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Abstract Does diversity beget diversity? Diversity

includes a diversity of concepts because it is linked to

variability in and of life and can be applied to multiple

levels. The connections between multiple levels of

diversity are poorly understood. Here, we investigated

the relationships between genetic, bacterial, and

chemical diversity of the endangered Atlanto-Medi-

terranean sponge Spongia lamella. These levels of

diversity are intrinsically related to sponge evolution

and could have strong conservation implications. We

used microsatellite markers, denaturing gel gradient

electrophoresis and quantitative polymerase chain

reaction, and high performance liquid chromatogra-

phy to quantify genetic, bacterial, and chemical

diversity of nine sponge populations. We then used

correlations to test whether these diversity levels

covaried. We found that sponge populations differed

significantly in genetic, bacterial, and chemical

diversity. We also found a strong geographic pattern

of increasing genetic, bacterial, and chemical dissim-

ilarity with increasing geographic distance between

populations. However, we failed to detect significant

correlations between the three levels of diversity

investigated in our study. Our results suggest that

diversity fails to beget diversity within a single species

and indicates that a diversity of factors regulates a

diversity of diversities, which highlights the complex

nature of the mechanisms behind diversity.

Keywords Biodiversity � Correlations �
Heterozygosity–fitness correlations � Bacterial

diversity � Chemical diversity � Porifera �
Spongia agaricina � Spongia lamella

Introduction

Tremendous efforts are underway to assess the world’s

biodiversity. The definition of ‘‘biodiversity’’ (or

biological diversity) is a challenge in itself partly

because of the complex, dynamic, and multifaceted

concept of diversity (Gaston & Spicer, 2004). Biodi-

versity can thus go beyond the widespread species

diversity notion to include the habitats, communities,

and ecosystems where species live (so called ecosys-

tem diversity), the genes and molecules found within a

single species (genetic diversity), and the relationships

between them (Feral, 2002). Whether this diversity of

diversities is correlated and diversity begets diversity
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is an important challenge that could shed light on the

mechanisms that generate and maintain biodiversity

(Whittaker, 1972). Exploring how species diversity

affects ecosystem functions has received certain

attention from the scientific community (Cardinale

et al., 2002; Lamosova et al., 2010). Other studies have

aimed at the relationship between species and com-

munity diversity, or between species and genetic

diversity (Vellend & Geber, 2005; Odat et al., 2010).

However, linking diversities is a complex topic that

remains controversial and observation-scale depen-

dent (Yue et al., 2005).

According to Whittaker (1972), two main hypoth-

eses explain how diversity in communities could

influence diversity in other levels (Whittaker, 1972;

Palmer & Maurer, 1997). The first is ‘‘diversity begets

diversity’’ and three mechanisms support this sugges-

tion (Palmer & Maurer, 1997). The first mechanism

refers to the varying capacity of species to influence

the environment, which generates a small-scale het-

erogeneity that could in turn create opportunities for

new species to settle down (Palmer & Maurer, 1997).

A second mechanism suggests that diverse communi-

ties are less predictable, making competitive exclusion

less likely (Palmer & Maurer, 1997). Finally, ‘‘diver-

sity breeding diversity’’ occurs for dependent com-

munities (symbionts, commensals, pathogens…) that

are likely to be diverse if their host communities also

are diverse (Palmer & Maurer, 1997).

Counteracting the ‘‘diversity begets diversity’’

hypothesis, the niche saturation or ‘‘niche limitation’’

hypothesis assumes biological limits to species num-

ber in a community. As niches are limited, the

likelihood of successful establishment for a species

decreases as the number of species increases (Palmer

& Maurer, 1997). Understanding the processes that

drive diversity appears to be a challenging and

problematic topic with many implications.

In our study, we aimed to unravel whether diversity

begets diversity at a species level. We used genetic,

bacterial, and chemical diversities that are intrinsically

related to sponge evolution to investigate whether or

not the data supports the diversity begets diversity

hypothesis (Fig. 1). Sponges offer unique opportuni-

ties to further understand the multiple levels of

diversity and their relationships, yet they have con-

tributed minimally to this field (Becerro, 2008).

