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Mangroves are complex ecosystems that regulate nutrient and sediment fluxes to the open sea. The importance of bacteria and
fungi in regulating nutrient cycles has led to an interest in their diversity and composition in mangroves. However, very few
studies have assessed Archaea in mangroves, and virtually nothing is known about whether mangrove rhizospheres affect ar-
chaeal diversity and composition. Here, we studied the diversity and composition of Archaea in mangrove bulk sediment and the
rhizospheres of two mangrove trees, Rhizophora mangle and Laguncularia racemosa, using denaturing gradient gel electropho-
resis (DGGE) and pyrosequencing of archaeal 16S rRNA genes with a nested-amplification approach. DGGE profiles revealed
significant structural differences between bulk sediment and rhizosphere samples, suggesting that roots of both mangrove spe-
cies influence the sediment archaeal community. Nearly all of the detected sequences obtained with pyrosequencing were identi-
fied as Archaea, but most were unclassified at the level of phylum or below. Archaeal richness was, furthermore, the highest in
the L. racemosa rhizosphere, intermediate in bulk sediment, and the lowest in the R. mangle rhizosphere. This study shows that
rhizosphere microhabitats of R. mangle and L. racemosa, common plants in subtropical mangroves located in Rio de Janeiro,
Brazil, hosted distinct archaeal assemblages.

Mangroves are coastal forests that represent an important ec-
otone between terrestrial and marine environments. These

forests are ecologically and economically important, since they
limit erosion in coastal areas, reduce the impact of waves and
tsunamis, and are used by several aquatic animals during some
part of their life cycle (1, 16, 27). Mangroves also harbor microor-
ganisms that are important in nutrient cycling (31, 40). Many
species of terrestrial plants influence microbial communities in-
habiting their roots; this phenomenon is known as the rhizo-
sphere effect (33, 39). Microorganisms in turn are essential for
plant growth and organic matter turnover, and they use plant root
exudates as a nutrient source (39, 70). Little is known, however,
about the impact of mangrove plants on microbial rhizosphere
communities (31, 32, 72). The mangrove environment differs rad-
ically in many ways from typical terrestrial environments due to
regular inundation with seawater and sometimes freshwater
flooding (40). Due to the rapid development of novel molecular
tools, we are now able to perform more thorough investigations of
the highly complex microbial communities inhabiting mangrove
forests and can start to unravel how plant-microbe interactions
help to maintain this endangered ecosystem.

Molecular techniques, including nucleic acid extraction, PCR,
DNA cloning and sequencing, and denaturing gradient gel elec-
trophoresis (DGGE), have enabled the study of microbial com-
munities at the genetic level, without isolating and culturing mi-
croorganisms (53, 62). In turn, recent developments in DNA
sequencing technologies, such as pyrosequencing, have greatly in-
creased our ability to study microbial communities compared to
that possible by other techniques (44). The combination of PCR,
more classical molecular tools, and pyrosequencing allows us to
study microorganisms at an unprecedented level of detail (22, 63,
64). In previous studies, we applied classical molecular tools and

in-depth functional microarray (32) and structural barcoded py-
rosequencing (31) analyses to study the structure and functions of
bacterial communities inhabiting mangrove roots. These studies
suggest an important ecological role of mangrove plants in the
process of selective enhancement of degrading genes and func-
tional bacterial guilds in their complex root systems.

Here, we investigate the effect of the roots of different man-
grove plant species on sediment archaeal populations as a fol-
low-up to previous studies (31, 32). Hitherto, most of the research
on mangrove environments has focused on bacteria and fungi,
and very little is known about archaeal assemblages in mangroves
(51, 72). Several studies have, furthermore, shown that Archaea
are more diverse and ubiquitous than previously thought (7, 48,
52). However, information on the influence of environmental and
biological factors that contribute to their abundance, diversity,
and spatial distribution in different environments is still scarce. In
the first part of this study, we focus on the development of a nested
primer system which generates PCR amplicons of 16S rRNA gene
fragments suitable for both PCR-DGGE and barcoded pyrose-
quencing analyses of the Archaea domain on the basis of novel
sequences recently submitted to public data banks (61). After
standardization of this new methodology, we investigated if the
rhizosphere of two different plant species (Rhizophora mangle and
Laguncularia racemosa) hosted distinct archaeal assemblages
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compared to bulk mangrove sediment (here known as Sed), fol-
lowing a similar trend observed for bacterial assemblages in pre-
vious studies (31, 32).

