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ABSTRACT

Molecular methods developed over the last years have given a boost to the study of
prokaryotic diversity. Both Archaeal and Bacterial assemblages were taken into consideration
in the present study, in order to investigate diversity patterns within same habitat and among
different environments. Data were provided from previous studies of fresh water, thermal
springs and mud volcano environments. A number of 26 metrics including diversity,
evenness, and dominance indices were assessed in order to select the most efficient to express
microbial assemblage structure. Relative Abundance Distributions (RADs) were additionally
employed to explore the structure and diversity of different assemblages. Overall, Bacterial
diversity was higher than Archaeal diversity with respect to species richness, diversity, and
evenness. This trend was best reflected by the Brillouin diversity, the Evenness E2, and the
McNaughton dominance indices. This trend was visualized using RADs, which clearly
showed that Bacterial assemblages presented more smooth and “speciose” species-abundance
curves, compared to Archaeal assemblages that were characterized by steep, species-poor
distributions. Moreover, marked differences were observed for Bacteria among contrasting
environments. Although Archaea did not present significant differences among different
environments, their diversity was higher in thermal springs, where Bacterial diversity was
found to be significantly lower. It is hypothesized that those differences are due to the more
efficient and flexible way Bacteria exploit available energy for growth, whereas the increased
Archaeal diversity of thermal springs could be due to their capacity to survive under chronic

stress.

Key words: thermal springs, fresh water, mud volcanoes, diversity indices, relative

abundance distributions.



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

INTRODUCTION

Microbial communities probably constitute the majority of the earth’s biodiversity and
catalyze processes that are critical for sustaining life on earth (Van der Gucht et al., 2007).
Molecular methods revealed a vast number of different organisms not yet known by classic
cultivation methods (Bohannan & Hughes, 2003), whereas new studies have reported an
unsuspected dominance of groups that were previously unknown or considered relatively rare
(Kemp & Aller, 2004a). Until the development of molecular techniques, prokaryotic diversity
remained basically unexplored, since classic systematics could not provide the necessary
information to ecologists. This molecular approach offers crucial information towards the
study of prokaryotic community structure and diversity, providing an estimate of both the

richness of different phylotypes and their abundances in a sample.

Data from microbial communities have a peculiarity: the notion of species, as it is known,
does not exist. Since most of the microbes are not cultured, their morphology and physiology
is unknown, preventing taxonomical identification. Therefore the basic unit of microbial
biodiversity studies is not the species but rather the 16S rRNA gene sequences, called
operational taxonomic units (OTU) or phylotypes (Olsen et al., 1986). Moreover, the high
cost of the method does not enable the acquisition of replicates, restricting the analysis to a
small number of samples from each site. This sampling limitation leads to under-sampling
(Curtis et al., 2006), which needs to be considered when assessing the overall microbial
richness and diversity. Nowadays, the accumulation of data from contrasting environments
enables comparative studies of microbial diversity. However, for this comparison to be

valuable, the libraries should represent similar sampling efforts, thus capture a large enough
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fraction of microbial richness (>70%). This is usually assessed using both the coverage of the

libraries and species richness estimators (Kemp & Aller, 2004a; Kemp & Aller, 2004b).

So far prokaryotic communities have been investigated mainly with phylogenetic approaches
(Lozupone & Knight, 2008) including a-diversity (Faith, 1992; Martin, 2002; Martin, 2002)
and B-diversity measures (Lozupone & Knight, 2005; Lozupone et al., 2007; Martin, 2002;
Singleton et al., 2001; Schloss et al., 2004; Pavoine et al., 2004). Other common approaches
not taking gene sequences into consideration include the species richness estimators Chao 1
and ACE (Aller & Kemp, 2008; Kemp & Aller, 2004a). Sample diversity is usually estimated
using the Shannon diversity (Hill et al., 2003) and the Margalef indices (Lehours 2007).
Curtis et al. (2002) suggest that microbial communities could be represented by the log
normal species-abundance distribution and that a possible estimation of their species richness
could be obtained by the area under the curve. However, the lack of abundance data kept this
suggestion on a theoretical basis. Sloan et al. (2006) created a simple neutral model using
Hubbell’s model as basis and modifying it in order to best fit microbial data. During the last
decades, the wide range of methodological approaches developed in the field of terrestrial
and marine ecology could be applied to explore patterns in microbial diversity (Magurran,
2004). More recently, Bunge (2009) discusses the advantages and disadvantages of
parametric, nonparametric, and coverage-based estimation models and suggests that all
different approaches should be used in order to conclude over the uncultivated microbial

diversity.

