Nucleic Acids Research Advance Access published January 16, 2009

Nucleic Acids Research, 2009, 1-14
doi:10.1093/nar/gkn1084

Non-coding RNA annotation of the genome

of Trichoplax adhaerens

Jana Hertel', Danielle de Jong?, Manja Marz', Dominic Rose', Hakim Tafer?,

Andrea Tanzer'3*, Bernd Schierwater? and Peter F. Stadler

1,3,5,6,%

"Bioinformatics Group, Department of Computer Science, Interdisciplinary Center for Bioinformatics, University of
Leipzig, Hartelstrape 16-18, D-04107 Leipzig, Division of Ecology and Evolution, Institut fiir Tierékologie und
Zellbiologie, Tierarztliche Hochschule Hannover, Biinteweg 17d, D-30559 Hannover, Germany, ®Department of
Theoretical Chemistry, University of Vienna, Wahringerstrafe 17, A-1090 Wien, Austria, “Department of Ecology
and Evolutionary Biology, Yale University, New Haven, CT 06520, USA, SRNomics Group, Fraunhofer Institut

fir Zelltherapie und Immunologie, Deutscher Platz 5e, D-04103 Leipzig, Germany and °Santa Fe Institute,

1399 Hyde Park Rd., Santa Fe, NM 87501, USA

Received November 13, 2008; Revised December 22, 2008; Accepted December 23, 2008

ABSTRACT

A detailed annotation of non-protein coding RNAs
is typically missing in initial releases of newly
sequenced genomes. Here we report on a compre-
hensive ncRNA annotation of the genome of
Trichoplax adhaerens, the presumably most basal
metazoan whose genome has been published
to-date. Since blast identified only a small fraction
of the best-conserved ncRNAs—in particular rRNAs,
tRNAs and some snRNAs—we developed a semi-
global dynamic programming tool, GotohScan, to
increase the sensitivity of the homology search.
It successfully identified the full complement of
major and minor spliceosomal snRNAs, the genes
for RNase P and MRP RNAs, the SRP RNA, as well
as several small nucleolar RNAs. We did not find any
microRNA candidates homologous to known eume-
tazoan sequences. Interestingly, most ncRNAs,
including the pol-Illl transcripts, appear as single-
copy genes or with very small copy numbers in the
Trichoplax genome.

INTRODUCTION

The phylum Placozoa consists of only one recognized
species—the marine dweller Trichoplax adhaerens.
Extensive genetic variation between individual placozoan
linecages, however, suggests the existence of different spe-
cies (1). The phylogenetic position of the phylum Placozoa
has been the subject of contention dating from the 19th
century. Originally, Placozoa were regarded to represent
the base of Metazoa, later they were seen as derived (sec-
ondarily reduced) with sponges being considered to be the

most basal metazoans [see e.g. (2,3,4) for overview and
discussion]. Most recently, a basal position among all
diploblastic animals has been suggested (5).

Trichoplax lacks tissues, organs and any type of sym-
metry. It is composed of only a few hundred to a few thou-
sand cells. This organizm has a simple upper and lower
epithelium, which surround a network of fiber cells, and
as such has an irregular, three-layered, sandwich-type
organization. Only five different cell-types have so far
been described; upper and lower epithelial cells, glands
cells, fibre cells and recently discovered type of small cells
that are arranged a relatively evenly spaced pattern within
the marginal zone, where upper and lower epithelia meet
(6). It is therefore among the simplest multi-cellular orga-
nizm. With 106 Mb, the nuclear genome of T. adhaerens,
which has recently been completely sequenced (7), is
among the smallest animal genomes.

So far, the non-coding RNA complement of Placozoa
has not been studied. The genome-wide annotation of non-
coding RNAs has turned out to be a more complex and
demanding problem than one might think. While a few
exceptional classes of RNA genes, first and foremost
rRNAs and tRNAs are readily found and annotated
by blast and the widely used tRNA detector
tRNAscanSE (8), most other ncRNAs are comparably
poorly conserved and hard to find within complete gen-
omes. This is in particular true whenever the sensitivity
of comparative approaches are limited by large evolution-
ary distances to the closest well-annotated genomes.
The placozoan T. adhaerens is a prime example for this
situation: in the concatenated set of 104 slowly evolving
single-copy nuclear protein-coding genes used for phyloge-
netic analysis in (7), for instance, the distances from
Trichoplax to Amphimedon, Nematostella and Human are
0.44, 0.34 and 0.32 substitutions per site, respectively.
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As a consequence, only highly conserved DNA is alignable
at all, and homology-based gene finding becomes a non-
trivial task.

