrated the dominant occurrence of the filamen- 
tous cyanobacterium Lyngbya cf, aestuarii at  the sur- 
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Fig. 2. Seasonal changes in environmental conditions at 
Towra Pomt, Sydney, Australia between July 1995 and May 
1996. (a) Maximum and minimum air temperature, and water 
temperature; values represent average temperature of the 
2 wk period before each sampling date. (b) Daylength calcu- 
lated from sunrise until sunset. (c) Daily UV-B dose (280 to 
320 nm); values represent average of 3 d before each sam- 

pling date 

Fig. 3. Seasonal aspects of 2 cross-sections through the cyano- 
bacterial mat studied, showing (A) summer (13 December 

1995) and (B) late autumn samples (10 May 1996) 
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Fig. 4. Seasonal changes in (a) total cyanobacterial biomass 
expressed as area1 chlorophyll a (chl a) concentration (mean 
value * SD, n = 4), and percentage abundance of Lyngbya cf. 
aestuarii and Microcoleus chthonoplastes (b) at the mat sur- 

face and (c) in 1 mm depth 

face of the mat (Fig. 4 ) .  This species contains large 
amounts of the brown pigment scytonemin, which 
characteristically tints their extracellular sheaths (Gar- 
cia-Pichel & Castenholz 1991). The blue-green layer 
was dominated by another filamentous cyanobac- 
terium, Microcoleus chthonoplastes, which could be 
seen in 0.2 mm thin sections sliced from 1 mm depth 
(Fig. 4) .  While L. cf, aestuarjj was always the quantita- 
tively dominant species in the uppermost surface area 
over the course of the seasons, some variation in the 
distribution of both species was determined in the 
deeper parts of the mat. Although both species repre- 
sented at all sampling dates more than 98% of the 
cyanobacterial biomass, in some samples very sparsely 
distributed colonies of other species such as Phormid- 
ium sp. and Aphanothece sp. (= Cyanothece sp.) were 
also observed. 
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Fig. 5. Seasonal changes in the concentrations of the UV- 
absorbing compounds (a) scytonemin. (b) pterins and 
(C) mycosporine-like amino acid compounds (MAAs) ex- 
tracted from the cyanobacterial community. While the given 
amounts of scytonemin and MAAs represent mean values 
(* SDI of 4 replicates, the shown pterin contents were each 

determined from 1 mat piece only 

Chl a as an indicator of total oxygenic phototroph 
biomass remained constant at 130 to 160 mg chl a m-2 
surface area from the beginning of the study until mid 
December, followed by a more than 2-fold increase 
over the summer and autumn up to >400 mg chl a m-' 
in mid May (Fig. 4). The concentration of phaeo- 
phytin a, an  indicator of degrading cells, was always 
less than 3 % of the chl a value (data not shown). This 
biomass increase correlated with an increase in thick- 
ness of the MicrocoIeus layer in the mat. 

The seasonal variation of the 3 classes of UV-absorb- 
ing compounds extracted and analysed from the 
microbial mat indicated different concentration ranges 
for each group (Fig. 5). While the sheath pigment scy- 
tonemin always showed high area1 values ranging 
from 140 to 1300 mg m-2, the amounts of pterins and 

MAAs varied from 1 to 44 and 10 to 218 mg m-2, 
respectively, over the course of the seasons. The scy- 
tonemin concentration gradually rose from 400 mg m-' 
at the beginning of the study to 550 mg m-2 in mid 
November, followed by a strong and significant 
increase up to 1300 mg m-2 over the summer months 
(p < 0.01, l-way ANOVA) (Fig. 5). Between late Janu- 
ary and mid February a sharp decline in scytonemin 
content down to 350 mg m-'was observed, followed by 
a fluctuating value ranging from 350 to 610 mg m-2 
until the end of the study. While scytonemin exhibited 
highest values in December and January, the sum of 
pterins was lowest at this time up until mid March 
(Fig. 5). From the beginning of the study until mid 
October, and from mid April until mid May, the pterin 
concentrations were generally 3- to 4-fold higher com- 
pared with the lower summer/autumn values. The 
MAA contents showed a very high amount of 218 mg 
m-' only in late December (Fig. 5). At all other sam- 
pling dates, fluctuating concentrations were deter- 
mined ranging from 10 to 120 mg m-2 which were ran- 
domly distributed over the course of the seasons. MAA 
samples were always quantitatively dominated by a 
compound with an absorption maximum at 332 nm 
assigned as MAA No. 3 according to Karsten & Garcia- 
Pichel(1996). In some mini-cores minor concentrations 
of shinorine were also present (data not shown). 