Prokaryotic communities incorporate both Bacteria and Archaea which however maintain
important ecological differences and constitute quite differentiated assemblages based on

their genetic, biochemical, and evolutionary adaptations (Woese & Fox, 1977). Valentine
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(2007) proposes that the primary factor differentiating Archaeal and Bacterial ecology is the
adaptation of the former to withstand chronic energy stress due to their lipid-membrane
composition and their mechanisms of energy conservation. On the other hand, Bacteria
maintain a broad range of genetic, metabolic, and physiological capacities that allow a high
degree of adaptability and metabolic diversification into numerous ecological niches and
habitats. These capacities allow Bacteria to dominate Archaea in many environments,

especially those in which energy stress is not chronic (Valentine, 2007). Research within

specific areas over the past years, focused separately on Bacteria (Moffett et al., 2003) and
Archaea (Bintrim et al., 1997), whereas few studies have incorporated both (Madrid et al.,
2001; Kormas et al., 2003; Lehours et al., 2007). Such research provides the necessary data
for comparative studies of prokaryotic diversity (Aller & Kemp, 2008; Hill et al., 2003).
Although Bacteria show higher diversity than Archaea in most studied environments (Aller &
Kemp, 2008), further insights into community diversity and structure of these two
assemblages are necessary in order to improve our understanding of their ecology,

occurrence, and interaction.

The aim of the present study was to explore potential differences in the diversity of Archaeal
and Bacterial assemblages among contrasting environments such as lakes, thermal springs,
and mud volcanoes. To this purpose, a large number of ecological indices representing
diversity, evenness, and dominance was assessed in order to select those which best reflect
differences between the two assemblages and among different environments. Additionally,
further investigation of Archaeal and Bacterial structure is attempted using Relative
Abundance Distributions (RADs) which are considered as the most detailed representation of

an assemblage (Magurran, 2004).
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MATERIALS AND METHODS

Data compilation

Data collected from different environments in Eastern Mediterranean (Table 1) were used in
order to compare diversity of Bacterial and Archaeal assemblages. Data from thermal springs
correspond to five Greek geothermal springs all over the country: Polihnitos, Edipsos,
Thermopiles, Eleftheres, and Lagadas (Kormas et al., 2009). Freshwater environments are
represented by data from Marathonas Lake (Lymperopoulou et al. in prep). More information
on Marathonas Lake and the sampling methodology are provided in Lymperopoulou et al.
(2010). Mud Volcanoes are represented by two datasets, the Kazan Mud Volcano (Kormas et
al., 2008; Pachiadaki et al., 2010) and the Amsterdam Mud Volcano (Pachiadaki et al. in
prep), in Anaximander Mountains, Eastern Mediterranean Sea. Reliability of the size of the
libraries, and thus of the results, was already tested in the above studies, where Good’s
coverage estimator showed that the coverage was sufficiently high to suppose that at least the

most prevalent Archaeal and Bacterial groups in each clone library have been recorded.

Data processing

Biodiversity indices were used to compare different assemblages. These non-parametric
measures take into consideration species richness, abundance, and distribution of individuals
to species. They are characterized as diversity, evenness, or dominance indices, according to
their mathematical formula weighting more to the species richness or evenness components

of diversity (Magurran, 2004). In this study 17 diversity, seven evenness, and two dominance
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indices commonly applied in community ecology (Washington, 1984; Karydis & Tsirtsis,
1996) were considered (Table 2). Indices shown on table 2 were calculated with a specially
developed Fortran code and the results were statistically treated using the Statgraphics
package, version XV. The non-parametric Kruskal-Wallis test and the least significant
difference (LSD) method were used in order to select the index which best describes the data.
Species richness estimators Schar and Sace Were calculated using the EstimateS package

v.8.2.
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RESULTS

Indices that best revealed differences in community diversity among contrasting
environments were the Brillouin diversity, the McNaughton dominance, and the E2 evenness
indices, based on the Kruskal-Wallis (Table 3) and LSD tests. The Brillouin index showed
similar and correlated estimates of diversity with the Shannon index, producing lower values
in the same dataset than the latter and higher sensitivity in discriminating among different
environments and assemblages. In general, Archaeal assemblages were characterized by low
phylotype richness and abundance, high dominance, and medium evenness. The contradicting
finding in freshwater Archaea, where high dominance co-occurs with high evenness, is due to
the fact that in some samples Archaea were represented by only one species. On the other
hand, Bacterial assemblages were characterized by higher phylotype richness and abundance,
lower dominance, and medium evenness with the exception of Bacteria from thermal springs,

which presented high dominance and low evenness (Fig.1).