Sponges are important components of marine sessile

communities in a wide range of aquatic ecosystems

(Diaz & Rutzler, 2001; Bell, 2008). Sponges host a

large diversity of symbiotic microorganisms such as

algae, archaea, and bacteria (Lee et al., 2001;

Hentschel et al., 2006; Taylor et al., 2007). Sponges

are also a major source of natural products, which can

present biotechnological interests (Sipkema et al.,

2005). Beyond losing species diversity, the loss of

sponge species could result in the loss of bacterial and

chemical diversities, whose biotechnological applica-

tions we are steadily increasing (Arrieta et al., 2010).

Thus, these levels of diversity appeared intrinsically

related to sponge evolution and could have strong

implications for conservation. For this reason, we

Fig. 1 Potential

connections between

genetic, bacterial, and

chemical diversity
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tested whether levels of genetic, bacterial, or chemical

diversity were associated with or remained indepen-

dent of each other.

To investigate the relationship between genetic,

bacterial, and chemical diversity we sampled nine

populations of the endangered Mediterranean bath

sponge Spongia lamella. Spongia lamella may be

better known as the Mediterranean bath sponge

Spongia agaricina. However, S. agaricina first

description was performed on a now missing specimen

from the Indian Sea (Pronzato & Manconi, 2008).

Sharing a similar morphology and shape with the

Mediterranean sponge (a massive gray color with

inner white tissue sponge with a vase or dish-like

shape), the name S. agaricina was generalized and

used for the Mediterranean specimens. Recent evi-

dence showed significant differences between the

Philippine and Mediterranean specimens (Castritsi-

Catharios et al., 2007; Pronzato & Manconi, 2008),

which should be referred to as S. agaricina Pallas 1766

and S. lamella Schultze 1879, respectively (Pronzato

& Manconi, 2008). Spongia lamella has a Mediterra-

nean distribution, although occasionally reported in

the Atlantic coastal waters of the Iberian Peninsula

(Lopes & Boury-Esnault, 1981, J. Xavier, pers.

comm.). Natural populations of commercial sponges

including S. lamella decreased drastically in the

Mediterranean as a consequence of overfishing, hab-

itat degradation, and spread of diseases (Gaino &

Pronzato, 1989, 1992; Pronzato, 1999) and are now

registered in the Annex III of the Berne and Barcelona

Conventions (Templado et al., 2004). Genetic studies

have shown strong genetic differentiation between

populations of this species probably linked to the life

cycle (brooding sponge with low dispersal capabili-

ties, slow growing animal) and overexploitation

(Noyer et al., 2009; Noyer, 2010). The tissues of S.

lamella contain abundant bacteria (Bertrand & Vac-

elet, 1971) dominated by Chloroflexi and Acidobac-

teria communities (Noyer, 2010, Noyer et al., 2010)

and a great array of structurally diverse secondary

metabolites with terpenes as mayor compounds

(Cimino et al., 1975; Aiello et al., 1988; Fontana

et al., 1996; Rueda et al., 1998; Noyer et al., 2011).

Understanding the genetic, chemical, and bacterial

diversity of this species can therefore be critical for the

conservation and survival of this species. We inves-

tigated three of the four components of diversity:

(i) the number of entities (richness), (ii) their

abundances (evenness), and (iii) their dissimilarities

(Magurran, 2004, Sala & Knowlton, 2006). The fourth

component of diversity refers to the functional roles of

the entities (Magurran, 2004; Sala & Knowlton, 2006)

and was left out of this preliminary study because it

requires experimental manipulations that will benefit

from our observational approach. To quantify the three

components of diversity, we used multi-locus heter-

ozygosity (MLH), mean d2, expected heterozygosity,

and gene diversity for genetic data and the Shannon

index on bacterial and chemical data, which were used

to explore the potential connections between genetic,

bacterial, and chemical diversity.

