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Abstract We present here the Mangrove Transcriptome
Database (MTDB), an integrated, web-based platform pro-
viding transcript information from all 28 mangrove species for
which information is available. Sequences are annotated, and
when possible, GO clustered and assigned to KEGG path-
ways, making MTDB a valuable resource for approaching
mangrove or other extremophile biology from the tran-
scriptomic level. As one example outlining the potential of
MTDB, we highlight the analysis of mangrove microRNA
(miRNA) precursor sequences, miRNA target sites, and their
conservation and divergence compared with model plants.
MTDB is available at http://mangrove.illinois.edu.

Keywords Mangroves - Transcriptome - Database -
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Introduction

The mangrove ecosystem is defined by a group of
halophytes, predominantly trees that dominate tropical
intertidal zones and estuaries. Being evolutionarily adapted
to tolerate flooding, anoxia, high temperatures, wind, and
high and extremely variable salt conditions in typically
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resource-poor environments (Cheeseman et al. 1991),
mangroves are an untapped physiological and molecular
resource for understanding and exploiting plant adaptations
to extreme environments.

While mangroves have, evolutionarily, had a similar
need to adapt to common environmental constraints,
individual taxa—representing more than 15 unrelated plant
families (Hogarth 2007)—have developed different physi-
ological, life history, and morphological strategies. The
genetic basis for these strategies is, however, virtually
unknown: mangroves, like other extremophiles, are poorly
represented in the plant molecular literature. Whether the
goal is to understand the comparative biology of man-
groves, or to exploit the group's unique genetic resources,
much greater genome-level understanding is needed.

Here, we present, first, the design, implementation, and
use of a database that can facilitate research addressing that
need. The goal of the Mangrove Transcriptome Database
(MTDB) is to provide a central resource, not only to the
mangrove research community, but to the broader commu-
nity that requires easy access to curated transcript sequen-
ces from extremophile plants. MTDB was developed
largely because, for a taxonomically heterogeneous group
such as mangroves, community-specific BLAST searches
are not possible on NCBL

Second, we present an example of the use of MTDB to
approach a biologically interesting question. Using data
extracted from MTDB, we explore post-transcriptional con-
trol based on small RNAs (sRNAs). Post-transcriptional
regulation via microRNAs (miRNAs) and small interfering
RNAs (siRNAs) has recently and explosively emerged as an
additional ubiquitous and significant regulatory mode in plant
development and stress responses (e.g., Griffiths-Jones et al.
2008; Rymarquis et al. 2008; Sunkar et al. 2007). While the
use of EST databases in analyzing genetic structural diversity
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is well established, their use in investigating gene regulation
has largely been limited to model systems.

MTDB is available via the World-Wide Web at http://
mangrove.illinois.edu. Questions and comments related to
MTDB should be addressed to mangrove@illinois.edu. We
request that users of MTDB cite this article in publications
related to its use.

Materials and methods

Data acquisition and annotation The MTDB was created
to organize and make available the collection of mangrove
sequences which resulted from a 454/Roche GSFLX
pyrosequencing project and their subsequent assembly into
unique contigs. Two normalized cDNA libraries were
sequenced, one established with RNA from Rhizophora
mangle L. (Rhizophoraceae) and the other from Heritiera
littoralis Aiton. (Malvaceae) (Dassanayake et al. 2009).
MTDB was further expanded to include 24,061 cDNA
sequences from 26 additional mangrove species which were
downloaded from NCBI nucleotide, protein, and EST
databases. All sequences were formatted into searchable
BLAST databases, enabling species and community spe-
cific sequence similarity searches based on sequences,
queries, proteins, genes, and gene accessions. To enable
BLASTn searches against the database, we have incorpo-
rated a standalone BLAST server using NCBI's wwwblast
application. The website that overlays the database was
designed to be simple and optimized for speed of sequence
and BLAST searches. Additional details of the database
structure and operation are included in the “About/Help”
section of MTDB.

SRNA discovery For selected miRNA families, especially
ones implicated in environmental responses, primary
miRNA transcripts (pri-miRNAs) and precursor miRNAs
(pre-miRNAs) (Kurihara et al. 2006) were identified
using MTDB annotations coupled with the included
BLAST tool. These were checked against the miRBase,
microRNA registry (Griffiths-Jones et al. 2008) for further
verification.