MATERIALS AND METHODS
Sampling and total community DNA extraction. Four composite rep-
licates of bulk sediment samples (�20 cm of top sediment with 4-cm
diameter) and roots of individual mangrove native plants (4 replicates
each of R. mangle and L. racemosa) were sampled from a fringe man-
grove forest in Guanabara Bay (Rio de Janeiro, Brazil) (22°46=53.50�S,
43°04=16.16�W). Young plants of similar height (R. mangle, 50 cm; L.
racemosa, 35 cm) were collected haphazardly. Total community DNA
(TC-DNA) extraction from microbial cell pellets retrieved from sediment
and rhizosphere samples was performed as previously described (30).

Primer design. A nested PCR system for the analysis of archaeal com-
munities suitable for both DGGE fingerprinting and barcoded pyrose-
quencing was developed. This consisted of a first PCR with Archaea-spe-
cific outer primers (fragment size, �624 bp) previously published by
DeLong (19) and Casamayor et al. (6a), with modifications (primers
ARC344f-mod and Arch958R-mod) (Table 1). The original primers were
modified in order to cover, with high specificity, the V4 and V5 regions of
the 16S rRNA gene of Archaea and most archaeal sequences present in the
Silva ARB database (release 102, containing high-quality sequences; http:
//www.arb-silva.de/) (61). A second PCR using the amplicons from the
first PCR as the template was subsequently carried out to amplify the inner
fragments of the archaeal 16S rRNA sequences. This approach generated
PCR amplicons suitable for DGGE or barcoded pyrosequencing analyses.
For DGGE analyses, the second PCR used the miniprimer 524F-10 (45)
and Arch958R-mod (fragment size, �425 bp) with a GC clamp attached
to the 5= end to prevent complete melting of double-stranded DNA dur-
ing DGGE.

The primers described above for PCR-DGGE were adapted for pyro-
sequencing using the pyrosequencing platform 454 Life Sciences (Roche
Diagnostics). Briefly, the miniprimer 524F-10 was extended 8 nucleotides
toward the 5= end (524F-10-ext; Table 1) and used in combination with
Arch958R-mod (without the GC clamp). In addition to this, fusion nu-
cleotide sequences A and B were added at the 5= ends of primers 524F-10-
ext and Arch958R-mod, respectively (Table 1). Tag sequences were added
between fusion A and forward primer 524F-10-ext.

The modified primers listed above were redesigned with the Probe
Design and Match Probe subroutines in the ARB software (50), optimized
using the program Oligo (version 4.0; National Biosciences Inc.), and
empirically tested against environmental samples. The Probe Match func-
tion of Ribosomal Database Project II (RDP II; http://rdp.cme.msu.edu/)
was used for in silico analysis of primer specificity, based on the last 10
3=-end nucleotides (Table 1).

Nested PCR conditions. The nested PCR for DGGE and barcoded
pyrosequencing analyses consisted of only one first PCR with Archaea-

specific primers (ARC344f-mod/Arch958R-mod). A PCR mix of 25 �l
containing 1� PCR buffer (Fermentas, Vilnius, Lithuania), 0.2 mM de-
oxynucleoside triphosphates (dNTPs), 2.75 mM MgCl2, 2.5 �g bovine
serum albumin (BSA), 1% (vol/vol) formamide, 0.2 �M primers 344f-
mod and Arch958R-mod, 2.5 U Dream Taq polymerase (Fermentas), and
template DNA (ca. 10 ng) was prepared. After 5 min denaturation at 94°C,
30 thermal cycles of 1 min at 94°C, 1 min at 56°C, and 1 min at 72°C were
carried out. A final extension step at 72°C for 7 min was performed to
finish the reaction.

DGGE analyses of archaeal 16S rRNA gene fragments. DGGE finger-
printing was used prior to pyrosequencing, to compare archaeal commu-
nity compositions among samples, and later, the data were complemented
with a more-in-depth barcoded pyrosequencing analysis of composite
samples (13).