Species richness estimators Chaol and ACE (Table 4) suggested a high number of
phylotypes in Bacteria assemblages and in Archaea from thermal springs, while lake and mud
volcano Archaea were characterized by relatively low phylotype richness. These estimators
additionally revealed a vast number of unobserved phylotypes, especially in the samples with
higher richness. Chaol estimator indicated higher phylotype richness than ACE, with the

exception of Bacteria from thermal springs, probably because of an elevated number of rare

phylotypes.

Archaeal assemblages from contrasting environments seem to have similar diversity, as

expressed by most of the indices, using the LSD test (Table 5). Bacterial diversity on the
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other hand, was habitat-dependent, presenting lower values in thermal springs, similar to
those of the Archaeal assemblages. It was observed that in this environment Bacterial

diversity decreases as Archaeal diversity increases.

RADs revealed differences in assemblage structure between Archaea and Bacteria (Fig. 2).
Overall, Bacterial assemblages are characterized by smoother (linear regression slope ranging
from -0.102 to -0.349) and more speciose distributions compared to Archaeal assemblages
characterized by steeper (linear regression slope ranging from -2.106 to -5.469) and less
speciose distributions. Thus Archaea present assemblages with extremely high dominance

and very low evenness, while Bacteria constitute more even and rich assemblages.

Data from Thermopiles thermal spring were removed from the Archaea RAD plot, due to
their higher species number, derived from the high number of singletons phylotypes, which
resulted to a different distribution. For the same reason, data from the surface of Amsterdam
sediment were removed from the Bacteria RAD. The higher species richness in this sample
could be explained by the occurrence of Bacteria from the overlying water column due to

proximity with the sediment-water interface.
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DISCUSSION

The results of the present study are in agreement with previous works demonstrating the
higher diversity of Bacteria compared to Archaea (Aller & Kemp, 2008). However, these
studies suggested that thermal springs and methanogenic environments in general may
support a greater Archaea richness, whereas in the present study both assemblages supported
similar diversity. This trend was better expressed using the Brillouin diversity index, which
showed slightly higher sensitivity than the most commonly applied Shannon index (Hill et
al., 2003). The Shannon index, even though widely criticized over the years (Camargo, 1993,
Magurran, 2004) is broadly used to depict diversity, mainly because, according to Magurran
(2004), ecologists feel happier about adopting a measure with long tradition of use. However,
the Brillouin index seems more sensitive to express the structural differences of microbial
assemblages and according to Laxton (1978) it is mathematically superior to Shannon, while

Pielou (1969) recommends its use when a collection is made.

Microbial diversity expresses predominantly the metabolic diversity (Reeve & Schmitz,
2005); therefore a variety of specific substrates and electron donors and acceptors is crucial to
support microbial growth and richness. The lower diversity of Archaea, presenting fewer
phylotypes, lower abundance, and higher dominance could be explained by the fact that the
energetic costs of metabolic processes carried out by Archaea, in at least some environments,
may be great and in expense to phylogenetic diversification, in comparison to Bacteria (Aller
& Kemp, 2008). It is also suggested that chronic energy stress is the primary selective
pressure governing the evolution of Archaea (Valentine, 2007). Archaea’s adaptation to
chronic energy stress is illustrated by their lipid-membrane composition. Archaeal

membranes are less permeable to ions than Bacterial membranes, reducing the amount of
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energy loss at the cellular level. Secondary adaptations, including catabolic pathways and
mechanisms of energy conservation contribute to the above ability. This adaptation could
explain the higher diversity of Archaea in thermal springs, which could be a supplementary
indication to the hypothesis of a hyperthermophilic last common Archaeal ancestor (Gribaldo
& Brochier-Armanet, 2006). If this is the case, then the low temperature environments could
be considered as extreme to Archaea and thus explain partially the corresponding lack of

diversity.

Direct competition between Archaea and Bacteria is not indicated in literature. Aller & Kemp
(2008) suggest that Archaea may perceive and make use of the environment in ways that are
more restrictive compared to Bacteria. For example, Archaea might live in microniches while
Bacteria exploit a wider space or expand in different microniches within the same
macroenvironment. Nearly any sample collected for analysis of prokaryotic diversity will
contain a multitude of microenvironments and in a sense Archaea and Bacteria may not truly
coexist even if they are collected in the same sample. However this hypothesis could not be
easily tested and even perceived since prokaryotes live in a scale beyond the one of human

experience.

