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Abstract Microbial mats are prokaryotic communities

that provide model systems to analyze microbial diversity

and ecophysiological interactions. Community diversity of

microbial mat samples was assessed at 8:00 a.m. and 3:00

p.m. in a combined analysis consisting of 16S rRNA-

denaturing gradient gel electrophoresis (DGGE) and

phospholipid fatty acid (PLFA) profiles. The divergence

index determined from PLFA and DGGE data showed that

depth-related differences have a greater influence on

diversity than temporal variations. Shannon and Simpson

indices yielded similar values in all samples, which sug-

gested the stable maintenance of a structurally diverse

microbial community. The increased diversity observed at

3:00 p.m. between 2.5 and 4 mm can be explained mainly

by diversification of anaerobic microorganisms, especially

sulfate-reducing bacteria. In the afternoon sampling, the

diversity index reflected a higher diversity between 4 and

5.5 mm depth, which suggested an increase in the diversity

of strict anaerobes and fermenters. The results are consis-

tent with the conclusion that hypersaline microbial mats are

characterized by high degree of diversity that shifts in re-

sponse to the photobiological adaptations and metabolic

status of the microbial community.
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Introduction

Microbial mats are prokaryotic communities that are

thought to represent the present-day analogues of the first

ecosystems on Earth. The close spatial relationships be-

tween their members facilitate the establishment of

microscale biochemical gradients and microniches, which,

in turn, lead to a more complete recycling of nutrients,

diversification of the microbiota, and closer community

interactions over a range of temporal and spatial scales

(Paerl et al. 2000). Microbial mats are highly diverse

ecosystems characterized by diel variation of oxygen,

sulfide, temperature, and salinity conditions. They are also

a source of not-yet characterized microorganisms that are

well adapted in the microbial community (Guerrero et al.

2002). Although microbial mats have been intensively

studied as model microbial ecosystems, uncertainties

remain concerning their biochemical cycles, cooperative

associations, and the identities of their resident microor-

ganisms.

Previous studies have quantified the microbial diversity

of certain microbial mat populations by cultivation-inde-

pendent approaches based on morphology, carotenoid

content and 16S rRNA analysis (Nübel et al. 1999).
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However, our knowledge of mat community diversity is

still limited due to methodological problems and to the lack

of taxonomic information. Molecular techniques have been

used to overcome the limitations of culture-based methods;

however, they are also subject to restrictions (Kirk et al.

2004). White and Findlay (1988) developed a community-

level approach to characterize the structures of microbial

communities based on shifts in phospholipid fatty acids

(PLFAs) obtained from environmental samples. Different

groups of bacteria are characterized by specific PLFA

profiles; therefore, a change in the phospholipid pattern

implies a change in bacterial composition. This approach

has resulted in the identification and quantification of both

viable biomass and community structure in sediments

(Ibekwe et al. 2001; Ringelberg et al. 1988) and microbial

mats (Navarrete et al. 2000; Navarrete et al. 2004).

Nonetheless, despite its versatility, PLFA analysis is lim-

ited to the study of bacteria (White and Ringelberg 1997)

and has therefore been complemented by nucleic acid-

based analyses, such as denaturing gradient gel electro-

phoresis (DGGE) (Macnaughton et al. 1999; Stephen et al.

1999). In previous studies, the combined use of DNA-

based and lipid analyses provided a quantitative means of

estimating microbial diversity in various environments, and

the ability to relate microbial community structure to

environmental conditions (Fromin et al. 2002; Torsvik and

Øverås 2002; Torsvik et al. 2002). Although microbial

community fingerprinting methods include a variety of

well-known PCR biases (Wintzingerode et al. 1997), they

provide comprehensive information on global patterns of

microbial diversity and have thus proved useful in the

study of factors that govern microbial diversity, ecology,

and function in numerous habitats (Casamayor et al. 2002;

Tankéré et al. 2002).