Materials and methods

Sample collection

Sampling was conducting by scuba diving at nine

Atlanto-Mediterranean locations representing five

regions: South France, Catalonia, Baleares, Gibraltar,

and Portugal (Fig. 2). We collected sponges at three

locations around Marseille in December 2006 at Plane

(Pla), Pharillon (Far), and La Ciotat (Cio). In Catalo-

nia, we sampled S. lamella at Cap de Creus (Cre) in

summer 2006, Els Bullents (Bul) in summer 2008, and

Arenys (Are) in winter 2006. Populations of Cabrera

(Cab) in the Baleares Island and Ceuta (Ceu) in

Gibraltar were sampled in winter 2005. Population of

Portugal was sampled in the Berlengas archipelago in

summer 2005 and 2007. For each specimen, a fraction

on one edge of the sponge was cut underwater to

minimize damage, placed into plastic bag containing

sea water, and stored in cool box until further

processing (usually 1–2 h after sampling). Sponge

tissues were then manually cleaned of foreign tissues,

soaked in a series of absolute ethanol baths to prevent

ethanol dilution and degradation/contamination of

sponge tissues, and conserved in absolute ethanol at

-20�C until processed. Samples for population genetic

analysis were extracted as in Noyer et al. (2009). For

the quantitative analysis of bacterial communities we

used DNAeasy Blood and Tissue kit (Qiagen) accord-

ing to the manufacturer’s instructions, except for a 5

min incubation time before elution in a total volume of

75 ll supplied buffer (Noyer et al., 2010). In parallel,

some of the specimens from Marseille (3 populations),

Catalonia (3 populations) were also collected for
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chemical analyses, and were placed in a freezer at

-20�C. An additional sample was also obtained from

Ceuta. All of those specimens were then freeze-dried

and stored in a -20�C freezer until chemical extraction

(Noyer, 2010; Noyer et al., 2011).

Data analysis

We used three approaches to test multiple correlations:

at individual level, at population level, and at inter-

population level (i.e., population dissimilarities).

Individuals were typed at seven microsatellite loci,

genotyping protocols are described in Noyer et al.

(2009, 2010). For each individual, we measured (1)

MLH calculated as the proportion of loci that were

heterozygous corrected for non-scored loci (Lesbarr-

eres et al., 2007; Chapman et al., 2009; Pujolar et al.,

2009) and (2) mean d2 measured by LD = log (mean

d2 ? 1) according to Da Silva et al. (2009). Mean d2

provides a measure of the genetic distance between

parental gamete genomes. Individuals with alleles at a

given locus that differ the most in the number of repeat

units are presumed to have higher levels of outbreed-

ing and the parental alleles have more ancestral

coalescence times (Da Silva et al., 2009; Hansson,

2010). At the population level, we used (1) expected

heterozygosities (He) as a value for genetic diversity

and (2) gene diversity (Noyer, 2010). At the interpop-

ulation level, we used FST between pairwise popula-

tions as an index of genetic dissimilarities between

sponge populations (Noyer, 2010).

Shannon index was used to assess bacterial and

chemical diversity since (i) it is one of the most

frequently used and (ii) it encompasses both richness

(number) and evenness (equitability). This index is a

measure of information entropy, it measures uncer-

tainty (Sarkar, 2006), and is maximal when compo-

nents are evenly distributed. Bacterial diversity was

estimated by denaturing gel gradient electrophoresis

(DGGE) and quantitative PCR (qPCR) analyses. We

used the universal bacterial primers BAC358F (50-
CCT ACG GGA GGC AGC AG-30) and BAC907RM

(50-CCG TCA ATT CMT TTG AGT TT-30) to amplify

fragments approximately 560 bp. We used a 40–75%

vertical denaturant gradient (100% denaturant agent is

7 M urea and 40% deionized formamide) on 6%

polyacrylamide gel in 19 TAE to separate bacterial

bands, i.e., sequences (Muyzer & Smalla, 1998). We

analyzed images of the gels using the Gels plot lanes

tool of ImageJ software 1.38X (Wayne Rasband,

National Institutes of Health, USA) according to

Noyer (2010) and references therein. To perform

Fig. 2 Sampling sites for

Spongia lamella in the

western Mediterranean and

Atlantic Iberian coast
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quantitative analyses using qPCR, we used five