PCR-DGGE mixtures (25 �l) consisted of 1 �l of the first nested PCR
product (ARC344f-mod/Arch958R-mod), 1� PCR buffer (Fermentas,
Vilnius, Lithuania), 0.2 mM dNTPs, 2.75 mM MgCl2, 8% (vol/vol) acet-
amide, 0.2 �M primers 524F-10 and Arch958R-mod (GC), and 2.5 U
Dream Taq polymerase (Fermentas). After 5 min denaturation at 94°C, 35
thermal cycles of 1 min at 94°C, 1 min at 50°C, and 1 min at 72°C were
carried out. A final extension step at 72°C for 7 min was performed to
finish the reaction.

DGGE gels of the amplified 16S rRNA gene sequences of each replicate
sample were made using a CBS system (CBS Scientific Company, Del Mar,
CA). The run was performed in 1� Tris-acetate-EDTA buffer with a
denaturant gradient of 22 to 57% at 60°C and a constant voltage of 220 V
for 8 h; 8 �l of each PCR product was loaded with 5 �l of loading buffer for
DGGE. The DGGE gels were silver stained as described by Heuer et al.
(38), with slight differences. Gels were scanned using a Molecular Image
FX apparatus (Bio-Rad, Hercules, CA).

The digitalized DGGE gels were analyzed with the software package
GelCompar (version 4.0; Applied Maths), as described by Smalla et al.
(65). Briefly, both band position and intensity were processed in a spread-
sheet. The data matrix of band abundance (band positions and their cor-
responding intensities) per sample was log10 (x � 1) transformed, and a
distance matrix was constructed using the Bray-Curtis index with the
vegdist() function in the vegan package (58) in R (version 2.11.1; http:
//www.r-project.org/; checked 13 September 2010). The Bray-Curtis in-
dex is one of the most frequently applied (dis)similarity indices used in
ecological work (10–12, 24, 31, 47). Variation in archaeal composition
among microhabitats (bulk sediment and rhizosphere sediment from
both mangrove tree species) was visually assessed with principal coordi-
nates analysis (PCO) using the cmdscale() function in R using the Bray-
Curtis distance matrix as input. We tested whether the compositions dif-
fered significantly among microhabitats using the adonis() function in
vegan. This function performs an analysis of variance with distance ma-
trices using permutations that partition the distance matrices among
sources of variation, in this case, microhabitats. In the adonis() analysis,

TABLE 1 Archaea-specific 16S rRNA gene primersa

Primer Sequence (5=–3=)

Bacteria Archaea
Reference or
sourcePM M % M PM M % M

ARC344f-mod ACGGGGYGCASSAGKCGVGA 1,244,196 52,937 4.25 52,211 47,911 91.76 This study
Arch958R-mod YCCGGCGTTGAVTCCAATT 957,411 402 0.04 22,329 19,543 87.52 This study
Arch958R-mod (GC)b CCGGCGTTGAVTCCAATT
524F-10-ext TGYCAGCCGCCGCGGTAA 1,197,614 1,129,558 94.32 58,408 56,762 97.18 This study
Arch958R YCCGGCGTTGAMTCCAATT 957,411 365 0.04 22,329 13,730 61.49 19
524F-10 GCCGCGGTAA 1,197,614 1,129,558 94.32 58,408 56,762 97.18 45
ARC344f ACGGGGYGCAGCAGGCGCGA 1,244,196 179 0.01 52,211 34,460 66.00 6a
a M, number of matches; PM, number of possible matches; % M, percentage of matches. Primers were submitted to the check probe facility of the Ribosomal Database Project
(http://www.rdp.cme.msu.edu/) to check for archaeal specificity. All forward primers were submitted as target sequence, and reverse primers were submitted as probes.
b Primer Arch958R-mod (GC) had the degeneration Y removed and a GC clamp attached to the 5= end used for DGGE analyses; GC clamp sequence: 5=-CGCCCGGGGCGCGCCC
CGGGCGGGGCGGGGGCACGGGGGG-3= (57).
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the Bray-Curtis distance matrix of band composition was the response
variable, with microhabitat being the independent variable. The number
of permutations was set at 999; all other arguments used the default values
set in the function.