The molar ratios for each of the UV-absorbing com- 
pounds and chl a were used to infer changes in the 
accumulation of these substances with biomass 
(Fig. 6). An increase in these ratios indicates an  in- 
crease in UV-absorbing compounds relative to total 
biomass and vice versa. The scytonemin/chl a ratio 
strongly rose from 2.4 at the beginning of the study up 
to 9.5 in late November followed by a gradual decrease 
until mid May back to the first value. In contrast, the 
pterin/chl a and MAA/chl a ratios fluctuated much 
more randomly over the course of the seasons (Fig. 6). 

DISCUSSION 

The chl a concentrations in the microbial mat studied 
seasonally varied between 130 and 500 mg m-2 which is 
in good agreement with values of other cyanobacterial 
communities from mangrove locations (Sournia 1977, 
Potts 1980). Potts (1980) estimated for various types of 
standing crop chl a contents between 59 and 436 mg 
m-2 (recalculated from his Table 3), while Sournia 
(1977) reported amounts in the range 100 to 200 mg 
m-2. However, none of these studies took any account 
of seasonality. A recent investigation of a similar type of 
cyanobacterial mat from a sandy tidal flat in North Car- 
olina, USA, clearly indicated a strong impact of season- 
ality on community composition, chl a concentration 
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Fig. 6. Seasonal changes in the molar ratios of (a) scytonemin, 
(b) pterins and (c) mycosporine-like amino acid compounds 

(MAAs) to chl a in the cyanobacterial community 

and nitrogen fixation (Pinckney et al. 1995). Mat bio- 
mass generally increased over the summer period. In 
contrast to the investigation of Pinckney et al. (1995), 
chl a concentration of the mangrove mat studied here 
rose from the end of the summer until late autumn 
(Fig. 4). This suggests that biomass accretion occurred 
which is well reflected in the cyanobacterial layer un- 
derneath the surface that became thicker and more 
dense over time. The most abundant species in this part 
of the system was Microcoleus chthonoplastes, a cos- 
mopolitan member of many marine microbial mats from 
temperate to tropical regions (Prufert-Bebout & Garcia- 
Pichel 1994). In many such mats, the cyanobacterial 
layer is formed almost exclusively by this species. 

In contrast to Microcoleus chthonoplastes, biomass 
of Lyngbya cf. aestuarii at the mat surface seemed 
more or less constant over the course of the seasons 
since no obvious increase in cell density or in the thick- 
ness of this layer could be observed. However, the 

strong formation and accumulation of scytonemin over 
the summer period clearly indicates physiological 
activity of this species. L. cf. aestuanl has seemingly 
also a worldwide distribution, and is known as well to 
form fabric-like mats in intertidal and shallow marine 
habitats (Castenholz & Waterbury 1989). 