specific primer pairs designed in Noyer et al. (2010),

to amplify and quantify specifically bacterial clades

using a Stratagene Mx3005P QPCR system and 29

Brilliant SYBR� Green QPCR Master Mix (Strata-

gene) (Noyer, 2010). For each individual screened, we

used Shannon diversity index from the DIVERSE

procedure available in PRIMER 6 (Clarke &

Warwick, 2001). Bacterial diversity was assessed by

bacterial richness as the number of bands on the

DGGE gels in an individual sample, and evenness

through the relative intensity (quantity) of the bands

on the gels (Casamayor et al., 2000). Individual

Shannon index was also used to estimate diversity of

the bacterial clades quantified by qPCR (Chloroflexi

clade 1 and clade 2; Acidobacteria clade 1 and clade 2,

and Actinobacteria). For each population, we aver-

aged the individual indices within their original

populations and we obtained the average index of

bacterial diversity per sponge population. For the

interpopulation comparisons, we used pairwise dis-

similarities obtained from the SIMPER procedure

available in PRIMER v6, both for the DGGE banding

patterns and for the quantitative proportions of bac-

terial clades amplified.

Chemical diversity was estimated at the same

individual, population and interpopulation levels.

Secondary metabolites were extracted by dichloro-

methane/methanol (1:1) solution and extracts were

analyzed by high performance liquid chromatography

(HPLC) to characterize chemical profiles (Noyer,

2010; Noyer et al., 2011). In agreement with previous

studies on S. agaricina secondary metabolites, chem-

ical profiles showed two major compounds, the nitenin

being the major compound, and a variety of minor

metabolites belonging to the product class ‘‘terpenes’’

(Aiello et al., 1988; Rueda et al., 1998). For each

individual, we used Shannon indices obtained from the

DIVERSE procedure (available in PRIMER v6) from

the chemical SPE–ELSD–HPLC profiles (Noyer et al.,

2011). Thus, chemical diversity was assessed by

chemical richness as the number of compounds in an

individual sample, and chemical evenness through the

abundance or quantity of this compound in the sample.

For each population, we averaged individual Shannon

indices within their original populations. For the

interpopulation comparisons, we used pairwise dis-

similarities from the SIMPER procedure (available in

PRIMER v6). Pairwise dissimilarities were performed

on 10 out of the 22 compounds that presented

significant variations between sponge populations

(Noyer, 2010; Noyer et al., 2011).

Multiples correlations were globally performed

first between individual measures. However, only

subsamples of each sponge populations used for the

genetic analyses were used for bacterial and chemical

analyses. Thus, only individuals that have triple

genetic, bacterial, and chemical data were used in

the individual-level analysis. As 10 individuals per

populations were used for the qPCR analysis, we also

investigated more closely the relationship between

genetic and bacterial diversity at the individual-level

per population. At the population level, multiple

correlations were carried between the different mea-

sures of diversity averaged per population. At the

interpopulation level, we visualized population dis-

similarities with hitmaps using JColorGrid software

(Joachimiak et al., 2006). We performed correlations

between three matrixes to investigate whether there

are relationships between genetic, bacterial, and

chemical dissimilarities. The analyses of correlations

were run separately for bacterial diversity using

DGGE data or qPCR data to test one measure of

genetic, bacterial, and chemical dissimilarities.

Results

Individual-level correlations

Multiple correlations of individuals that were typed

for genetic, bacterial, and chemical analyses are

summarized on Fig. 3. We observed negative corre-

lations for both genetic measures, MLH and mean d2

with chemical diversity, however, those correlations

were not significant (P = 0.325 for MLH, and

P = 0.175 for mean d2 after Bonferroni corrections).

We did not detect any correlations between chemical

diversity and bacterial diversity using both DGGE and

qPCR Shannon indices, or between genetic diversity

(MLH and mean d2) and bacterial diversity (DGGE

and qPCR). The only significant correlation was

obtained between the two measures of genetic diver-

sity (P = 0.015, after Bonferroni corrections, Fig. 3).