16S rRNA gene barcoded pyrosequencing. A barcoded pyrosequenc-
ing approach was used for the compositional analyses of archaeal com-
munities. Prior to pyrosequencing, the amplicons of the first nested PCR
(ARC344f-mod/Arch958R-mod) of all four replicates of each microhabi-
tat were combined, forming one DNA library per microhabitat (Sed, R.
mangle, and L. racemosa). Pyrosequencing libraries were obtained using
the 454 Genome Sequencer FLX platform (Roche Diagnostics Ltd., West
Sussex, United Kingdom). Archaeal 16S rRNA gene amplicons (nested
PCR) were amplified using barcoded fusion primers with the Roche 454
titanium sequencing adapters. The forward fusion primers used for each
sample were 5=-CGTATCGCCTCCCTCGCGCCATCAG (fusion) ATCA
TC/ATGATG/AGAGAG (tags for samples Sed, R. mangle, and L. rac-
emosa, respectively) TGYCAGCCGCCGCGGTAA-3= (primer 524F-10-
ext). The reverse fusion primer was 5=-CTATGCGCCTTGCCAGCCCG
CTCAG (fusion) CCGGCGTTGAVTCCAATT-3= (primer Arch958R-
mod). The PCR mixture (50 �l) consisted of 1 �l of the first nested PCR
product, 1� FastStart high-fidelity reaction buffer (Roche), 0.2 mM
dNTPs, 2 mM MgCl2, 5% (vol/vol) dimethyl sulfoxide (DMSO), 0.2 �M
pyrosequencing primers (Table 1), and 5 U FastStart high-fidelity reaction
buffer (Roche). After 3 min denaturation at 94°C, 20 thermal cycles of
30 s at 94°C, 45 s at 50°C, and 1 min at 72°C were carried out. A final
extension step at 72°C for 7 min was performed to finish the reaction. The
PCR product was quantified by fluorimetry with PicoGreen (Invitrogen,
CA), and PCR products were pooled at equimolar concentrations and
sequenced in the A direction with GS 454 FLX titanium chemistry, ac-
cording to the manufacturer’s instructions (Roche, 454 Life Sciences,
Bradford, CT).

Barcoded pyrosequencing analyses. The initial quality check of py-
rosequencing libraries consisted of the removal of sequences with ambig-
uous bases, wrong primer sequences and barcoded tags, and sequences
with reads below 300 bp. Trimmed sequences were submitted to Green-
genes alignment using a minimum length of 100 bp and subsequently to
analysis on the Greengenes server using the Bellerophon program for the
detection and elimination of chimeric sequences with a window size of
200 bp and a parent-to-fragment threshold of 80% (21, 43). Some se-
quences tested with the Greengenes chimera check returned as “not
tested,” as described by Gontcharova et al. (34). These sequences were
submitted to a Greengenes alignment and chimera check a second time;
the sequences returned as not tested retrieved were discarded from further
analyses. Since Greengenes allows the analysis only of sequences with
lengths of �400 bp (34, 43), all the sequences with less than 400 bp were
also rejected. The relative abundance of the archaeal groups in each mi-
crohabitat and the representative sequences of the most dominant oper-
ational taxonomic units (OTUs) (�20 sequences) were determined ac-
cording to the Naive Bayesian rRNA classifier (version 1.0) of the RDP
(release 10, update 20), with 80% used as the bootstrap cutoff. Only a few
sequences (nine) were not classified into the Archaea domain and were
discarded.

The selected pyrosequencing reads were aligned online using the In-
fernal aligner algorithm (55). Aligned sequences were assigned (97%
identity) to OTUs (phylotype clusters) using the complete linkage clus-
tering application of the RDP pyrosequencing pipeline (9). The complete
linkage cluster file was then converted into a square matrix containing the
presence and abundance of OTUs per sample using a self-written function
in R (31).

OTU richness was assessed using rarefaction; a rarefaction curve for
each microhabitat was computed using a self-written function in R (31).
In addition to this, we used nonparametric richness estimators to estimate
true richness (4, 15). An advantage of nonparametric richness estimators
is that no assumptions about community structure need to be made, as
opposed to the case in parametric models. Some nonparametric estima-

tors also outperform other nonparametric and parametric estimators
(14). Here we used the Chao1 species richness estimator (8) to estimate
the total number of archaeal OTUs in rhizosphere and bulk sediment
samples.