Indirect evidence for miRNA occurrence was also
sought using conserved miRNA targets in mangrove
mRNAs (Filipowicz et al. 2008). In practice, the problem
is to accommodate the gaps and mismatches which occur
between known, experimentally confirmed miRNA and
target mRNA base pairing (Brennecke et al. 2005). Here,
we limited candidate targets to near perfect complementary
base-pairing between 2 and 12 nt from the 5’ end of the
miRNA, allowing (1) only one mismatch, and not at the
10th or 11th position (thought to be the cleavage site), (2) a
total of three, but not more than two consecutive, additional
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mismatches after the 12th nucleotide, and (3) calculated
base-pairing free energies of at least 72% of the values that
would result from perfect base pairing between the miRNA
and the target (Schwab et al. 2005).

Results

Database sequence composition The 454/Roche sequenc-
ing project on which MTDB is based resulted in 97,155
H. littoralis and 67,524 R. mangle sequences, representing
13,598 and 13,049 gene models, respectively. We estimat-
ed these to represent ca. 50% of each transcriptome
(Dassanayake et al. 2009). Additionally, more than
24,000 cDNA sequences from 26 additional mangrove
species were downloaded from NCBI databases. Table 1
summarizes the number of annotations made for each
species. As our intent was to make MTDB exploitable in
functional genomics studies, we excluded mangrove
entries from public databases containing promoter, intron
and intergenic spacer regions that commonly harbor
microsatellite repeats. For species with fewer than 1,000
ESTs, we manually excluded duplicate records. Because
many EST sequences from GenBank were originally annotat-
ed with functionally uninformative names, e.g. clone numb-
ers, or were assigned functions based on the project objective
alone, e.g., “salt-tolerant protein,” we re-annotated all sequen-
ces to find the most descriptive annotation possible before
uploading to MTDB (Dassanayake et al. 2009). Whenever
possible, Gene Ontology (GO) and KEGG pathway annota-
tions were assigned based on appropriately annotated plant
reference genomes in NCBI.

Approximately 88% of the successful annotations were
based on Arabidopsis thalianawith the remainder common-
ly based on sequences from other extreme plants, e.g.
Salicornia bigelovii, Larrea tridentata, Euphorbia tirucalli,
Thellungiella halophila, and Mesembryanthemum crystal-
linum. Nearly fifty percent of all sequences, however,
shared no significant sequence similarity, within our
annotation criteria, with any other sequence in GenBank.
In part, these might represent untranslated portions of
mangrove transcripts (3'-UTRs) with low homology to the
corresponding sequences in other species. However, a large
number of these are likely to be novel mangrove coding
region sequences, highlighting the large proportion of the
unexplored sequence space in mangroves.

Data searching and retrieval There are two types of
searches through the MTDB web interface: searches against
the transcriptome database, and BLASTn searches against
the mangroves sequence collection. Transcriptome searches
can be based on nucleotide sequences, transcript names in
MTDB (also denoted as query names), protein names,
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Table 1 A summary of the numbers of mangrove sequences and
annotations in MTDB, ordered by family and species

b

Species No. of Proteins® Genes
Sequences
Myrsinaceae
Aegiceras corniculatum 127 58 41
Avicenniaceae
Avicennia alba 3 3 1
Avicennia bicolor 9 9 1
Avicennia germinans 56 56 4
Avicennia marina 1,896 1,659 1,470
Avicennia schaueriana 2 2 0
Rhizophoraceae
Bruguiera cylindrica 126 56 40
Bruguiera gymnorhiza 20,664 11,204 11,063
Bruguiera sexangula 59 55 48
Ceriops australis 4 4 2
Ceriops decandra 4 4
Ceriops tagal 6 6 5
Kandelia candel 18 15 14
Rhizophora mangle 67,524 32,284 26,928
Combretaceae
Conocarpus erectus 9 9 6
Laguncularia racemosa 6 6 4
Lumnitzera littorea 3 3 3
Lumnitzera racemosa 2 2 2
Euphorbiaceae
Excoecaria agallocha 5 5 5
Excoecaria cochinchinensis 5 5 5
Malvaceae
Heritiera littoralis 97,155 40,223 31,284
Lythraceae
Sonneratia alba 446 443 403
Sonneratia apetala 154 112 77
Sonneratia caseolaris 297 294 253
Sonneratia griffithii 2 2 2
Sonneratia griffithii x alba 31 31 31
Sonneratia ovata 129 126 91
Sonneratia paracaseolaris 2 2 1