The hypersaline microbial mats investigated in this

study are located in the pre-concentration pond in the

Salin-de-Giraud solar salt works on the Mediterranean

French coast in the Rhône Delta (Camargue, France;

Caumette et al. 1994). These cyanobacterial mats are

composed of diatoms and unicellular cyanobacterial in the

surface layer. Below, filamentous cyanobacteria, mainly

Microcoleus chthonoplastes, form a cohesive band. For a

more detailed microbial composition in depth zonation see

Fourçans et al. (2004) and Fourçans et al. (2006). In

addition, Camargue mats are characterized by high sulfate

reduction rates and high iron content (Wieland et al. 2005),

and they have also been studied because of their potential

for biodegradation of crude oil (Benthien et al. 2004).

In the present survey, we complemented a previous

study based on a combined PLFA/nucleic approach to

monitor changes in the physiological status, biomass, and

community composition in a hypersaline mat (Villanueva

et al. 2004), giving emphasis on the spatial and temporal

microbial diversity variations at a microscale level. Thus,

PLFA and DGGE were performed in samples obtained at

various depths (0–8.75 mm depth) from a hypersaline

microbial mat. This study was based on daytime mea-

surements to gain insight into the microbial diversity

changes induced by the close coupling between autotrophs

and heterotrophs in hypersaline microbial mats (Wieland

and Kühl 2000), and for this reason, samples were taken at

two selected times during the day (8:00 a.m., 3:00 p.m.) as

representative of the beginning and height of the photo-

synthetic period. Ecological diversity is a function of the

number of different classes (richness) and the relative

distribution of elements between them (evenness; Begon

et al. 1990). In this case, diversity indices and divergence

between samples were calculated, which allowed classifi-

cation of the PLFA and DGGE data according to clustering

methods. These studies revealed the high diversity of

microbial mats and the importance of combining different

analytical approaches for estimating diversity in complex

microbial communities.

Material and methods

Sampling and lipid analysis

Cyanobacterial microbial mats were sampled in a pre-

concentration pond of the Salin-de-Giraud solar salt works

(Camargue, France) in April 2002 at two selected times

during the day (8:00 a.m. and 3:00 p.m.; salinity ranged

between 70 and 80&; for a more detailed description see

Caumette et al. 1994). Samples A were obtained at 8:00

a.m. GMT + 1:00 and samples B at 3:00 p.m.

GMT + 1:00. Each sample was cut on a microtome into

50-lm thick slices, and then ten cuts grouped to form each

sample group (total depth per layer, ca. 500-lm thick for

sample group 1–15; group 16 contained 25 slices 50-lm

thick, total depth 8.75 mm). Duplicate samples were ex-

tracted according to the modified method of Bligh and

Dyer (1959) described by White et al. (1979) and the

resulting total lipid extracts were fractionated into neutral,

glyco-, and polar lipids by silicic acid chromatography.

Polar-lipid fractions were then transesterified to fatty acid

methyl esters (Guckert et al. 1985) and analyzed by gas

chromatography/mass spectrometry (for a more detailed

description on analytical method and nomenclature see

Navarrete et al. 2000).

DNA purification and DGGE analysis

Nucleic acids were precipitated directly from the PLFA

aqueous phase as described in Chang et al. (1999). 16S
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rRNA gene fragments were PCR-amplified with primers

targeted eubacterial 16S regions corresponding to Escher-

ichia coli nucleotide positions 341–534 (Brosius et al.

1981). DGGE was performed by using a D-Code 16/16-cm

gel system with a 1.5-mm gel width (Bio-Rad, Hercules,

CA, USA). Gradients were formed between 30 and 65%

denaturant (with 100% denaturant defined as 7 M urea plus

40% [v/v] formamide). Gels were run at 35 V for 16 h as

described by Muyzer et al. (1993). Excised DGGE bands

were used as templates in PCR reactions, and the purified

PCR products were sequenced. Amplification products that

failed to directly generate legible sequence were cloned

into the pGEM-T Easy system II (Promega, WI, USA)

cloning vector according to the manufacturer’s instruc-

tions.

Sequence and phylogenetic analysis

Sequences were compared with the GenBank database

using the BlastN facility of the National Center for Bio-

technology information (Altschul et al. 1997) and aligned

in ClustalW. Matrices of evolutionary distances were

computed from the sequence alignment using MEGA 3.0

software (Kumar et al. 2004). Distance matrices were done

according to the neighbor-joining algorithm and with the

Jukes and Cantor model. In the comparative analysis the

pairwise deletion was selected. To validate the reproduc-

ibility of the branching pattern, a bootstrap analysis was

performed (1,000 replicates).