Sequences from selected dominant OTUs (�20 reads), along with
their closest relatives retrieved from GenBank (http://www.ncbi.nlm.nih
.gov/), were aligned, and a phylogenetic tree was built with the Mega
program (http://www.megasoftware.net/; last checked 11 December
2011) using the neighbor-joining algorithm with Jukes-Cantor correc-
tions with values generated from 1,000 replicates. Bootstrap values lower
than 50% were omitted.

Nucleotide sequence accession numbers. The selected sequences ob-
tained after quality check were submitted to the GenBank database under
accession numbers JN874931 to JN880408.

RESULTS
Primer design. In this study, primers ARC344f and ARCH958R
were modified in order to cover the V4 and V5 regions of the 16S
rRNA gene of most Archaea present in the RDP database. The in
silico primer analyses showed that the primer modifications dras-
tically increased the number of Archaea sequences with a perfect
match to the last 10 3=-end nucleotides of primers 344f-mod and
Arch958R-mod (Table 1). However, in contrast to primer
Arch958R-mod, primer 344f-mod had unspecific matches to sev-
eral bacterial groups. The in silico analysis of the primers used in
the subsequent nested PCRs revealed that primer 524F-10 and its
extended version (524F-10-ext) were highly generalist (Table 1).
The Archaea-specific primer Arch958R-mod was used in combi-
nation with 524F-10 (with and without extension) prior to Ar-
chaea community profiling.

DGGE analyses of archaeal 16S rRNA gene fragments. DGGE
profiles revealed significant differences (Adonis F2,11 � 3.60, P �
0.001, R2 � 0.444) in archaeal composition among microhabitats
(Fig. 1). This is also apparent in the PCO ordination presented in

FIG 1 DGGE profiles of 16S rRNA fragments of Archaea amplified from total
community DNA extracted from four replicates of bulk (Sed) and rhizosphere
(Lag, L. racemosa; Rhiz, R. mangle) sediment samples. Short arrows show dif-
ferentiating ribotypes. Some ribotypes were present in the rhizosphere of both
mangrove species but absent in bulk sediment.
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Fig. 2, which shows the first two PCO axes and explains 58% of the
variation in the data set; samples from each microhabitat clearly
cluster together (Fig. 2). Some ribotypes were, furthermore, pres-
ent in both rhizosphere samples (indicated with arrows in Fig. 1)
but not in bulk sediment samples.

Diversity analyses of rhizosphere and bulk sediment sam-
ples. A total of 5,487 sequences were detected, of which 99.84%
were identified as archaeal sequences. After quality control, a total
of 1,694, 2,087, and 1,697 sequences were associated with the L.
racemosa, R. mangle, and Sed microhabitats, representing 318,
298, and 295 OTUs, respectively (using a 3% cutoff). Rarefied
OTU richness was the highest in L. racemosa, intermediate in the
Sed, and the lowest in R. mangle (Fig. 3). Qualitatively, the Chao1
richness estimators revealed a pattern similar to that for rarefied
richness, with the highest expected number of OTUs occurring in
L. racemosa, followed by Sed and R. mangle (data not shown).
OTU richness, however, estimated using the Chao1 richness esti-
mator was substantially higher than the observed richness. On the
basis of 1,650 sequences, values for the Chao1-estimated richness
estimator were 614.60 � 20.72 OTUs for L. racemosa, 481.07 �
38.42 OTUs for R. mangle, and 534.05 � 18.13 OTUs for Sed.
None of the microhabitats, however, showed signs of reaching an
asymptote, thus indicating that true OTU richness was even
higher.