4 Number of sequences that found a protein match through BLAST searches

> Number of sequences that had a match to genes in NCBI reference
genomes

genes names, GO terms, KEGG IDs, and Entrez reference
numbers. Searches are initiated by entering search terms
into a form (see Fig. 1). Unless a search field is marked as
“exact”, case-insensitive substring searches are performed.
“Exact” searches are used for species and ID-type fields.
Terms can be entered in multiple fields to further restrict the
results, one example being species specific searches
initiated by selecting from a drop-down list in the species

field. The main search page also has a “no hit sequences”
link to download, in FASTA format, all sequences which do
not share sequence homology within reasonable e-values to
any known sequence in GenBank.

Search results are presented in tabular format, grouped by
species (Fig. 2), and the matching sequences can be accessed
individually or downloaded as FASTA files. Each annotation
in the results table contains links to NCBI nucleotide,
protein, gene, or EST databases, thereby enabling easy
navigation to additional biological information.

The second MTDB search resource comprises the
BLAST page. BLASTn searches are allowed against
species specific databases within MTDB, or against the
full mangrove community. As with the web-based BLAST
services at NCBI, stand alone BLAST searchs can be
optimized by altering parameters such as e-value, matrix,
and filtering of low complexity regions. The results are
displayed as a graphical overview and pairwise alignments
(Altschul et al. 1990).

SRNA discovery using MTDB One interesting illustration of
MTDB’s potential is the search for small RNAs (sRNAs),
including both microRNAs (miRNAs) and small-interfering
RNAs (si-RNAs). This search is made possible by the fact
that many plant miRNAs are evolutionary conserved
(Axtell and Bartel 2005; Reinhart et al. 2002). Ambros et
al. (2003) introduced a uniform system to identify miRNAs
based on evidence for (1) expression and (2) biogenesis.
These criteria are partially satisfied by miRNA searches
against EST databases (as evidence of expression) and by
identifying miRNAs through homology (as evidence for
biogenesis) (Zhang et al. 2005). Thus, we searched for
miRNAs in MTDB with particular attention to candidate
miRNAs and their targets involved in developmental and
environmental responses.

Because MTDB largely originated from the analysis of a
size-selected poly-A enriched cDNA library designed to
identify protein coding genes, the frequency with which
mature miRNAs can be expected in MTDB is low.
However, miRNAs originate as long primary transcripts
(pri-miRNA) which are processed by DCL1 to form
precursor miRNAs (pre-miRNA) (Kurihara et al. 2006).
These form the stable stem-loop-hairpin structures by
which they can be recognized (Bonnet et al. 2004). Pre-
miRNAs are then further processed to mature miRNAs
(miR) (Brodersen and Voinnet 2006). As pri-miRNAs arise
from transcription by RNA polymerase Il and they are
subsequently polyadenylated (Bushati and Cohen 2007),
putative mangrove pri-miRNA transcripts would be treated
identically to mRNAs during construction of the libraries
for transcriptome sequencing (Dassanayake et al. 2009).
Additionally, because of the typically near perfect base-
pairing observed between the target mRNA and the

@ Springer



Funct Integr Genomics

Mangrove Transcriptome

Search Proteins

Accession

Protein name

sip ' (Search

Alternative
names

Annotation

GO Process GO Component [ Search

Species (exact) GI (exact)
| Rhizophora mangle [ I
Search Genes
Gene ID
Species (exact) Locus (exact)
KEGG
Annotation GO Function
Search Queries
Species Query Name Size
Search Sequences
Query Name Sequence

Species

No Hit Sequences

Species

(‘Download FASTA File )

GI (exact) Score

( Search

[ search )

Fig. 1 The entry portal “Search” page from the Mangrove Tran-
scriptome Databaseshowing different data searches/strategies (based on
proteins, genes, queries, and sequences), and the “no hit sequences”

regulatory miRNA in plants (Filipowicz et al. 2008),
evidence for miRNAs in MTDB was also sought based
on the sequences of their targets.