Statistical analysis of PLFA profiles and DGGE bands

The PLFA data were analyzed using the Microsoft Excel

software package and Statgraphics Plus 5.1 for Windows

(StatPoint, Inc., VA, USA). Reproducibility of PLFA

analysis between mat cores replicates was tested by anal-

ysis of variance and standard deviation (two sampling

events · four replicate mat cores; standard deviation be-

tween samples was ± 10%). Differences in the community

structure of microbial mats over time and space were

estimated by interpreting PLFA profile data. The diver-

gence index (Div) (Hiraishi 1999; Iwasaki and Hiraishi

1998; Krebs 1985) was used to estimate differences be-

tween samples based on PLFA content or DGGE band

intensities. Div was calculated according to Eq. 1:

Div ði; jÞ ¼ 1

2

Xn

k¼
Xk � Xkj

���� ð1Þ

where Xki, Xkj ‡ 0.01,
P

Xki =
P

Xkj = 100, and Xki and

Xkj indicate the levels (expressed as mol% or Pi of a DGGE

band in a gel lane, see below for explanation) of the PLFA

or DGGE band k in samples i and j, respectively. The

neighbor-joining algorithm (Saitou and Nei 1987) was used

to construct a dendrogram based on the Div matrix data

obtained using Mega 3.0 software. Scanned DGGE gels

were analyzed with the Scion Image software package for

Windows (NIH Image, Scion, USA) as previously de-

scribed in Eichner et al. (1999) and Sekiguchi et al. (2002).

Community diversity was measured by means of the

Shannon–Wiener index (also known as the Shannon–

Weaver index) (H) that represents the uncertainty in pre-

dicting the species of an individual chosen at random from

a community, which increases with richness as well as with

evenness (Krebs 1985; Ludwig Reynolds 1988; Shannon

and Weaver 1963) and was calculated using the following

function: H = –
P

Pi log Pi, where Pi is the importance

probability of the bands in a gel lane or the mol% data of

each PLFA in a sample. Pi was calculated as follows:

Pi = ni/N, where ni is the band intensity for individual

bands or the pmol g–1 of a certain PLFA, and N is the sum

of intensities of bands in a lane or the sum of all PLFAs in

a sample, expressed as pmol g–1. Evenness was calculated

from H/Hmax, where Hmax is equal to ln(S) and S is the total

number of phylotypes (Dunbar et al. 1999). The Simpson

index (k) (Simpson 1949) was calculated for PLFA data

and for DGGE data (D = 1 – k = 1 –
P

Pi
2). Since the

scale for D varies between communities according to S, the

measure was standardized by dividing by Dmax. The latter

was calculated from [1 – 1/(S)] and provides an evenness

index similar to the one derived from the Shannon–Wiener

function. The PLFA and DGGE data were normalized to a

common analytical sensitivity in order to compare their

diversity indices (Hedrick et al. 2000).

Results and discussion

As it was described in Villanueva et al. (2004), PCR-

DGGE analysis of bacterial community structure was car-

ried out with DNA recovered from the aqueous phase after

total lipid extraction of microbial mat samples (Fig. 1a, b;

a phylogenetic tree of the DGGE bands and closest rela-

tives is detailed in Fig. 2a, b). At the top of the mat (a

depth of 0–2.5 mm), the A and B samples generated

complex banding patterns with several similarities. For

example, the prominent band A2A, which was strongly

present until a depth of 2 mm and then weakened or dis-

appeared, was also found in B samples at the same relative

position (B1A). Band A3E was brighter between 0.5 and

2 mm, and its corresponding band in the gel containing the

B samples (gel B), B2B, was found under the same con-

ditions and at the same intensity. Sequence analysis of

bands obtained from this part of the mat showed their high

homology with Marinobacter sp. The sequences recovered
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from the top of the mat suggested the presence of Flavo-

bacteriaceae (B1A, A2A, B1D, B5A) and the presence of c-

Proteobacteria (B2B, A3E), members of the phylum Fir-

micutes (Halanaerobiales, A5A, A5B), cyanobacteria

(B2C), members of the Cytophaga-Flavobacterium-Bacte-

roides phylum, and spirochaetes (A3D).