Species-abundance distributions of Archaea and Bacteria show a very different structure of
these two assemblages. Bacteria constitute more even assemblages, with more phylotypes
than Archaea. Archaea’s curve appears to be of geometric series-type, whereas Bacteria
curves are more representative of a log normal RAD. The geometric series model usually
describes species-poor environments, which are often harsh or perturbated (Magurran, 2004).
It is also referred that it could be representative of very early stages of succession (Whittaker,

1972). On the other hand, the log normal distribution is theoretically considered to be the
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most suitable to describe microbial data (Curtis et al., 2002). These observations are in
agreement with Curtis (2006) using data from Godon (1997), who showed that geometric
series best described Archaeal assemblages in an anaerobic digestor, while Bacteria formed a
hypothesized log normal curve. However, the lack of an efficient number of samples in the
present and in previous studies prevents the statistical test of goodness-of-fit of these models
to the natural assemblages. Another interesting observation from the RADs of Archaea and
Bacteria is that within an assemblage, curves from contrasting environments show very
similar distribution. Thus, the distribution of species is not likely to be a simple function of
the suitability of the environment (Curtis et al., 2006) and it is likely to depend more on self-
organization processes (Spatharis et al., 2009). Finally, Kemp & Aller (2004) in their attempt
to find out which library size is large enough to depict the total phylotype richness observed
that under-sampled libraries are usually represented by the geometric series distribution. This
could not be the case in the present study, since the sampling could not be selectional in favor

of Bacteria, excluding Archaea.

An innovative look in microbial diversity is the simple neutral model (Sloan et al., 2006)
created using Hubbell’s model as basis and modifying it in order to best fit microbial data.
Sloan et.al. suggest that neutral models can best describe microbial communities; therefore
such an approach could be very promising for their understanding. However, no matter how
vast the number of techniques is and how promising they look, the key to investigate more
profoundly the prokaryotes would be the more exhaustive sampling. This will lead to the

development of more reliable models and to a better understanding of the microbial world.
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384  Table 1. Data used in the present study.

385
No of
Environment Site samples  Year Sampling References
Fresh water Marathonas lake 4 2007 4 sampling points  Lymperopoulou et al. in prep
4 2008
Mud volcanoes Kazan 7 2003  0-30cm every Kormas et al. (2008); Pachiadaki et al. (2010)
Amsterdam 7 2003  5cm depth Pachiadaki et al. in prep
Thermal Polihnitos 1 2005 1 sample Kormas et al. (2009)
springs Eleftheres 1 2005  every spring
Edipsos 1 2005
Thermopiles 1 2005
Lagadas 1 2005
386

387



388  Table 2. The 26 indices applied in the current study including 17 diversity, 7 evenness and 2

389  dominance indices.

390
Index type Index Formula Reference
S-1
Margalef D=—— (Margalef, 1958)
InN
S .
Gleason =— (Ludwig, 1988)
InN
S
Menhinick D= W (Menhinick, 1964)
s
> nix (ni - l)
Simpson's D= iz Ludwig and Reynolds (1988)
nx(n-1)
' S Ni Ni
Shannon H' H=-Y—xIn— (Shannon, 1949)
i=1 N n
Shannon D' D'=S- (S X d') (Camargo, 2008)
| — il
Brillouin HB = w Pielou (1969,1975)
Diversity Hill N N, =S Ludwig and Reynolds (1988)
indices
Hill N N, = eXp(H') Ludwig and Reynolds (1988)
Hill N, N, =1/Simpson's D Ludwig and Reynolds (1988)
S x 1000
Odum O= XN (Odum, 1960)
Smax — Si .
Kothe D=— (Pielou, 1975)
Smax
S
TU=1-——x Z 2L
Keefe - n—1 _ Pt Keefe and Bergensen (1977)
i=1
N s,
Hurlbert PIE = x| 1= pi (Hurlbert, 1971)
N-1 i=1
s
n—.[>ni
Mclintosh M = i=1 (Mclntosh, 1967)

n—+n



391

392

393

394

395

396

397

398

399

400

12
S =Sobs + —

Chao 1 2F2 Chazdon et al. (1998)
ACE S = Sabund + 2+ L 4cE?  Chazdon et al. (1998)
APUNE T cacE T cAcE” '
H' i
Evenness E; E,=— Pielou, 1975
InS
exp(H'
Evenness E, E, = pé ) Sheldon, 1969
exp(H)-1 ,
Evenness E; E3 = s.1 Ludwig and Reynolds (1988)
Evenness 1/Simpson's D
o Evenness E, E,= — 7~ Ludwig and Reynolds (1988)
indices exp(H )
(1/Simpson's D) -1
Evenness E; E. = ; Ludwig and Reynolds (1988)
exp(H') -
Evenness Eg E,=1-d Camargo (2008)
H' max — H'
Redundancy Re———— Patten (1962)
H max — H min
) Berger-Parker B = nl/n (Berger & Parker, 1970)
Dominance
indices