As more individuals were scored for qPCR, we also

investigated more deeply relationships between bac-

terial and genetic diversity at the individual-level per

population (only individuals with paired genetic and
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qPCR data were included, Fig. 4). We did not find

significant relationships between bacterial and genetic

(both using MLH and mean d2) diversities in any

population. Thus, for genetic and qPCR bacterial

diversities, we obtained the same consistent results

when individual analyses were performed both glob-

ally (Fig. 3) or by populations (Fig. 4).

Population-level correlations

At the population level, when all indices were

averaged by sponge population, we obtained similar

results to those at the individual level (Figs. 3, 5). We

did not detect significant correlation between chemical

and bacterial (DGGE and qPCR), chemical and

genetic (He and gene diversity), or bacterial (DGGE

and qPCR) and genetic diversity (He and gene

diversity). As at the individual level, we found

significant correlations between He and gene diversity

(P = 0.012, after Bonferroni corrections). However,

we also detected a negative and significant correlation

between the two methods used to assess bacterial

diversity, mean qPCR and mean DGGE Shannon

indices (P = 0.018, after Bonferroni corrections).

Population dissimilarities

Genetic, bacterial, and chemical dissimilarities

showed the same pattern of higher dissimilarities for

more distant sponge populations (Noyer, 2010; Noyer

et al., 2011). Pairwise populations including Ceuta and

Portugal presented the highest dissimilarities (Fig. 6).

When we looked at correlations between population

pairwise dissimilarities for the three levels, we

obtained a positive and significant correlation between

sponge genetic and chemical dissimilarities (Table 1).

However, increasing genetic differences between

sponge populations were not linked to increasing

bacterial dissimilarities (P = 1.000 for both DGGE

and qPCR data after Bonferroni corrections, Table 1).

Increasing chemical dissimilarities was not linked to

an increase of DGGE differences (P = 1.000). How-

ever, we observed a negative correlation between

chemical dissimilarities and qPCR dissimilarities

Fig. 3 Multiple individual-

level correlations between

chemical, bacterial, and

genetic diversity. Chemical

diversity was estimated by

the Shannon index on the

SPE–ELSD–HPLC profiles,

qPCR diversity was

estimated by Shannon index

on proportions of bacterial

clades amplified, DGGE

diversity was estimated by

Shannon index on the

relative intensity of DGGE

banding patterns, and

genetic diversity was

estimated on MLH (multi-

locus heterozygosity) and

LD [log (mean d2 ? 1)].

P values are Bonferroni

corrected
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Fig. 4 Relationships

between genetic diversity:

MLH (left), LD (right), and

diversity of bacterial clades

amplified by qPCR, per

sponge population. P values

are Bonferroni corrected
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(R = -0.587, uncorrected P = 0.021). Increasing

differences in bacterial clades amplified by qPCR

were linked to a decrease of chemical dissimilarities

between sponge populations, although this relation-

ship turned not significant after Bonferroni corrections

(P = 0.064).

Discussion

Does diversity beget diversity in Spongia lamella?

We used genetic, bacterial, and chemical diversities to

investigate whether diversity begets diversity within

the endangered sponge S. lamella (Fig. 1). We failed

to detect multiple correlations between the three levels

of diversity using two distinct methods to assess

bacterial diversity and two measures of genetic

diversity. Results were consistent both at the individ-

ual and population levels. The only significant and

positive correlations were between the two measures

of genetic diversity at individual level: heterozygosity

(MLH) which is a measure of inbreeding, and mean d2;

and at population level: expected heterozygosity (He)

and gene diversity. Paired measures of genetic diver-

sity were highly correlated, which is in agreement with

Chapman et al. (2009). At the population level, we

also obtained a negative and significant correlation

between the two methods of bacterial diversity. As

Shannon index considers both richness and evenness,

and as the same number of clades (richness) was

amplified by qPCR for all sponge individuals, diver-

sity of bacterial clades relied only on the evenness.