Archaeal 16S rRNA gene sequence analyses and relative
abundance of the most dominant taxon groups. Taxonomic
analyses using the RDP classifier grouped the rhizosphere-associ-
ated archaeal sequences into 2 archaeal phyla (Euryarchaeota and
Crenarchaeota) and 5 classes (Halobacteria, Methanobacteria,
Methanomicrobia, Thermoplasmata, and Thermoprotei). Both
rhizosphere microhabitats (L. racemosa and R. mangle) had the
same class distribution but with different relative abundances of
the classes (Fig. 4). On the other hand, the distribution in the bulk
sediment microhabitat differed from that for the rhizosphere
samples; members of the euryarchaeotal class Methanobacteria

were present in both rhizosphere microhabitats but not in the
bulk sediment, and the euryarchaeotal class Thermoplasmata was
present in the bulk sediment but absent from both rhizosphere
microhabitats. Methanomicrobia were abundant in all microhabi-
tats. All microhabitats contained high percentages of unclassified
sequences at the domain, phylum, and class levels (Archaea, Eur-
yarchaeota, and Thermoprotei, respectively) and were dominated
by unknown Crenarchaeota members (Fig. 4). The Crenarchaeota
group was also more abundant in both rhizosphere microhabitats
than in bulk sediment, whereas the Euryarchaeota group was more
abundant in the bulk sediment. No Korarchaea or Nanoarchaea
were identified.

The ternary plot of dominant OTUs (Fig. 5) revealed several
abundant OTUs in both rhizosphere microhabitats (L. racemosa
and R. mangle). From these, OTUs 60, 64, and 182 were more
abundant in the R. mangle rhizosphere than in the other micro-
habitats; OTUs 64 and 182 were assigned to Archaea with 100%
and 99% confidence, respectively, while OTU 60 was assigned to
Thermoprotei with 81% confidence.

Figure 6 shows that the archaeal sequences retrieved were clas-
sified into three crenarchaeotal groups, three euryarchaeotal
groups, and one thaumarchaeotal group. Crenarchaeota was rep-
resented by the miscellaneous crenarchaeotal group (MCG) (67),
group C3 (20), and marine benthic group B (MBGB) (69). Eur-
yarchaeota groups included terrestrial miscellaneous euryar-
chaeotal group (TMEG) (67), marine benthic group D (MBGD)
(69), and marine and estuarine methane-oxidizing euryarchaeotal
group (MEMOEG). Finally, the Thaumarchaeota group was rep-
resented by marine group I (MGI) (6, 19). Out of a total of 3,921
OTUs, Crenarchaeota represented the majority with 62.05%,
while Euryarchaeota represented 37.44% and Thaumarchaeota
represented only 0.51%; MCG was the most abundant crenar-
chaeotal group (89.68%), and TMEG was the most abundant eu-
ryarchaeotal group (73.71%). Interestingly, the phylogenetic
analysis of archaeal groups associated with the roots of R. mangle

FIG 2 Ordination showing the first two axes of the PCO. The symbols repre-
sent microhabitats: squares, L. racemosa; triangles, R. mangle; circles, bulk
sediment.

FIG 3 Species accumulation curves as a function of the number of sequences
using resampling of archaeal 16S rRNA sequences from bulk (Sed) and rhizo-
sphere (Lag, L. racemosa; Rhiz, R. mangle) samples.
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showed that OTUs 60, 64, and 182 were closely related to Crenar-
chaeota in salt marsh sediments (GenBank accession no.
FJ655681), an uncultured archaeon (GenBank accession no.
AB177120), and a novel marine ammonia-oxidizing archaea iso-
lated from gravel collected from a tropical marine tank (GenBank
accession no. DQ085097).

DISCUSSION

Cloning, community fingerprinting, and barcoded pyrosequenc-
ing analyses of PCR amplicons are powerful tools which have
greatly contributed to unraveling microbial diversity in saltwater
environments (41, 60, 66). PCR-based techniques have been used
as a tool in past decades to study microbial diversity in a wide
range of environments (23, 63, 73). However, PCR is not bias free,
and due to the large amount of new microbe sequences deposited
in public data banks every year, PCR primer systems targeting
microbial groups need to be constantly updated. In this study, we
successfully developed a nested primer system suitable for com-
bined DGGE and pyrosequencing analyses of TC-DNA samples.