In this contribution, we primarily report on a careful
annotation of those Trichoplax ncRNA genes that have
well-described homologs in other animals. In addition, we
describe computational surveys for novel ncRNA candi-
dates. For a subset of the annotated ncRNAs we verify
expression to demonstrate that the predicted homologs are
functional genes.

MATERIALS AND METHODS
Sequence data and databases

The Triadl assembly of the genome of 7. adhaerens (7)
was downloaded from the website of the Joint Genome
Institute (http://genome.jgi-psf.org/Triadl/). For compar-
ison, we used the the Nemvel (http://genome.jgi-psf.org/
Nemvel/) assembly of Nematostella vectensis (9), as well
as the available shotgun traces of Hydra magnapapillata,
Amphimedon queenslandica, Porites lobata, Acropora
millepora and Acropora palmata (downloaded from the
NCBI trace archive).

Known ncRNA sequences were extracted from the
Rfam (10) and NonCode (11) databases. In addition we
used the collection of metazoan snRNAs from (12). [The
snRNAs found in the current study were made available
to (12)].

Software

Homology searches were performed using NCBI
blastall 2.2.6 (13), infernal (14), fragrep (15)
and the novel GotohScan method described below in
detail. Alignments were edited in the emacs editor using
ralee mode (16). RNA secondary structures were com-
puted using the Vienna RNA Package (17), in particular
the programs RNAfold for individual structures,
RNAalifold (18,19) for consensus structures of aligned
RNA sequences and RNAcofold (20) for interaction
structures. We used RNAmicro (21) in the updated
version (1.3)  (http://www.bioinf.uni-leipzig.de/~jana/
software/RNAmicro.html) to identify microRNA candi-
dates from multiple alignments. The analysis of putative
snoRNAs was performed using snoReport (22), targets
for box H/ACA snoRNAs were performed using a pre-
liminary version of snoplex (H.Tafer ef al., in prepara-
tion). The genome-wide screens for conserved secondary
structure elements were performed using RNAz (23) as
described below.

RNAZz screens

We used multiz (24) to produce a three-way alignment
of Trichoplax, Nematostella and Hydra. Only the blocks
that contained Trichoplax and at least one of the two
cnidarian species were used for further analysis. In addi-
tion, we prepared a six-way alignment using NcDNAlign
(25) that include the genomic data of the six basal metazoa
listed in the previous paragraph. The Trichoplax sequence
was used as reference and only alignment blocks contain-
ing at least three species were processed further.

These two sets of input alignments were passed to the
RNAz pipeline and processed in the same way: alignments
longer than 120nt are cut into 120 slices in 40 nt steps.
In a series of filtering steps sequences were removed from
the individual alignments or alignment slices if they are
(1) shorter than 50nt or (ii) contain more than 25% gap
characters or (iii) have a base composition outside the
definition range of RNAz. All pre-processing steps were
performed using the script rnazWindows.pl of the cur-
rent release of the RNAz package. Overlapping slices with
a positive ncRNA classification probability of P >0.5
were combined using rnazCluster.pl to a single
annotation element, which we refer to as locus. In order
to estimate the false discovery rate (FDR) of the screen we
repeated the entire procedure with shuffled input align-
ments using rnazRandomizeAln.pl.

GotohScan

Blast failed to identify many of the ncRNAs that are
reasonably expected to be present in the Trichoplax
genome, for example homologs of the Udatac snRNA,
the U3 snoRNA, or RNA component of RNase MRP.
These could not be detected by means of blast, even
with relaxed parameter settings. We therefore decided to
use a computationally more costly but more sensitive full
dynamic programming approach. Instead of using a local
(Smith-Waterman) implementation such as ssearch (26)
or its partition function version (27), we suggest that
a ‘semi-global’ alignment approach is more natural for
the homology search problems at hand. In a semi-global
alignment, the best match of the ‘complete’ query sequence
to the genomic DNA is sought. Due to the relatively long
insertion and deletions, the use of an affine gap cost model
becomes necessary. This problem is solved by the follow-
ing straightforward modification of Gotoh’s dynamics
programming algorithm (28).

Denote the query sequence by Q = q1, ¢2,..., ¢, and
the genomic ‘subject’” sequence by P = pi,pa2,...,Pn-
Note that the problem is not symmetric since deletions
of the ends of P do not incur costs, while deletions of
the ends of Q are fully penalized. As usual, denote by S;
the optimal alignment of the prefixes Q[1...i] and
P[1...j], respectively. The values of D; and Fj; are the
optimal scores of alignments of Q[1...i] and P[1.../]
with the constraint that the alignment is an insertion or
a deletion, respectively. The recursions read

Dy = maX{Sifl,j + Yo, Dic1j + J/e}

Fy = max{Sij—1 + ¥o. Fijo1 + Ve 1
Sj = max{Dy, Fy, Si_1,-1 + o(pi. q))}

with the initializations

Soo = 0,

Dy = —o0, So; = Fo;=vo+(— Dre,

Fig = —00, Sio = Dio =y, +({— Dye.