However, each DGGE band refers theoretically to a

bacterial sequence (Muyzer & Smalla, 1998). Thus, a

bacterial clade could be represented by various

sequences on the DGGE gels. Many sequences of

the same clades at different positions on the DGGE

gels increase number of DGGE bands and DGGE

bacterial diversity. However, increasing proportions

of a single clade would decrease bacterial clade

evenness, and also decrease qPCR diversity. The two

Fig. 5 Multiple

population-level

correlations between

chemical, bacterial, and

genetic diversity. Chemical

and bacterial diversity were

estimated as for Fig. 3,

averaged per sponge

population (except for

Portugal and Cabrera

populations, which did not

contained chemical data and

for Els Bullents, which did

not contain bacterial data).

Genetic diversity was

estimated by expected

heterozygosity under

Hardy–Weinberg

equilibrium and gene

diversity among individuals.

P values are Bonferroni

corrected
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measures of bacterial diversity are complementary

rather than redundant as they focus on different

phylogenetic levels, sequences, and clades.

In previous studies, we observed positive and

significant relationships between geographical and

genetic, bacterial, and chemical dissimilarities (Noyer,

2010). Among the multiple correlations between

population dissimilarities we tested for those three

levels, only chemical and genetic dissimilarities

were significantly correlated. Increasing geographical

distances between pairwise populations increased

genetic differences by isolation by distance and,

increasing genetic differences enhanced chemical

dissimilarities. Though genetic and chemical diversity

were not correlated per se, a certain connection

seemed to exist. Production of secondary metabolites

may have a genetic basis. Thus, increasing population

genetic divergence through isolation and/or local

selection might increase chemical dissimilarities

between populations that are likely to be locally
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adapted. Alternatively under specific ecological fac-

tors, some secondary metabolites only could present

an advantage and increase sponge fitness. Then,

differential production of secondary metabolites could

also indirectly promote and strengthen genetic dis-

similarities between populations through the selection

of these genotypes. Finally, increasing genetic differ-

ences did not have any influence on bacterial dissim-

ilarities as calculated either with DGGE and qPCR

data. DGGE pairwise dissimilarities did not have any

influence on chemical dissimilarities. Results sug-

gested that all these factors may vary geographically,

and highlight the complex nature of the mechanisms

behind the variability in life.

The lack of significant correlations in this study

could also reflect limitations in the ability of our data

or analyses to detect them. Measures of genetic

diversity, and its relevance to explain correlations

(especially with fitness), remains a controversial and

complex topic (Coltman & Slate, 2003; Balloux et al.,

2004; Chapman et al., 2009; Da Silva et al., 2009). In

this study, we used MLH and mean d2 at the individual

level. Various measures are generally used in hetero-

zygosities–fitness correlations (HFCs). MLH has been

the index most frequently used and has generally

displayed strong size effect (Chapman et al., 2009;

Pujolar et al., 2009).

Microsatellite variability is widely used to infer

levels of genetic diversity in natural populations.

However, criticisms have challenged the use of

these markers to explain genome-wide variability

(Vali et al., 2008). Nonetheless, microsatellites pro-

vide significantly stronger predictions of genome-

wide-heterozygosity than do SNPs (Ljungqvist et al.,

2010). In sponges, adequate genetic markers are

limited and sequencing could be problematic. The

mitochondrial COI gene, widely and extensively used,

appears poorly polymorphic in Porifera (Duran et al.,

2004a). Alternatively, microsatellites are highly poly-

morphic and have proven their usefulness in sponge

studies (Duran et al., 2004b; Noyer et al., 2009;

Blanquer and Uriz, 2010). Thus, microsatellite mark-

ers still remain the marker of choice for evaluating

genetic diversity and assessing HFCs.

Alternative methods could have been applied to

compare bacterial community and study bacterial

diversity. Construction of bacterial clone libraries is a

method widely used and gives indications of the

identities/phylogeny and relative abundances of bac-

teria present in the sponge populations (Taylor et al.,

2007 and reference herein). However, it is generally

performed on few specimens of various species. First,

it would appear time and money consuming when

comparing nine populations from the same sponge

species; second, clone libraries should be done at the

population level which hinders analyses at the indi-

vidual level. For these reasons, we choose the DGGE

banding patterns to have a rapid and general insight of

the bacterial community at the individual level and

qPCR to compare quantitatively the main bacterial

clades present.