Table 2 summarizes 19 mangrove gene models repre-
senting 12 miRNA families identified using MTDB
annotations coupled with the BLAST tool incorporated in
MTDB. These were checked against the miRBase, micro-
RNA registry (Griffiths-Jones et al. 2008) for further
verification. Plant miRNAs are categorized into classes
based on their level of conservation in the plant kingdom
(Rajagopalan et al. 2006; Zhang et al. 2006). Based on
analysis of putative targets, miR156, 166, 168, 172, and
396, in the ‘highly conserved’ class, are represented in
MTDB. Mangrove gene models detected for the ‘moder-
ately conserved” miRNA class include miR162, 164, 169,
and 397, while the gene model detected for miR408 is
considered to be in the ‘weakly-conserved” miRNA class.

miRNAs targeting siRNAs are also represented in MTDB.
For example, R. mangle ESXRSP401AJ46V was annotated
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download button. In this illustration, a protein search is to be conducted
for PIP proteins, limited to Rhizophora mangle

based on its high similarity with the Physalis longifolia trans-
acting siRNA, TAS3 (gi225904417; BLASTn e-value 3e-13).
TAS3 is thought to regulate expression of auxin (ARF2,
ARF4) and ethylene (ETT) response factor genes. In
Arabidopsis, TAS3 (At3gl7185) is, in turn, regulated by
miR390 (Allen et al. 2005). The base pairing complementar-
ity of the R mangle TAS3 target with the Arabidopsis
miR390 is actually greater than that observed in Arabidopsis.
R. mangle contig 4313, H. littoralis contig 11121, and
Bruguiera gymnorhiza (gi 53821871), each also annotated as
TAS3 in the MTDB, contain the miR390 target with the
same number of mismatches at the same positions as those
found in Arabidopsis TAS3. This suggests that two R.
mangle TAS3 isoforms may be processed differently or with
different efficiencies (Pillai et al. 2007).

While miRNA involvement in the regulation of devel-
opment is well documented, their importance in plant
responses to diverse stress conditions is also increasingly
recognized. miR399, for example, which targets a
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Mangrove Transcriptome Database
Search  BLAST 5

Search Proteins

Species Accession (exact) GI (exact) Protein name
( ' [ | | Search)
Listing Proteins
Proteins found: 21
GI Protein Name Sequences
Query: Species Query Name Size GI Accession Short ID Score E-value
104304208 Capsicum annuum PIP1 (PIP1) gene, complete cds download
i i P
Heritiera i 193 104304208 Capsicum annuum PIP1 (PIP1) S6  H8e-006
littaralis I RON. D RN gene, co...
15225913 PIP1B {plasma membrane intrinsic protein 1;2); water channel download
Bruguiera Qil53813582|gb|BP939081.1|BP939081 PIP1B (plasma membrane
s ” 514 15225913 NP 182120 AEAREIC B 219 2e-057
47558817 CAPIP1 [Capsicum annuum] wnl
Rhizophora izophora liseq.! 264 47558817 CAPIP1 [Capsicum annuum] 37 0.003
mangle
145339450  Arabidopsis thaliana PIP2A (PLASMA MEMBRANE INTRINSIC PROTEIN 2A); water channel (PIP2ZA) mRNA, complete cds download
Rhizophora Arabidopsis thaliana PIP2A
ESXRSP401D65V) =
manaie 43 145339450 NM 115202 (PLASMA... 48  3e-005
145323704 PIP1C (PLASMA MEMBRANE INTRINSIC PROTEIN 1;3) download
Heritiera N N PIP1C (PLASMA MEMBRANE
littoralis Heritier, | .fna.Conti 764 343 145323704 NP 7744 INTRINSI... 192 7e-050
Rizophiora hizophora_aliseq.fna.Contia9? 347 145323704 NP 4], FER S ELASHAEMORANE 49 9e-007
mangle INTRINSI...
Rhizophora o 2 PIP1C (PLASMA MEMBRANE
Rhizophora allseq.fna.Contig17870 NP 001077441 <
mangle 292 145323704 INTRINSL... 59  9e-010
Heritiera PIP1C (PLASMA MEMBRANE
littoralis 77 143323704 INTRINSI... 2 28:007
Rhizophora PIP1C (PLASMA MEMBRANE
ESXRSP401A0Y30 =
marigle P4 153 145323704 N 44 INTRINSL... 102 le-022
Bruguiera QilS53813326|gb|BPIIBE25 1|BPIIBE2S PIP1C (PLASMA MEMBRANE
4 4 NP 44 -
gymnorhiza S 500 14532370 INTRINSI... 96 2e-020