The data presented clearly indicate that in terms of 
quantity scytonemin was the most important UV- 
absorbing substance of the microbial community. The 
area1 scytonemin concentrations varied nearly 10-fold 
between 140 and 1300 mg m-' over the course of the 
seasons (Fig. 5). Values as high as 1300 mg m-' have 
never been reported before, although desert light- 
exposed soil crusts which are formed by various 
cyanobacterial species have been shown to contain 
1.8 to 335 mg scytonemin m-' (Garcia-Pichel & Belnap 
1996). This pigment is apparently restricted to cyano- 
bacteria, and it has been isolated and identified from 
more than 30 sheathed species, as well as from cyano- 
bacterial lichens, all of which were collected from 
high-light habitats (Proteau et al. 1993, Biidel et al. 
1997). However, in a recent study a UV-absorbing 
compound with physico-chemical properties similar to 
those of scytonemin was reported for the first time in 
phytoplankton samples collected in the North Atlantic 
(Llewellyn & Mantoura 1997). In the terrestrial cyano- 
bacterium Chlorogloeopsis sp., it has been reported 
that UV-A exposure induced photoinhibition and 
growth delay until substantial concentrations of scy- 
tonernin had been synthesized and deposited in the 
extracellular envelopes (Garcia-Pichel et al. 1992). In 
natural Calothnx sp. biofilms a correlation between 
scytonemin level and resistance of photosynthesis 
under UV exposure has been demonstrated (Breno- 
witz & Castenholz 1997). Other data indicate a strong 
stimulating effect of increasing PAR and UV-A doses 
on the accumulation of this compound in various 
cyanobacterial species (Garcia-Pichel et al. 1991). The 
latter authors also demonstrated that scytonemin 
formation was a physiological process and not due to 
a mere photochemical conversion of a precursor 
under high irradiance. Although we could not distin- 
guish between specific spectral effects on the UV- 
absorbing compounds in the cyanobacterial com- 
munity, i.e. whether PAR, UV-A or UV-B is mainly 
responsible for inducing the synthesis and accurnula- 
tion of scytonemin, it is obvious that the seasonal scy- 
tonemidchl a ratio (Fig. 6) follows well the annual 
fluctuations in solar intensity. This fluctuation is 
reflected by daylength and UV-B dose (Fig. 2),  as well 
as by PAR and UV-A for which we were unable to 
obtain data. 

Radiation measurements inside a cyanobacterial 
lichen by using a microprobe showed a strong attenu- 
ation of UV-A/B in the outer parts of the thallus due to 
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the presence of high concentrations of scytonemin 
(Biidel et al. 1997). These data clearly indicate the 
effectiveness of this compound as a UV sunscreen. 
Therefore, it seems that under natural conditions 
increasing UV radiation stimulates the synthesis and 
accumulation of high scytonemin concentrations in the 
top Lyngbya layer. As a consequence, the presence of 
this compound protects this species against incoming 
UV radiation, as well as all other members of the ben- 
thic community underneath. 

While scytonemin in this community is restricted to 
Lyngbya cf. aestuarii, MAAs occur in both cyanobacte- 
rial species as determined for pure cultures (data not 
shown). Moreover, while scytonemin is extracellularly 
deposited and an environmentally quite stable com- 
pound, MAAs are most often intracellularly located. 
The MAA concentrations of the microbial mat were 
randomly scattered over the course of the seasons 
without any obvious trend. The amounts determined in 
this study suggest some protective role as a passive UV 
sunscreen. However, since the scytonemin contents 
were always at least 1 order of magnitude higher than 
the MAAs, only an  incomplete or limited protection 
against UV photodamage can be expected from the 
latter compounds. The same seems to be true for the 
presence of pterins, for which concentrations were 5- 
to 10-fold lower than those of the MAAs and, hence, a 
photoprotective role as sunscreen for the microbial mat 
can be ruled out. Moreover, while the highest scytone- 
min concentrations in the natural community were 
found under the highest ambient solar intensities, the 
variable amounts of MAAs and pterins over the course 
of the season indicate that the contents of these sub- 
stances were not determined by exposure to increased 
radiation conditions. 

In conclusion, in this field study we have shown that 
Lyngbya cf. aestuarii forms and accumulates very high 
concentrations of the UV sunscreen scytonemin in the 
top surface layer of the mat in parallel with seasonally 
fluctuating solar radiation. Microcoleus chthonoplastes, 
as well as all other microorganisms living underneath, 
would surely benefit from this dense scytonemin layer, 
which functions as a highly efficient UV sunscreen. 
Well protected from this harmful radiation, the shade- 
adapted M, chthonoplastes (Bebout & Garcia-Pichel 
1995) can grow and survive under the environmentally 
extreme conditions of the mangrove habitat. 
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