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Analysis of evolutionary, biogeographical and taxonomic patterns of 
nucleotide composition in demosponge rRNA

The ribosome is the location of protein translation and therefore a pivotal macromolecular complex for all 
organisms. The RNA molecules involved in the formation and functioning of the ribosome (rRNA) are partially 
single-stranded (loops) and partially double-stranded (helices or stems) as a result of pairing of complementary 
regions in either their own or other rRNA subunits. This pattern provides the rRNA with a secondary structure 
crucial for its functionality. The stability of these secondary structures is mediated by their base compositions: 
a helix rich in G-C pairs possesses a higher thermodynamic stability than an A-T rich counterpart. However, 
the base composition of these structures is neither homogeneous throughout the molecule nor throughout the 
demosponge taxa. Here, we present patterns of biased nucleotide composition in demosponge 28S rDNA. We 
analyse their correlation in respect to environment and taxonomy. We find significantly higher G+C contents 
in haplosclerid demosponges compared to other orders and investigate evidence for an association between 
water temperature and rRNA base composition in demosponges.

introduction

The frequency of the four nucleotide types in organismal 
DNA has been shown to be variable among lineages. In 
particular, the different ratios of the G-C as opposed to 
the A-T Watson-Crick nucleotide pairs have attracted the 
interest of evolutionary biologists (see Mooers & Holmes 
(2000) for a detailed review on G+C composition studies). 
The G+C content of genomes is, for example, relatively 
low in invertebrates but highly variable for protists and 
algae. Bacterial genomes, which are among the best studied 
for G+C contest (see Galtier et al. (1999) for a systematic 
context) display the highest variation in G+C content with 
ranges between 25 and 75% (see Mooers & Holmes, 2000). 
One reason for those differences might be the general 
mutational bias in DNA, which results from the preference 
of one nucleotide pair above the other (Eyre-Walker, 1993). 
Another reason for the pronounced variance in nucleotide 
frequency is natural selection (Smit et al., 2006). Natural 
selection might favour a higher percentage of G-C bonds 
in a DNA strand because this nucleotide pair forms 
more energetically stable bonds compared to A-T bonds. 
Although this bias appears plausible for organisms that live 
in extreme environmental conditions, a direct correlation 
between genomic G+C content and environment is not 
always evident. Selection for higher G+C contents has been 
shown for UV exposure of bacteria (Singer & Ames, 1970), 
but thermophilic bacteria do not have a significantly higher 

G+C content than mesophilic bacteria (Galtier & Lobry, 
1997; see also Nakashima et al., 2003), although G+C rich 
DNA (and RNA) chains would be more heat-stable than 
their G+C poorer counterparts. In addition, Drosophila 
species of colder climates can have a higher G+C content 
than their warmer climate congenerics (Rodriguez-Trelles 
et al., 1999; Mooers & Holmes, 2000).

Apparently, selection towards higher G+C is more evident 
in single genes and gene-fragments than in entire genomes. 
Such bias can be seen in rRNA genes (rDNA), which code 
for rRNA molecules that undergo a complex folding into a 
secondary structure of single-strands (‘loops’) and double-
strands (‘stems’ or ‘helices’, see Figure 1); these form tertiary 
(and higher) structures in the final ribosome. The ribosome’s 
shape, which is important for its functionality, is mediated in 
particular (but not exclusively) by rRNA helices. Therefore, 
there is considerable evolutionary pressure on maintaining a 
functional shape of secondary structure maintained by helices 
within the rRNA molecule. In thermophilic bacteria, helix 
regions possess a higher G+C rate than mesophilic bacteria, 
presumably in order to maintain rRNA function in extreme 
environments (Galtier & Lobry, 1997). For vertebrates it has 
been shown that warm-blooded species have a higher overall 
G-C content in rRNA than their cold-blooded counterparts. 
However, this difference is not concentrated in the paired 
regions of the molecule, suggesting that thermal adaptation 
is not the cause of the nucleotide differences among 
vertebrate lineages (Wang et al., 2006). To our knowledge, 
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Figure 1. Schematic view of LSU. The pairing nucleotide sites (helices) are given in thicker lines, single stranded regions with thinner 
lines. The section included in our alignments is shaded in grey and f lanked by arrows. Hypervariable sites of other sections are marked 
with dashed lines.
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the correlation between environmental temperature and 
stem-rDNA G+C content has rarely been analysed among 
invertebrates. In this study we aim to seek evidence for such 
a correlation in early-branching Metazoa.

results and discussion
Sponges are particularly suitable for this type of analysis. 