Fig. 2 A sample of a protein search output, displaying the accession
number, protein names, and GI number with related queries for each
entry listed below. The target of the search was PIP proteins in all
mangrove species. The query summary is displayed as species, query
name, size of the sequence, short ID, best match GI number, short ID,
score and e-value for the best match. In the absence of a good

ubiquitin-conjugating enzyme (AtPHO2, At2g33770), is
induced during low-phosphate stress (Bari et al. 2006);
PHO2 mRNA accumulation is decreased under stress, which
leads to induction of the phosphate transporter gene, AtPT1,
and attenuation of primary-root elongation (Fujii et al. 2005).
Interestingly, sequences annotated as PHOZ are present in
MTDB entries for R. mangle, but the target sites for miR399
are not. Whether this reflects a case in which the 5’UTR (site
of the target in Arabidopsis) is not represented in the
database, or that there is a significant difference in the
regulation of responses to P-deficiency in mangroves is an
important question. R. mangle, for example, can survive for
decades under extreme P limitation, and respond to a single
fertilization with a dramatic increase in growth and restruc-

homolog in 4. thaliana according to our annotation criteria, a
homolog was sought within all green plants. The first entry lists a
PIP protein found in Capsicum annum that has a best match to a R.
mangle query sequence; the rest of the sequences find matches to
proteins from A. thaliana

turing of overall metabolism (Cheeseman and Lovelock
2004; Feller 1995; Lovelock et al. 2006).

The effects of miR399 are also modulated by an mRNA-
like non-coding RNA (mincRNA), TPSII (Rymarquis et al.
2008). This RNA binds miRNA, but due to a base
mismatch between bases 10 and 11, the critical region for
cleavage, it is not cleaved, effectively immobilizing the
miRNA. Rymarquis et al. (2008) noted that TPSI1
mincRNAs from different species share little sequence
similarity except for the region complementary to miR399
where the similarity is very high. MTDB has sequences in
both H. littoralis (ESVRONLO1BP386) and R. mangle
(contig 1118) that share the mincRNA target sequence,
including the mismatch at nucleotide 11 from the 5’ end.
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Table 2 Precursor miRNA sequences in MTDB

Pri/pre-miRNA  MTDB reference ID

Mature sequence present
in the MTDB sequence

Free energy of predicted
pre-miRNA stem-loop
structure (kcal/mol)

Highest % identity with
another pre-miRNA

156 R. mangle contig 12525 Yes
156 H. littoralis E6PJTYNO3DCHB4 Yes
162 H. littoralis ESVRONLOIDGZTG  Yes
164 R. mangle ESXRSP401CKIDS No
166 H. littoralis contig 2702 Yes
166 R. mangle contig 9968 Yes
166 R. mangle ESVRONLOIBHKYB Yes
168 R. mangle ESXRSP401AWKQ6 No
169 H. littoralis contig 13803 Yes
172 H. littoralis ESVRONLO1BI7J1 No
396 R. mangle ESXRSP401CN5SEB No
396 R. mangle contig 21413 No
396 B. gymnorhiza gi53825750 Yes
397 H. littoralis contig 237 Yes
397 H. littoralis contig 12797 Yes
397 H. littoralis contig 31097 Yes
408 H. littoralis contig 28953 Yes
828 H. littoralis contig 24594 Yes
1877 R. mangle contig 15138 Yes