McNaughton

a = (ni+n2)/n

(McNaughton, 1967)

The terms used in the formulas are given below:

S = the number of species in a sample or a population

N = the number of individuals in a population or community

Nj = the number of individuals in species i of a population or community

n = the number of individuals in a sample from a population

nj = the number of individuals in a species i of a sample from a population

pj = nj/n = the fraction of a sample of individuals belonging to species i

Smax = the maximum number of species in a sample

n1, n2 = the number of individuals in the two most abundant species



401  Fi=the number of species with i individuals
402  Srare=the number of rare species (<10 individuals)
403  Sabund=the number of abundant species(>10 individuals)

404  Nrare=the total number of individuals in rare species

K - M
2. |pi—pi

| —
405 H'., =InS (Pielou, 1975), H'mm:i nL (Pielou, 1975), and d'=“2——
N (N-S+1)! S
406  (Camargo, 2008)
_4_ R 2 Srare 10 i1-iFi _
407 Cace = 1= i, Yace? = max {fher et ot — 1,0} (Chazdon et al., 1998)

408



409

410

411

412

413

414

415

416

417

418

Table 3. Results of the Kruskal-Wallis non-parametric statistical test.

The test statistic

decides the more suitable index to depict prokaryotic diversity. n is the number of samples

used in the calculation of each index.

Kruskal-Wallis
Index n Test statistic p-value
N 53 41.42** 0.00
Hill NO 53 32.14** 0.00
Hill N1 53 31.39** 0.00
Hill N2 53 28.22** 0.00
Margalef 53 29.45%* 0.00
Gleason 53 29.46** 0.00
Menhinick 53 28.50** 0.00
Simpson's 53 28.22** 0.00
Shannon H' 53 31.39** 0.00
Shannon D' 53 28.31** 0.00
Brillouin 53 33.56** 0.00
Hurlbert 53 28.22** 0.00
Mcintosh 53 25.65** 0.00
Keefe 53 28.22** 0.00
Kothe 53 8.01 0.16
Odum 53 22.86** 0.00
Evenness E1 51 17.33** 0.00
Evenness E2 53 18.86** 0.00
Evenness E3 51 15.99** 0.01
Evenness E4 53 17.74** 0.00
Evenness E5 51 16.94** 0.00
Evenness E6 53 16.84** 0.00
Redundancy 51 12.81* 0.03
Berger-Parker 53 24.98** 0.00
McNaughton 53 30.07** 0.00

* Statistically significant difference at the 0.05 level

** Statistically significant difference at the 0.01 level



419  Table 4: Observed (Sqpns) and calculated species richness with the Chao 1 (Schao1) and ACE
420  (Sace) species richness estimators. Abbreviations: afw: Archaea freshwater , amv: Archaea
421 mud volcanoes, ats: Archaea thermal springs, bfw: Bacteria freshwater, bmv: Bacteria mud

422  volcanoes, bts: Bacteria thermal springs

423
Index afw amv ats bfw bmv bts
Sobs 31 48 85 184 330 121
ScChaol 37 77 387 370 818 405
SACE 38 76 417 358 767 319

424



425 Table 5: Groups formed for the selected indices according to the results of LSD test.
426  Abbreviations Asy: Archaea freshwater, Any: Archaea mud volcanoes, As: Archaea thermal

427  springs, Bs,: Bacteria freshwater, Bn,: Bacteria mud volcanoes, By: Bacteria thermal

428  springs.
429
Afw Amv Ats
Hill NO At Bts
Bts Bmv Bfw
Afw
N Amv AIS
Bfw Bmv
Bis
Afw Amv Ats
Brillouin Ass Bis
Bmv Bfw
Bis
Evenness E2 A Any Bmv Bw
Biw Asw
Bfw Bmv
McNaughton Asy An, Ac By
430
431

432
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Fig.1. Mean plots of indices (species richness Hill NO, abundance N, Brillouin diversity,
evenness E2, and McNaughton dominance), that best reveal differences in microbial diversity
among contrasting environments: afw- Archaea freshwater , amv- Archaea mud volcanoes,
ats-Archaea thermal springs, bfw- Bacteria freshwater, bmv- Bacteria mud volcanoes, bts-

Bacteria thermal springs.
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441  Fig.2 Rank abundance plots of Archaea and Bacteria assemblages in contrasting

442  environments. Abbreviations: ts- thermal springs, fw- fresh water, mv- mud volcanoes.