The middle part of the mat (samples 6–10) yielded an

increased number of bands (A8E, A8F, A9B, A8H, and

A9D). Those derived from the gel containing the A samples

(gel A) remained strong between 2 and 5.5 mm (A6B, A6E,

A8E–H), except for bands A6D-E, A9B, A9D, and A10A,

which were present along the entire vertical profile. The

sequence derived from band A6D showed 100% similarity

with Halanaerobium saccharolyticum. Finally, DGGE

analysis of samples collected from the bottom of the mat

(samples 11–16, corresponding to a depth of 5–8.75 mm)

showed a greater intensity of the sample B bands than of

the sample A bands.

Taken together, the results are consistent with a major

contribution in the upper layers of the mat of aerobic het-

erotrophic bacteria (Psychroflexus sp., Sphingobacterium

sp., Marinobacter sp.) belonging to the Cytophaga-Flavo-

bacterium-Bacteroides group and c-Proteobacteria. Other

sequences retrieved from DGGE bands of this layer

showed 100% similarity with the Halanaerobium genus.

Important contributions of members of the phylum Bac-

teroidetes, which are fermentative bacteria seemingly

adapted to high salinities, were also identified. Moreover,

the detection of several bands related to Chloroflexus-like

species suggests an important role of this genus in micro-

bial mats. Indeed, the presence of these microbial groups in

hypersaline microbial mats, where they are major con-
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Fig. 1 Denaturing gradient gel

electrophoresis eubacterial

community profile of microbial

mat samples taken at 8:00 a.m.

GMT (a) and at 3:00 p.m. GMT

(b). Gel lanes are named from 1

to 16 in increasing depth

(500 lm thick each). Numbered

bands correspond to 16S rDNA

sequence types described in the

text
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tributors to carbon cycling, was recently reported (Fourç-

ans et al. 2004). Fourçans et al. (2004), performed an

extensive analysis of the microbial composition of Ca-

margue microbial mats based on morphological and

molecular analysis, and demonstrated the importance of

Chloroflexus-like members in surface layers as well as the

presence of purple anoxygenic bacteria, members of the

Rhodobacteraceae family and Thiomicrospira genus, and

also of sufate-reducing bacteria (Desulfovibrio, Desulfob-

acter and Desulfonema genera) in the underlying layers.

Similarly, Sørensen et al. (2005) detected 16S rRNA gene

sequences in a hypersaline endoevaporitic microbial com-

munity in Eilat (Israel) with high similarity with microbial

members described by Fourçans et al. (2004) and Ley et al.

(2006). In fact, Ley et al. (2006) suggested a symbiotic or

antagonist process between Chloroflexi and cyanobacteria

as an explanation for the presence of Chloroflexus-derived

sequences throughout the vertical profile of a hypersaline

microbial mat at Guerrero Negro (Baja California, Mex-

ico).

Phospholipid fatty acid data describing community

composition of the analyzed samples (included as a sup-

plementary data) reported a higher proportion of gram-

positive bacteria in the middle layers and at the deepest

samples in the morning as well as a similar concentration

of PLFA representative of anaerobic microorganisms along

the vertical profile. On the contrary, in the afternoon the

proportion of PLFA indicative of anaerobic microorgan-

isms was higher and increased with depth. In order to

compare the PLFA and DGGE patterns of samples ob-

tained from different depths and at two different times

during the day, the Div was calculated. The Div can be used

to determine the extent of differences among samples from

microbial community structures. Thus, the unweighted

pair-group method with an arithmetic mean (UPGMA)

algorithm was used to create a dendogram describing pat-

tern similarities (Figs. 3, 4). The results suggested that,

with respect to community diversity, depth-related differ-

ences were greater than temporal differences based on both

DGGE and PLFA data. Cluster analysis based on PLFA
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Fig. 2 Phylogenetic tree of DGGE derived sequences (a); expanded tree of the Cytophaga-Flavobacterium-Bacteroides group (b). Bar indicates

a 5% estimated difference in nucleotide sequences. Number on the branches are bootstrap values
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data revealed a grouping pattern with cluster 1 comprising

samples obtained at 3:00 p.m. (B samples) at a depth of 4–

7.5 mm, while cluster 2 consisted of samples obtained at

8:00 a.m. at a depth of 4–8.75 mm and at 3:00 p.m. at a

depth of 7.5–8.75 mm. Finally, cluster 3 grouped A and B

samples taken from a depth of 2.5–4 mm and cluster 4

grouped the most surface samples of both sampling times.