This system covered, with high specificity, the V4 and V5 regions
of the 16S rRNA gene of the Archaea domain. The in silico analyses
of the primer pairs used in the nested PCR showed that PCR sys-
tem specificity was highly dependent on only one primer,
ARCH958R-mod. This is not surprising, as primer pair specificity is
determined by the combined target affinity of both reverse and for-
ward primers; sequence types not recognized by both primers in the
PCR system are subsequently excluded. Curiously, due to the high
number of unknown archaeal sequences observed in this study, it is
possible that the conserved nature of primers ARC344f-mod and
524F-10 in combination with the Archaea-specific primer
ARCH958R-mod may have enabled the recovery of several unknown
Archaea taxon groups; this has been shown previously for the primer
1380F in a study published by Amaral-Zettler et al. (2).

Unlike terrestrial plants and their associated microorganisms,
the influence of mangrove roots on sediment microbial commu-
nities is relatively unknown (31, 32) and generally limited to bac-
terial communities. Here, there were significant differences in
archaeal composition among microhabitats, indicating that man-

FIG 4 Taxonomic assignment and relative abundance of archaeal partial 16S rRNA gene sequences from bulk (Sed) and rhizosphere (Lag, L. racemosa; Rhiz, R.
mangle) samples, using the classifier algorithm of RDP.
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grove roots influence archaeal sediment communities and that
this is plant species specific. This is the first study to show such an
effect on mangrove sediment archaeal communities. Interest-
ingly, the complexity of the archaeal fingerprint profile detected
here is substantially higher than that detected in other studies
based on community fingerprinting analyses of Archaea (54, 64,
68, 72, 73). In addition to this, pyrosequencing has allowed us to
classify the most dominant archaeal taxa in all mangrove micro-
habitats investigated in this study.

Taxonomic analyses of pyrosequencing data using the RDP
classifier revealed that class distribution was similar for both
rhizosphere microhabitats, but the distribution for both of these
differed from that for the bulk sediment. Two of the more abun-
dant classes represented here belong to the methanogenic Ar-
chaea. Members of the euryarchaeotal classes Methanomicrobia
and Methanobacteria are known for their putative importance in
sulfate reduction and methanogenesis in anoxic marine sedi-
ments, such as mangroves (51). Methanobacteria were represented
only in rhizosphere microhabitats, indicating that plant roots in-
fluence microorganisms belonging to this class. High methano-
genic archaeal abundance in mangrove environments may influ-
ence atmospheric warming (56). Crenarchaeotal microorganisms

FIG 5 Ternary plot representing the ratio of the most abundant (�20 reads)
OTUs across treatments. Lag, rhizosphere of L. racemosa; Rhiz, rhizosphere of
R. mangle; Sed, bulk sediment.

FIG 6 Phylogenetic tree of the archaeal 16S rRNA gene sequences recovered from bulk sediment and mangrove rhizospheres of L. racemosa and R. mangle.
Sequences from different environments retrieved from BLAST searches were used to define the different archaeal phylogenetic groups (see accession number).
The tree was constructed using the neighbor-joining method with bootstrap values generated from 1,000 replicates; bootstrap values lower than 50% were
omitted. The number of each OTU is in parentheses.
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have, furthermore, been related to ammonia oxidation (17, 46,
71) and, in line with other studies, represent the dominant ar-
chaeal lineages in most soils (54). In agreement with other studies,
archaeal richness is substantially lower than bacterial richness in
the same environment (31, 41), although true richness for both
groups is much larger than that observed, as indicated by a lack of
asymptote using rarefaction and nonparametric richness estima-
tors. At the level of the in silico and pyrosequencing analyses, the
nested PCR system developed in this study was highly specific and
revealed important archaeal diversity in mangrove sediments,
probably with the highest values found so far for marine and
freshwater sediments.