-30.2 83% with P. trichocarpa 156f
—63.9 85% with V. vivifera 156f
—55.8 96% with G. hirsutum 162a
- 82% with P. trichocarpa 164e
-52.3 73% with P. trichocarpa 166j
-32.4 87% with V. vivifera 166e
-25.6 85% with V. vivifera 166e

- 95% with G. max 168

—60.2 42% with B. napus 1691

- 59% with G. max 172b

- 97% with G. max 396a

- 94% with G. max 396a

—65.8 53% with G. max 396a

- 88% with P. trichocarpa 397a
-36.8 96% with S. lycopersicum 397
—43.0 68% with A. thaliana 397a
—49.8 83% with P. trichocarpa 408
—53.5 48.7% with A. thaliana 828
—45.5 52.5% with O. sativa 1877

Many MTDB sequences are partial transcripts and therefore, free energies are not given for incomplete stem-loop structures based on sequence
similarity predictions. Free energies were calculated using Mfold (http://www.bioinfo.rpi.edu/applications/mfold) (Zucker 2003)

However, because there are no significant sequence
similarities on either side of that position, these are
currently considered “unknown-unknowns” (Class R3,
Dassanayake et al. 2009).

The distribution and positions of miRNA targets in
mangroves suggest, in some cases, regulatory roles that
differ in potentially significant ways from those in
Arabidopsis. Our analysis has revealed examples of four
different models, schematically represented in Fig. 3.

The simplest model (Fig. 3a) is that in which both the
apparent target sequence and its position are conserved
between species. miR164, for example, targets NAC
domain-containing proteins in Arabidopsis (AT5G61430,
ATNACO0S) and Populus (gi224132939, NAC 21). MTDB
contains putative targets conserved in syntenic positions in H.
littoralis (contig 20266), R. mangle (ESXRSP401EYYTF),
and Avicennia marina (gil7312651). Other transcripts con-
forming to this model include AFB2 (Auxin Signaling F-
Box 2, At3g26810) which is a target for miR393, and
mangrove homologs H. littoralis contig 20939 and R. mangle
contig 20063. miR394 targets found in F-box family proteins
(R. mangle contig 5783, H. littoralis E6GPJTYNO3COPO03, and
Arabidopsis Atlg27340) also conform to this model; even the
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mismatches are conserved between mangroves and Arabi-
dopsis (Table 3).

In some cases, entire gene families conform to this
model. miR160, for example, regulates a transcription
factor gene family, the auxin response factors (ARFs)
(Fukaki et al. 2007). R. mangle contig 23274 and its
homolog Arabidopsis ARF10 (At2g28350), and H. littor-
alis contig 22754 and its homolog Arabidopsis ARF17
(Atlg77850), all contain the miR160 target sequence
(Table 3) conserved in the same position.

Strict conservation is not the rule, however. The second
model is that in which a miRNA target is conserved
between mangroves, but is not present in Arabidopsis
(Fig. 3b). The R. mangle homolog of SPL5 (contig 18186),
for example, carries the target site for miR156 in an
extended 3'UTR lacking in its Arabidopsis homolog
(At3g15270). Placement of a target in this region is
uncommon in plants (Brodersen et al. 2008; Dezulian
et al. 2006). As miR156 responds to salt stress in
both glycophytic dicots and monocots (Dassanayake et al.
2009; Sunkar and Zhu 2004), this may reflect a modifica-
tion associated with evolution of a mangrove lifestyle
(Dassanayake et al. 2009). Alternately, the mangrove
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Fig. 3 Schematic comparison of miRNA targets in mangroves and A.
thaliana (A.t.). Lines represent the target genes and the boxes represent
miRNA target sequences. M1 and M2 symbolize homologous target
genes of two mangrove species. a miRNA target is conserved across
all species, or across multiple species and multiple genes in a family;
b miRNA target is conserved in mangroves (either in the 3'-UTR or
the coding region) but absent in A. thaliana; ¢ miRNA target is absent
in the mangrove homologs, but present in A. thaliana; d miRNA
target is conserved in mangroves and A. thaliana, but the position is
different. See text for specific examples of each scenario

d.
I
I

targets may be conserved in the coding region, rather
than in the UTR, but nonetheless be absent in the
Arabidopsis homolog. R. mangle ESXRSP401DGYAA
and H. littoralis contig 20644, for example, contain the
target sequence for miR530 in the same position, while the
target is absent in the homologous Arabidopsis sequences
(At2g28670/ At2g28671).