Likewise, cluster analysis based on DGGE data showed a

similar tendency of grouping superficial samples (cluster 3)

as well as those recovered from the deepest layers of the

mat (cluster 4), and it also confirms a stronger influence of

the depth-related differences. However, comparing both

cluster analysis we can observe a more defined grouping

based on PLFA data that can be attributed to the basis of

the method itself and it demonstrates the convenience of

combining both methods for a more accurate analysis. The

predominant role of depth-related differences suggests that

the PLFA and DGGE profiles of mat populations do not

change in response to diurnal cycles but instead reflect the

community composition of established microniches.

Shannon and Simpson diversity indices were calculated

from the 16S rRNA-DGGE data and from the PLFA data of

the mat community. The Shannon index (H) takes into

account the number and relative intensities of bands in a

gel strip, H (DGGE), and the type and mol% PLFA in a
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sample, H (PLFA). The Simpson index (k) was subtracted

from 1 to give a D value that ranged from 0 to 1. Table 1

presents the diversity value H at the two sampling times

and in the vertical profile. At 8:00 a.m., H (PLFA) and H

(DGGE) were higher in samples taken from a depth of 2.5–

7 mm, with the exception of the 3–3.5 mm samples, in

which the overall diversity was slightly decreased. As

Hedrick et al. (2000) observed in previous studies, the

species richness calculated based on DGGE agreed well

with that calculated from the PLFA profiles. Nevertheless,

when using a combination of methods to measure micro-

bial diversity, the data should be adjusted to a common

sensitivity to avoid differences in biomass between sam-

ples (Kirk et al. 2004).

The D (PLFA) value calculated from the Simpson index

was higher in the 2.5–3.5-mm samples; however, the D

(DGGE) values were similar in all samples. Indeed, the

Simpson index is relatively less sensitive to richness than

the Shannon diversity index and is more sensitive to dif-

ferences in species comprising the community, thus placing

more weight on common species (Simpson 1949). More-

over, the evenness index of PLFA in the morning was

higher in samples from a depth of 5–8.75 mm and 3–

3.5 mm. This finding was coincident with the lower values

of H (PLFA) and H (DGGE), and the higher values of D

(PLFA), which, in turn, are related to a decrease in richness

(variety, number of species) and an increase in the fre-

quency of certain phylotypes (relative distribution). The

increase in evenness could be assessed in the DGGE gels

(Fig. 1), where there was a reduction in the predominant

bands as well as an ‘unresolved’ smear of DNA fragments

consistent with a more even distribution of microorganisms

in the sample. By contrast, the evenness index calculated

based on DGGE data did not agree with the PLFA index,

since similar values were reported for all samples expect

for a reduction in those acquired at 5–8.75 mm.

In the afternoon (3:00 p.m.), there was good agreement

between H (PLFA) and H (DGGE) in the 2.5–4 mm

samples, and both indices indicated increased richness

(number of phylotypes). The H (DGGE) value was higher

than the H (PLFA) value at 6.5–7.5 mm due to the

increasing dominance of certain bands in the gel and the

appearance of others that were not recovered for

sequencing purposes (unresolved patterns and overlapping

of bands). Moreover, D (DGGE) was not informative be-

cause the values were similar in all samples and in the 8:00

a.m. profile. However, D (PLFA) values were higher in

samples taken at the very top of the mat, which was

indicative of a more even distribution of the members in

the system. A similar observation was made for samples

taken at 3:00 p.m. and analyzed by DGGE (Fig. 1b), i.e.,

rather than a relative predominance of bands there were

several bands with a comparatively more even abundance.