According to Yan et al. (72), archaeal communities in man-
grove sediments had a higher percentage of Crenarchaeota than
Euryarchaeota. The results obtained here agree with this study,
since the crenarchaeotal class Thermoprotei was the most abun-
dant class in all microhabitats (45 to 49%). Euryarchaeota repre-
sented 29 to 42% of the retrieved archaeal OTUs. However, the
great majority of the OTUs assigned to Euryarchaeota could not be
assigned to lower taxonomic levels. Nevertheless, our results show
that most OTUs related to Euryarchaeota were specifically en-
hanced in the rhizosphere of L. racemosa and R. mangle. The Eu-
ryarchaeota phylum is divided into eight classes (5), of which four,
Halobacteria, Methanomicrobia, Methanobacteria, and Thermo-
plasmata, were detected here. Among the Euryarchaeota which
were assigned to the class level, the Methanomicrobia were the
most abundant (0.94 to 1.82%) in all microhabitats and showed a
higher abundance in the rhizosphere of R. mangle. Both Methano-
microbia and Methanobacteria are methanogens (25) involved in
the carbon cycle through methanogenesis (73). OTUs belonging
to Halobacteria, one of the less abundant classes (0.06 to 0.48%),
are characterized by living in high-salinity environments and their
distinct metabolic pathways (26, 59). The last euryarchaeotal class
represented here (found only in bulk sediment) is Thermoplas-
mata, which is known to be acidophilic and contains species im-
portant in iron and sulfur cycling (29). In a previous study (31),
we showed that R. mangle rhizospheres host abundant metha-
notrophic bacterial guilds. A possible effect of mangrove roots on
microbes involved in the methane cycle is an important finding,
given the rate of mangrove deforestation, and merits more-in-
depth studies.

Most dominant OTUs (�20 sequences) were distributed more
or less equally in all microhabitats. Several OTUs (OTUs 30, 38,
41, 55, 60, 63, 64, 70, 78, and 182) were, however, more abundant
in rhizosphere microhabitats than in the bulk sediment micro-
habitat. Some of these (OTUs 60, 64, and 182) showed strong
associations with R. mangle and were closely related to sequences
found in the BLAST data bank that have been recovered from salt
marsh sediments, tropical estuarine sediments, and coastal waters.
OTUs 60, 64, and 182 were related to Thermoprotei, an uncultured
archaeon, and a Nitrosopumilus sp., respectively. The Thermopro-
tei archaeon also showed high relative abundance in mangrove
sediment and a pronounced association with mangrove rhizos-
pheres. The high prevalence of this taxon in mangrove environ-
ments may be related to its involvement in nitrogen, carbon, iron,
or sulfur cycling (17, 46, 71), which are in turn essential nutrients
for mangrove plants. Nitrosopumilus sp. is a novel marine ammo-
nia-oxidizing archaeon (AOA) isolated for the first time from
gravel collected from a tropical marine tank (46). The study of
Herrmann et al. (36) suggests that the increased abundance of

AOA was responsible for the enhanced nitrification activity ob-
served in the rhizosphere of the freshwater macrophyle Littorella
uniflora. In line with our results, Li et al. (49) showed that there
was also an increase in the diversity and abundance of AOA in the
surface layer of sediments near mangrove trees, indicating that
mangrove trees might affect AOA and ammonia-oxidizing bacte-
ria (AOB) community structure. The AOA Nitrosopumilus sp. de-
tected in this study showed a strong association with R. mangle
roots and may play an as yet undetermined role in the process of
nitrification in the rhizosphere.

Concluding remarks. Here we present a highly specific nested
primer system for Archaea suitable for PCR-DGGE and barcoded
pyrosequencing analyses. The advantage of a nested approach is
that it amplifies 16S rRNA gene fragments that can subsequently
be used for both DGGE and pyrosequencing analyses. In a com-
parison of DGGE and pyrosequencing data (13), we showed that
DGGE fingerprinting data yield results significantly congruent
with those obtained with barcoded pyrosequencing data using the
standard 97% cutoff level. This enabled us to compare rapidly and
in a cost-effective manner archaeal communities by assessing vari-
ation in composition with DGGE analysis and identifying the tax-
onomic classification of community members with pyrosequenc-
ing using a limited number of samples. Our results showed that
the rhizosphere microhabitats of R. mangle and L. racemosa hosted
distinct archaeal assemblages. This study also shows that various
groups of Archaea with possibly important roles in sediment nu-
trient cycling have strong associations with mangrove rhizos-
pheres. In summary, we have provided unprecedented informa-
tion on Archaea diversity and composition in a mangrove
environment. Future studies based on isolation, cultivation, and
biochemical characterization of rhizocompetent archaeal popula-
tions will be of fundamental importance for a more complete un-
derstanding of Archaea-sediment-plant interactions.
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