In contrast, Fig. 3¢ illustrates a model in which a target is
absent in the mangroves but present in the Arabidopsis
homologs: the miR399 target found in the Arabidopsis
vesicle associated membrane protein family (VAMP,
At4g00170) is not present in the mangrove homologs, H.
littoralis contigs 30188 and 21786, and R. mangle contig
24107.

Finally, miRNA target sequences may be conserved
while their position within the transcript is not (Fig. 3d).
This is the case when miR414 targets in R. mangle
(ESXRSP401C8NVK) and H. littoralis (ESVRONLO1EHK95)
are compared to Arabidopsis (At4g36860).

Discussion

The importance of genomics in understanding physiology,
biodiversity, life history, and evolution is now indisput-
able (Bohnert and Sheveleva 1998; Cushman and Bohnert
2000; Serensen and Loeschcke 2007). Beyond model
systems research, integrative approaches, incorporating
insight from physiological and molecular knowledge along

with knowledge of ecological processes, have gained
increasing recognition at all levels of conservation
(Gutschick and BassiriRad 2003; Young et al. 2006)
including mangrove conservation (Schwarzbach and
Ricklefs 2001). As Karrenberg and Widmer (2008) noted,
“... the only way to understand ecologically meaningful
genetic variation ... is to bring the ecological and
molecular perspectives together.”

In this spirit, we have developed MTDB to serve the
research community as a central sequence-anchored re-
source for studies ranging from conservation biology, to the
physiology of plant adaptations to extreme environments,
and to explication of convergent evolution in an ecologi-
cally and sociologically important plant community. As the
breadth of genome coverage is improved both in more
mangroves and in extremophile plants in general, we expect
that insight from both data mining and interspecific
comparisons will contribute increasingly to understanding
plant adaptations to extreme environments. We plan to
support this by updating MTDB continuously by adding
newly published mangrove ESTs to our sequence assem-
blage and regularly re-annotating the “no hit sequences”.
We will also extend this database to include miRNAs and
siRNAs as these become available.

In this report, using the first generation of MTDB, we
have illustrated its use for one of many possible in silico
explorations, the identification of mangrove miRNAs and
the consideration of possible alternative regulatory
models to those reported for Arabidopsis. The identifica-
tion of plant miRNAs has received increasing attention in
recent years, largely in a few model species such as 4,
thaliana and Oryza sativa. At the same time, post-
transcriptional gene regulation by miRNAs has gained
interest as a potential mechanism for crop improvement
(Sunkar et al. 2007; Zhang et al. 2006). Many well-
conserved miRNAs have been identified; however both
family- and species-specific miRNAs are being discovered
with the application of deep sequencing technologies
(Morin et al. 2008; Moxon et al. 2008; Subramanian et
al. 2008).

The example presented here illustrates the potential of
MTDB for information retrieval beyond simple sequence
similarity searches, highlighting a number of significant
differences between mangrove targets and their Arabi-
dopsis counterparts, and suggesting the additional poten-
tial value of miRNAs in studies of ecological genomics.
We hypothesize that expression profiles of miRNAs and
their predicted targets could be a useful tool in exploring
the significance of their conservation patterns, particularly
in responses of plants to abiotic stresses. Mangroves and
other extremophiles, because of their well-developed
abilities in this regard, are excellent models for this
exploration.
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Table 3 Selected miRNA targets found in mangroves and Arabidopsis. Mismatches in the alignment are underlined