As sessile marine invertebrates they are poikilothermic 
and surrounded by a medium of easily measurable 
temperature without sudden changes. Demosponges are 
also cosmopolitan and present in all marine habitats. 
Furthermore, a considerable number of demosponge large 
sub-unit 28S (LSU) rDNA sequences are published with 
their secondary structure readily assessed (Erpenbeck et al., 
2007a). The latter were used to align the LSU sequences 
and to identify the position of stems in the transcribed and 
assembled rRNA molecule (see Figure 1). We analysed the 
data of Nichols (2005), which comprises a relatively long LSU 
fragment (>1400 characters) and a suitable representation of 
demosponge orders (11 out of 15) (Figure 2). G+C contents 
of stems and loops were calculated with PAUP 4.0 (Swofford, 
2002) and statistically analysed with ANOVA using Statistica 
for Windows 6.1 (Statsoft, Tulsa, OK, USA).

First, we tested for taxonomical bias in the rRNA helix 
and loop nucleotide compositions throughout the 106 
demosponge sequences. We observed a strongly increased 
helix G+C content in the taxa of the order Haplosclerida 
(67.8%; SD=1.4; N=13) compared to all other demosponges 
pooled (62.6%; SD=2.1; N=83). Haplosclerid sponges 
contained a significantly higher G+C content in stem regions 
(F5, 71=45.53, P<0.001) compared to all other orders tested 
(Bonferroni test: P<0.001). Astrophorids also contained 
a significantly higher G+C content than dictyoceratids, 
poecilosclerids and hadromerids but not halichondrids. 
There was no significant difference in G+C content among 
dictyoceratids, poecilosclerids, hadromerids or halichondrids 
(Bonferroni test: P>0.05). These findings are in congruence 
with earlier observations, in which Haplosclerida displayed 
higher substitution rates and different secondary structure 
features compared to all other demosponge rRNA, in 
addition to increased substitution rates in mitochondrial DNA 
(Erpenbeck et al., 2004, 2007b). The order Haplosclerida 
comprises the highest biodiversity of all sponges in terms of 
species and habitats (van Soest & Hooper, 2002), perhaps 
caused by higher evolutionary rates that allowed members 
of this taxon to open up new ecological niches. The resulting 
structural diversity of the ribosomal rRNA is stabilized by 
increased G+C contents in the helices.

There were also significant differences in the nucleotide 
composition of the loops among orders (F5, 71=45.00, P<0.001). 
G+C content was highest in the astrophorids, haplosclerid 
and halichondrids and did not differ significantly among 
these orders (Bonferroni test: P>0.05). G+C content was 
significantly lower in the poecilosclerid than astrophorids 
(Bonferroni test: P=0.006). The dictyoceratids had a 
significantly lower G+C content than all other orders 
(Bonferroni test: P<0.001). The increased amount of loop 
adenosine in taxa of all orders (33.7–40.4%) is usual for 
unpaired sites in ribosomal loop partitions (Telford et al., 
2005).

In addition to assessing variation in G+C content among 
orders we also tested for the effect of the environment on G+C 
substitutions in demosponge LSU rDNA loops and stems. 
For this approach, species were divided into two simplified 
groups of ‘cold’ (approximately temperate/mediterranean 
and polar) and warm (tropical) locations, in which minimum 
and maximum temperatures were least overlapping (see 
Appendix 1). Temperature charts for the species locations 
have been taken from the NOAA Satellite and Information 
Service (http://nodc.noaa.gov/OC5/WOA01F/tsearch.html). 
This simplification certainly bears the risk of experimental 
error, which, however, cannot entirely be excluded due to 
the lack of knowledge on optimal growth temperatures for 
the individual sponge species. Collection depth of 30 m 
(opposed to surface, 10 m, 50 m, or deeper as alternative 
options) has been assumed to approximate the temperature 
conditions of the taxon set best. For this depth we chose 
the annual mean temperature (as opposed to maximum 
and minimum temperature as their influence has not been 
estimated yet).

For the analysis we followed the method of Charette et al. 
(2006) and compared our pool of ‘cold water’ species with 
their closest known warm-water relative. For our data set 
this resulted in the formation of a maximum of 15 species 
pairs, which included seven congeneric pairs (pairs A–G, 
see Appendix 1), five confamilial pairs (pairs H–L) and 
three pairs of species within the same order (pairs M–O). 
When there were multiple candidate species for a matched 
pair, species with name lowest in alphabetical order were 
chosen (considered as a random choice). Differences in 
G+C content between ‘cold water’ and ‘warm water’ species 
were tested for significance with a paired t-test (aka t-test 
for dependent samples) using Statistica for Windows v. 6.1. 
The loop G+C content of ‘cold’ and the ‘warm’ species did 
not differ significantly (t=1.427, P=0.175, N=15), but the helix 
G+C content was significantly higher among the species in 
the ‘warm’ group compared to the ‘cold’ group (t=2.303, 
P=0.037, N= 15). This result would support the hypothesis 
of evolutionary pressure on more stable RNA helices by 
increasing the ratio of G+C pairs.