In this full version, the algorithm requires O(n x m) time

and memory, where n is the length of the genome and
m is the length of the query sequence. While the time



requirement is uncritical on off-the-shelf PCs even for
large genomes, it is necessary to reduce the memory con-
sumption. It is sufficient to compute, for every position k
in the genome the score of the best alignment of the query
that has its last match in k. For this purpose, we only need
to store the values of the current column Sj; and D;_;; and
of the previous column S;_;; and D,_;, i.e. these two
quadratic arrays can be replaced by linear arrays of
length m. From the F array only the current value Fj;
and the previous value Fj;_; need to be stored. The align-
ments themselves need to be computed only for a very
small subset of endpoints k of the forward recursion,
namely those with nearly optimal score. For each end-
point, the alignment can be obtained by standard back-
tracing in O(m?) time and space.

GotohScan is not the only implementation of a semi-
global alignments. Alternative approaches use a scoring
based on block alignments (29) or employ Hidden
Markov Models (30). We constructed our own version
since this allowed us to optimize the performance for
large genomes on the available off-the-shelf PC hardware
and to estimate E-values directly from the observed score
distribution. To this end, the current C implementation of
GotohScan stores a histogram of all the scores for each
query sequence over all database sequences. The locally
maximal scores for each query are computed via a simple
divide and conquer implementation that starts with the
global maximum and continues with the next maxima to
the left and right that are at least m (length of the query
sequence) nucleotides away from the global maximum.
A priority queue is utilized to hold a fixed number of
these top-scoring positions. It is initialized only after the
first database sequence (typically the longest chromosome
or scaffold) while the following high-scoring positions are
inserted according to the alignment score. This minimizes
the effort for backtracing candidate alignments. Figure la
gives some example of score histograms.

Empirically, we found that the score histogram,
with respect to one query sequence against all database
sequences, closely follows a Gamma distribution

) 1 -
S50 =57 (9) ¢« 2
see Figure 1b. Thus, we fitted a Gamma distribution to the
histogram of alignment scores and used it to calculate
E-values for each of the elements in the priority queue.

The GotohScan program uses only the high-density
portion of the score histogram to estimate the character-
istic quantities In (s) and (Ins):

b
In(s) =In (Z % Sdistri ]) and

3
b
(Ins) = % (Z In(Sdistr [i]))

i=a

with a and b as limits of the high-density portion of the
score distribution and N the number of alignments in this
range. Sdistr[i] is the number of alignments with score i.
From these we estimated the scale and shape parameters 6
and k by least-square fitting of log f(s; k, 6) against the
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logarithm of the score histogram, restricting the fitting
interval to [a : b] of the score distribution. The calculation
of E-values then proceeds by using the asymptotic expan-
sion (31) of the incomplete Gamma function:

log E=(k—1)(logs —log#) — log'(k) + Ui(s/6) — g, 4

where Ui(z) = log[l 4+ (k — 1)/z + (k — 1)(k — 2)/2*> + .. ]
— 0 for large arguments.

In the last step, the E-values for all high-scoring posi-
tions, stored in the priority queue, are calculated and only
those with an E-value lower than a given threshold are
returned.

Target prediction

The targets of the novel box H/ACA snoRNA candidate
are computed using the novel run-time efficient snoplex
program (H.Tafer, et al. in preparation). This tool imple-
ments a dynamic programming algorithm to compute
the binding energy of the snoRINA sequence to its target
together with the energy of the snoRNA structure itself.
In order to assess putative binding sites, snoplex fur-
thermore considers the initial energy of the snoRNA
structure, the energy that is necessary to open the target
site and the duplex energy which is also depended on
the surrounding snoRNA structure. Given a snoRNA
sequence, snoplex scans the target RNA sequence and
returns the set of thermodynamically most stable interac-
tion structures.