One limitation of the Shannon index is the necessity

to be compared across equivalent sampling designs

(Clarke & Warwick, 2001). Here, we applied the same

experimental design and method on each sample to

sample the same ‘‘chemical’’ and ‘‘bacterial’’ diversity

within each sponge specimen. Measure of bacterial

diversity using qPCR was different. As we used the

same set of primers for each sponge specimen,

diversity values reflect only evenness (richness being

equal to all samples, i.e., five bacterial clades).

However, we chose to keep Shannon index to compare

the same index between the different levels of

chemical and bacterial diversity. Other diversity

indices could be used too, but Simpson or Pielou’s

evenness indices lead to the same conclusions (data

not shown).

Finally, to obtain a full picture of S. lamella system

and get an insight on the functional role that sponge

populations play in the associated organisms, it could

Table 1 Correlations between genetic, bacterial, and chemical

dissimilarities

Genetic Bacteria Chemistry

FST/

(1 - FST)

DGGE qPCR Chem.

Genetic

FST/

(1 -

FST)

– -0.154 -0.059 0.634

Bacteria

DGGE P = 1.000 – -0.013

qPCR P = 1.000 – -0.587

Chemistry

Chem. P = 0.033 P = 1.000 P = 0.064 –

Bonferroni corrected P values are given below the diagonal;

Pearson correlation coefficients above the diagonal
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have been interesting to assess sponge habitat forming

(diversity of sponge dwellers). Sponges also host a

variety of other benthic invertebrates, such as scypho-

zoan, barnacles, decapodes, polychaetes, or amphi-

pods among others (Rützler, 1976; Voultsiadou-

Koukoura et al., 1987; Uriz et al., 1992; Ilan et al.,

1999; author’s unpublished data) and behave as

efficient ecological niches.

Putative connections between genetic diversity,

bacterial diversity, and chemical diversity

Our data failed to support the hypotheses that could

explain potential links between genetic and bacterial

diversity in S. lamella (Fig. 1). Increasing genetic

diversity in a sponge population could increase

diversity of host phenotypes for microorganisms to

adapt. This would create habitat microheterogeneity in

the host population and a greater possibility for

various bacteria to use the resources. In their study

based on the gastrointestinal (GI) tract, Zoetendal et al.

(2001) found a positive and significant correlation

between the similarity indices of bacterial communi-

ties and the genetic relatedness of their hosts,

suggesting that the host genotype has a significant

effect on the bacterial composition (Zoetendal et al.,

2001). Another explanation relies on HFC and

suggests that genetic diversity could be positively

correlated with fitness. Populations with higher indi-

vidual fitness would be less prone to local extinction

promoting population survival especially for small

inbreeding populations (Brook et al., 2002; Frankham,

2005). Survival of host populations would lead to the

survival and evolution (coevolution) of associated

symbionts. Increasing host genetic diversity through

an increase of host fitness could thus promote bacterial

diversity. An alternative relation could also occur if

different bacteria would impart different functions that

contribute to sponge metabolism (Lee et al., 2001;

Taylor et al., 2007). Then, bacteria diversity would be

linked to higher sponge fitness and potentially favor

sponge populations. However, if only a few strains of

microorganisms serve the sponge, increase diversity

of microorganisms would be a burden because of

higher competition between microorganism strains.

Finally, relationship between genetic and bacterial

dissimilarities could exist, since vertical transmission

(Usher et al., 2001; Ereskovsky et al., 2005; de Caralt

et al., 2007; Schmitt et al., 2007, 2008; Sharp et al.,

2007; Noyer, 2010) and coevolution (Erpenbeck et al.,

2002) occur. Thus, genetically different sponge pop-

ulations could have differed more in their associated

symbionts.

Whether genetic diversity controls or is controlled

by chemical diversity is still an unresolved issue.

Spatial and temporal variations in secondary metab-

olites could affect trophic and competitive interac-

tions, increasing the chemical patchiness of the

environment and promoting biodiversity at both

genetic and species levels (Hay & Fenical, 1996).