In any event, the G+C content does not necessarily reflect 
the number of triple bonds in a given stretch of RNA. G can 
form the ‘wobble’-bonds with uracil (U), which are double 
bonds and considerably weaker than the G-C triple bonds. 
As C only binds with G, the frequency of C in paired sites is 
a direct indicator for the number of triple hydrogen-bonds 
in RNA secondary structure. In fact the samples originating 
from warmer waters exhibit a higher C content (28.4%; 
SD=0.03, N=76) than their ‘cold’-group counterparts (27.3%; 
SD=0.01; N=13) (t-test, P<0.05).

Nevertheless, there are clear pitfalls in our analysis, which 
are frequently neglected by other analyses: sponge systematics 
frequently suffers from ambiguous classification paired with 
incongruent (and inconsistent) molecular phylogenies. This 
phenomenon affects our present study as well.

First, freshwater sponges are morphologically classified 
with the marine Haplosclerida (van Soest & Hooper, 2002), 
but molecular (predominantly rDNA) analyses provide 
evidence against the monophyletic relationship of marine 
and freshwater sponges (e.g. Borchiellini, 2004; Addis & 
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Peterson, 2005; Nichols, 2005; Redmond et al., 2007). 
Inclusion of the Haplosclerida pair into our statistics might 
infer a conceptual error even if the classification of this 
group still awaits final acceptance.

Secondly, several other taxon pairs are not recovered at 
their expected positions: Both Polymastia sp. 1 and Geodia 
barretti, cluster distantly from their congenerics in the 
original phylogenetic tree (Nichols, 2005), which may raise 
some doubt on their suitability for this analysis. While G. 
barretti can be exchanged against G. papyracea from our taxon 
set, there is no sequence to replace Polymastia sp 1.

When the haplosclerid sponge pair is excluded from the 
analysis the result is marginally non-significant using an α 
of 0.05 (t=2.011, P=0.066, df=13). Likewise if the taxon-pair 
including Polymastia sp.1 is disregarded the result is marginally 
non-significant (t=–1.788, P=0.099, df=12). It must be noted, 
however, that the exclusion of data points decreases the power 
of the sample set, which effects small data sets in particular. 
All tests, however, revealed a probability below 0.1, which 
due to the small sample size suggests an association between 
G+C content and environment although this warrants 
further research.

We therefore find some evidence of a trend towards 
increased evolutionary pressure on stem triple hydrogen 
bonds, but more exhaustive research is needed, in 
particular of sequences of verified entity with unambiguous 
phylogenetic origin. Answering molecular evolutionary 
questions using published sequences generated for a 
different purpose, however, remains problematic, especially 
in sponges, as long as contamination and misidentification 
problems are not resolved. Nevertheless, we can deduce 
from our analysis on evolutionary nucleotide composition 
in demosponge rRNA that taxonomic patterns are clearly 
present and there is evidence that environmental patterns 
might exist.
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Figure 2. Plot of the sampling locations (three letter codes) of the 95 non-haplosclerid demosponges against the water temperatures used 
as basis for raw division into ‘cold’ and ‘warm’ water regions (annual mean, 30 m, source: NOAA Satellite and Information Service). 
Locality codes: AMI, Seychelles, Amirantes; ANT, Curacao, Netherlands Antilles; BER, Bermuda; CAR, Carmel, California; CON, 
Contreras Island, Panama; CRO, Croatia; GRO, Dampier and Onslow WA, Australia; HOB, Hobart, Australia; LTH, Lake Tahoe, 
California, USA; MAL, Maldives; NOU, Nouadhibou, Mauritania; NWA, North West Cape, WA, Australia; PAC, Panama (Caribbean); 
PAP, Panama (Pacific); PIT, Pitcairn Islands; PNG, Papua New-Guinea; ROS, Roscoff; SUN, Sunshine Coast, QLD, Australia; SYD, 
Sydney Heads, Australia; VIR, Virgin Islands; WAL, Waldergrove Islands, Australia; ZEE, Zeeland, Netherlands.
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