The evenness of the PLFA and DGGE data at this sampling

time was higher at the bottom layers of the mat and also at

2.5–4 mm, coincident with an increase in the D/Dmax val-

Table 1 Diversity indices of 8:00 a.m. (A) and 3:00 p.m. (B) samples based on phospholipid fatty acid (PLFA) and 16S rRNA-denaturing

gradient gel electrophoresis (DGGE) data

Depth (mm) H (PLFA) H (DGGE) D (PLFA) D (DGGE) Evenness PLFA Evenness DGGE D/Dmax PLFA D/Dmax DGGE

A B A B A B A B A B A B A B A B

0–0.5 0.70 0.53 0.66 0.53 0.93 0.94 0.98 0.99 0.32 0.33 0.21 0.2 1.05 0.80 1.03 1.03

0.5–1 1.16 0.53 0.69 0.44 0.92 0.93 0.98 1.00 0.32 0.38 0.22 0.13 0.94 0.75 1.03 1.03

1–1.5 1.22 1.05 0.68 0.48 0.92 0.92 0.99 1.00 0.34 0.36 0.21 0.14 0.94 0.95 1.03 1.03

1.5–2 1.19 1.23 0.66 0.55 0.92 0.92 0.99 1.00 0.34 0.34 0.21 0.16 0.95 0.97 1.03 1.03

2–2.5 1.24 0.69 0.73 0.65 0.92 0.92 0.99 0.99 0.34 0.32 0.22 0.19 0.94 0.89 1.02 1.03

2.5–3 0.60 1.25 0.77 0.66 0.95 0.92 0.99 1.00 0.31 0.36 0.22 0.19 1.10 0.97 1.02 1.03

3–3.5 0.27 1.25 0.64 0.71 0.96 0.92 0.99 0.99 0.39 0.35 0.20 0.20 1.93 0.97 1.03 1.02

3.5–4 1.22 1.24 0.78 0.68 0.92 0.92 0.99 0.99 0.34 0.34 0.22 0.19 0.94 0.97 1.02 1.03

4–4.5 1.24 1.07 0.67 0.53 0.92 0.91 0.99 1.00 0.34 0.41 0.20 0.16 0.94 0.93 1.02 1.03

4.5–5 1.24 0.96 0.68 0.59 0.92 0.90 0.98 0.99 0.34 0.44 0.20 0.17 0.95 0.89 1.02 1.03

5–5.5 1.30 0.64 0.60 0.72 0.92 0.92 0.99 0.99 0.36 0.40 0.18 0.21 0.94 0.80 1.02 1.02

5.5–6 1.30 0.58 0.57 0.66 0.92 0.91 0.99 0.99 0.36 0.42 0.17 0.19 0.94 0.75 1.03 1.03

6–6.5 1.31 0.85 0.63 0.65 0.92 0.90 0.99 0.99 0.36 0.41 0.18 0.19 0.94 0.88 1.02 1.03

6.5–7 1.33 0.94 0.63 0.72 0.92 0.90 0.99 0.99 0.36 0.41 0.18 0.22 0.95 0.90 1.03 1.03

7–7.5 1.29 0.92 0.56 0.71 0.92 0.90 0.99 0.99 0.36 0.42 0.17 0.21 0.94 0.89 1.03 1.02

7.5–8.75 1.29 1.24 0.62 0.70 0.92 0.92 0.99 0.99 0.36 0.35 0.19 0.21 0.94 0.97 1.03 1.03

Indices were determined as described in the text
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ues for PLFA. This confirms the convenience of using the

D/Dmax index as a measure to provide information com-

parable to that resulting from the Shannon–Wiener func-

tion, and the index showed good agreement of the DGGE

and PLFA diversity values in most cases. It is also essential

to note the importance of complementary diversity indices

in reflecting richness and evenness in this kind of study, in

order to avoid the conclusion that rare species strongly

influence the magnitude of the diversity index itself

(Margalef 1958).

The Shannon PLFA index was indicative of the contri-

bution of anaerobic microorganisms (branched monoenoics

and mid-branched saturated fatty acids) (Table 2). The

diversity of anaerobes at 4–5.5 mm in the B samples was

high, whereas the A samples indicated a similar diversity in

all samples with a moderately increased H (PLFA anaer-

obes) at the topmost layers and in the deepest samples. In

this case, the diversity data were coincident with the

anaerobic character of the mat system at night and early in

the day followed by the diversification of strict anaerobes

and fermenters, which contribute to the carbon cycle by

recycling the photosynthates that derive from autotrophic

members of the mat (Ollivier et al. 1994). The similarity of

the H and D diversity indices in all samples suggested the

stable maintenance of a structurally diverse microbial

community. Previous studies performed by Wieland et al.