Alternatively, sponge genetic diversity could promote

chemical diversity if secondary metabolites are pro-

duced by the sponge and the production has a heritable

basis. Secondary metabolites present multiple ecolog-

ical roles such as anti-predation, anti-fouling, media-

tion of spatial competition, facilitation for

reproduction or protection against UV (Becerro

et al., 1997; Mcclintock & Baker, 2001) and can be

critical for species survival. Production of a cocktail of

chemical compounds could confer advantages to a

sponge individual that faces various threats, e.g.,

predators, competitors, pathogens, or environmental

factors. If so, chemical diversity would increase

sponge fitness. However, if only a limited number of

chemical compounds are advantageous, increasing

diversity of chemical compounds with ecologically

irrelevant metabolites may dilute this benefit by

allocating less energy to the production of the specific

relevant compound. Thus, sponge populations with a

low diversity of ecologically relevant compounds

would be at an advantage.

If sponge-associated microorganisms produce even

partially some of the secondary metabolites used by

the host, the relationship between bacterial and

chemical diversity could present direct effects. The

production of some bioactive compounds has been

ascribed to bacterial symbionts (Unson & Faulkner,

1993; Oclarit et al., 1994; Unson et al., 1994; Bewley

et al., 1996). Also, symbiotic microorganisms could

provide precursors or enzymes, being just one of the

multiple cell compartments involved in the production

of natural products (Kreuter et al., 1992; Ebel et al.,

1997; Siegl & Hentschel, 2010; Sacristan-Soriano

et al., 2011). We could therefore foresee a positive

relationship between bacterial and chemical diversi-

ties. Alternatively, if a limited number of advanta-

geous chemical compounds are produced by few

strains of bacteria, increasing bacterial diversity may
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increase competition between these different strains

inhabiting sponge tissue, and could limit this advan-

tage. Considering that bacteria do not influence

production of secondary metabolites; secondary

metabolites could potentially protect sponges from

pathogens by preventing them to overrun the sponge

tissues. This could have positive effect on both sponge

fitness and symbiotic bacterial communities. Never-

theless, many factors may operate in these relation-

ships, and the explanations represent basic

interpretations that are not exhaustive. Hence, caution

is required when attempting to understand mecha-

nisms that could link those levels of diversity.

Measuring sponge fitness may have been interest-

ing data to collect in order to unravel underlying

ecological processes. Sponge fitness, defined as the

capability to survive and reproduce, could be impacted

by these three components (cf. above). Sponge

populations with greater fitness are more likely to

survive and adapt to environmental changes. Survival

of various populations at different locations would

promote maintenance of genetic diversity, of bacterial

communities associated to the sponges and chemical

diversity. Thus, besides the question ‘‘does diversity

begets diversity,’’ another fundamental question

arises: does diversity at different levels favor the

evolutionary potential of species?

Conclusion

Previous work performed on this species revealed that

genetic, bacterial, and chemical diversity varied

between sponge populations and presented significant

geographical patterns (Noyer, 2010). However, we

failed to show that those levels of diversity are related

in S. lamella despite the various methods and measures

used in this study. Measuring and understanding

biological diversity is an important task with direct

and indirect implications for conservation issues.

However, assessing biodiversity remain very complex

as there is no single all-embracing measure (Gaston &

Spicer, 2004) and under different scales of observa-

tion, different indices of diversity might lead to

different conclusions (Yue et al., 2003, 2005).

Nevertheless, these three levels are intrinsically

related to the sponge evolution and connections may

still occur between the three components. However, in

this model (target species, sampling design, technical,

and statistical analyses), our data failed to support the

diversity begets diversity hypothesis. This suggests

that multiple factors can regulate the genetic, bacte-

rial, and chemical diversity in S. lamella. In our study,

all factors varied with geography as we found a clear

pattern of changes in genetic, chemical, and bacterial

diversity associated with geographical distance. These

factors could represent multiple biotic and abiotic

differences between populations, highlighting the

complex nature of the mechanisms behind

biodiversity.
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