miRNA 5'- 3" miRNA sequence aligned to ID in MTDB/ Arabidopsis Annotation in MTDB Free energy
3'- S'target mRNA sequence gene models (TAIR locus tag) compared with
a perfect match
miR156 ~ TGACAGAAGAGAGTGAGCAC R. mangle contig 18186 SPL5 82%
ACTGTCTTCTCTCTCTCGTA
miR160  TGCCTGGCTCCCTGTATGCCA H. littoralis contig 22754, Auxin response factor 17 99%
ACGGACCGAGGGACGTACGGT AT1G77850
miR160  TGCCTGGC-TCCCTGTATGCCA R. mangle contig 23274 Auxin response factor 10 87%
ACGGACCGGAGGGACATACGGA
miR160 TGCCTGGCTCCCTGTATGCCA AT2G28350 Auxin response factor 10 83%
ACGGACCGAGGGACATAAGGA
miR164  TGGAGAAGCAGGGCACGTGCA H. littoralis contig 20266 ANAC100/ATNACS 82%
ACCTCTTCGTCCCGTGC-GT transcription factor
miR164  TGGAGAAGCAGGGCACGTGCA R. mangle ESXRSP401EYYTF unnamed protein product 73%
ACCTCTTCGTCCAGTGCAC-T
miR164  TGGAGAAGCAGGGCACGTGCA A. marina gil7312651 ANACI100/ATNACS 74%
ACCTCTTCGTCACGTGCACCG transcription factor
miR164  TGGAGAAGCAGGGCACGTGCA AT5G61430 ANACI100/ATNACS 86%
ACCTCTTCGTCCCGTGCATCT transcription factor
miR390  AAGCTCAGGAGGGATAGCGCC R. mangle ESXRSP401AJ46V Similar to V. vinifera contig 80%
TTCGAGTCCTCTCTATAGCGG VV78X098962.9; TAS3
miR390  AAGCTCAGGAGGGATAGCGCC AT3G17185 TAS3 71%
ATCGAGTCCTCCCTATCTGTT
miR393  TCCAAAGGGATCGCATTGATCC H. littoralis contig 20939, R. mangle ~AFB2 83%
AGGTTTCCCTAGCGTAACAAAG contig 20063, AT3G26810
miR394  UTGGCATTCTGTCCACCTCC R. mangle contig 5783, H. littoralis  F-box family protein 85%
AACCGTAAGACAGTTGGAGG E6PITYNO3COPO3, AT1G27340
miR399  TGCCAAAGGAGAGTTGCCCTG AT4G00170 VAMP (vesicle-associated 85%
TCGGTATCCTCTCAACGGAAG membrane family protein)
mir399 TGCCAAAGGAGAGTTGCCCTG H. littoralis contig 30188 VAMP 37%
ACGAGACCCTCCTGAGAGGAG
miR399  TGCCAAAGGAGAG-TTGCCCTG H. littoralis contig 21786 VAMP 51%
ACTAGACCCTCCTGCGGGGGAG
miR414  TCATCTTCATCATCATCGTCA R. mangle ESXRSP401C8NVK, Unknown proteins 95%
AGGAGAAGTAGTAGTAGTAGT H. littoralis ESVRONLO1EHK95
miR414  TCATCTTCATCATCATCGTCA AT4G36860 zinc ion binding protein 88% and 59%
(non-syntenic valid target)
AGTAGGAGTAGCAGTAGCAGT
(syntenic invalid target)
AGAAGTAGGAGTAGGAGTAGC
miR530  TGCATTTGCACCTGCACCTT R. mangle ESXRSP401DGYAA Unknown/similar to V. vinifera  99.8%
ACGTAAACGTGGACGTGGAC contig VV78X045012.8
miR530  TGCATTTGCACCTGCACCTT H. littoralis contig 20644 Unknown/similar to V. vinifera  95%
ACGTAAACGTGGACGTGGCT contig VV78X045012.8
miR530  TGCATTTGCACCTGCACCTT AT2G28670/ AT2G28671 hypothetical/disease resistance-  64%
CCATGGACGTGGACGTGGTC responsive family protein
miR1310  GGCATCGGGGGCGTAACGCCCCU 4. marina gil7312899 Hypothetical protein similar 90%
CCGTAGCCCCCGCGTTGCGGGAG to At3g41950
miR1310  GGCATCGGGGGCGTAACGCCCCU  AT3G41950 Hypothetical protein 80%

CCGTAACCCCCGCGTTGCGGGAG

Free energies were calculated using nucleic acids sequence annealing available at http://www.mag.keio.ac.jp/~rsaito/Research/BasePAP/BasePAP.html
(Osada et al. 1999)
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