(2005) in Camargue mat samples taken over a diel cycle

detected higher sulfate reduction rates during the day and

below 1 mm depth. Those studies also observed anoxic

conditions from 1.5 mm depth at 16:33 p.m. as well as an

important decay in the pH values from 9.25 to 6.7 from 1.5

to 2.5 mm depth at the same sampling time. In our case, the

increased diversity observed at 3:00 p.m. of 2.5–4 mm can

be mostly explained by diversification of anaerobic popu-

lations, which is coincident with the higher sulfate reduc-

tion rates detected in the studies mentioned above. Besides,

changes in the pH gradient might contribute to a minor

extent inducing reduction in the microbial diversity over-

lying 2.5 mm depth and then diversification of the anaer-

obic populations in the deepest layers, which remain anoxic

and close to neutral pH until the following morning.

Conclusions

These results demonstrate that depth-related differences

determined by PLFA and DGGE divergence indices have a

greater influence on diversity than temporal variations and

reflected established microniches. Moreover, diversity

indices data suggested the stable maintenance of a struc-

turally diverse microbial community. Apart from that,

DGGE analysis of microbial mat samples detected tem-

poral differences of certain microbial groups as well as

vertical migrations over time. In general, the data presented

in this study suggest that microbial mat diversity remain

apparently stable over a period of hours during the daily

cycle with exception of certain microorganisms experi-

encing vertical migrations and changes in the abundance of

other microbial groups especially after events of intense

photosynthetic activity inducing the stratification of the

community (Garcia-Pichel et al. 1994).

Our results are consistent with the conclusion that

depth-related differences have greater influence on

diversity than temporal variations. Although the findings

of this study provide insight into the changes in microbial

diversity in mats, they also highlight the need for new

diversity indices that can incorporate data derived from

different methodological approaches (Hughes et al. 2001).

The information presented here is subject to the potential

limitations of the presented methods; nonetheless, it can

be used for quantitative studies of mat ecosystems under

different environmental conditions. Microbial mats were

classically considered to be microbial ecosystems low in

diversity (Des Marais 1990), but recent studies have

revealed that they are made up of a large number of

species and are therefore ‘‘hot spots’’ of microbial

diversity (Ley et al. 2006). The circumstances giving rise

to the great diversity detected in mat systems and the

relationships between the various members should be

investigated in future studies. The results will further our

knowledge of the first stable microbial ecosystems on

Earth (Allwood et al. 2006).

Table 2 Shannon (H) index of diversity based on phospholipid fatty

acid (PLFA) from anaerobic microorganisms

Depth (mm) H (PLFA) 8:00 a.m. H (PLFA) 3:00 p.m.

0–0.5 0.00 0.00

0.5–1 0.18 0.00

1–1.5 0.15 0.02

1.5–2 0.13 0.14

2–2.5 0.15 0.00

2.5–3 0.07 0.13

3–3.5 0.17 0.15

3.5–4 0.14 0.13

4–4.5 0.16 0.19

4.5–5 0.17 0.25

5–5.5 0.20 0.16

5.5–6 0.20 0.00

6–6.5 0.20 0.15

6.5–7 0.22 0.14

7–7.5 0.22 0.09

7.5–8.75 0.22 0.18

PLFA from anaerobic microorganisms: branched monoenoic and mid-

branched saturated fatty acid PLFAs
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Tankéré SPC, Bourne DG, Muller FLL, Torsvik V (2002) Microen-

vironments and microbial community structure in sediments.

Environ Microbiol 4:97–105
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Wieland A, Kühl M (2000) Irradiance and temperature regulation of

oxygenic photosynthesis and O2 consumption in a hypersaline

cyanobacterial mat (Solar Lake, Egypt). Mar Bio 137:71–85

Wieland A, Zopfi J, Benthien M, Kühl M (2005) Biogeochemistry of
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