Experimental verification of expression

Our experimental approach is based on (32).
Approximately 400 cultured Trichoplax animals were
collected (Grell strain; Haplotype 1) and small RNAs
purified with the mirPremier microRNA Isolation Kit
(Sigma), following the protocol for mammalian cell cul-
tures. In the unlikely event that genomic DNA contami-
nation was present in the purified small RNA samples,
digestion with DNasel (Fermentas) was performed fol-
lowing the manufacturer’s protocol. A poly-(A) tail of
approximately 20nl was added to the small RNAs using
the Poly(A) Tailing Kit (Ambion). Following this,
reverse transcription was performed using SuperScript 11
Reverse Transcriptase (Invitrogen) and a modified
poly-d(T) primer (5-AAGCAGTGGTATCAACGCAGAGT
(T)3VN). Amplification of small RNAs was accomplished
with the use of a universal reverse primer (5'-AAGCAGTGG
TATCAACGCAGAGT) and forward primers specific to the
predicted small RNA of interest. Putative products were
cloned into pGEM-T vector (Promega) and positive
clones sequenced using the services of Macrogen
(Korea). A full list of primers and protocols can be sup-
plied upon request.

RESULTS
tRNAs

The Trichoplax genome contains 49 canonical tRNA
genes, a single selenocysteine-tRNA gene and one tRNA
pseudogene recognizable by tRNAscan-SE, Table 1.
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Interestingly, the Trichoplax genome is essentially
devoid of tRNA-like sequences. In addition, a blast
search revealed a small cluster of four sequences derived
from tRNA-Ser(AGA) located just downstream of the
functional tRNA on scaffold 3, and a single degraded
pseudogene probably derived from tRNA-Leu(TAG)
on scaffold 13. These are indicated in parentheses in
Table 1.

Ribosomal RNAs

In eukaryotes, TRNAs (except 5S) are processed from a
polycistronic ‘TRNA operon’ which consists of SSU (18S),
5.8S, and LSU (28S) RNAs, two ‘internal spacers’ ITS-1
and ITS-2, and two ‘external spacers’, reviewed in (33).
Trichoplax is no exception, see Figure 2. The rRNA
sequences have already received considerable attention in
a phylogenetic context, see (1,34-36). The pre-rRNA

(a)

sequence appears in several copies throughout the
genome. Somewhat disappointingly, the Triadl assem-
bly contains none of them in complete and uninterrupted
form. The consensus sequence of the pre-rRNA can be
easily constructed starting from the previously published
sequences and the five fairly complete genomic loci [on
scaffolds 22, 40 (two), 50 and 734] together with a partial
copy on scaffold 34. Only the exact ends of the external
transcribed spacers (ETSs) remain uncertain. Figure 2
summarizes the blastn matches of the pre-rRNA to
the Trichoplax genome.

The 5S rRNA sequence of Trichoplax has long been
known (37). The current genome assembly contains nine
5S RNA genes, one of which is a degraded pseudogene.
Interestingly, there are three anti-parallel pairs (two
head-to-head and one tail-to-tail which contains the
pseudogene).
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Figure 1. (a) Histogram of score distribution for U4atac, U17 and RNase MRP. (b) Fitting the GotohScan score distribution of U4atac to known
density functions.



Spliceosomal snRNAs

Splicing on mRNAs is a common feature to almost all
eukaryotic organizms. The spliceosome consists of more
than a hundred protein components and five small RNAs
that perform crucial catalytic functions, see (38,39) for
reviews. The major spliceosome, containing U1, U2, U4,
U5 and U6 snRNAs, splices more than 98% of protein
coding genes in metazoans, plants and fungi. A small
number of protein-coding mRNAs are processed by the
minor spliceosome, which contains U11, U12, Udatac, US
and U6atac snRNAs (40). Previously, nothing was known
about placozoan snRNAs. With the exception of the
Ud4atac, the snRNAs were easily found by blastn.
The Udatac was found by GotohScan only with an
E-value of 9¢7'. The expression of the Udatac was
also verified experimentally. With the exception of two
U6 genes, each snRNA is encoded by a single gene in
the Trichoplax genome.

Table 1. Summary of tRNA genes arranged by anti-codon

First base

Second base Third base A C G T

A A Leu® v Leu
C Val Val Val
G Leu+(v) Leu Leu
T Met>  Ile Ile*

C A Trp Cys? SeC
C Gly Gly Gly?
G Arg Arg? Arg?
T Arg Ser Arg®

G A Ser +(3v) Ser Ser
C Ala Ala Ala
G Pro Pro Pro
T Thr Thr Thr

T A Thy*
C Glu Asp Glu?
G Gln His Gln
T Lys Asn Lys

“indicates tRNAs with introns. The multiplicity of genes with more
than one copy is indicated by a superscript. SeC indicated the seleno-
cysteine tRNA.

I (T S-1
I
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Their secondary structures, Figure 3, closely conform to
the metazoan consensus (12), with slightly shorter stems I1
of Ull snRNA and IV of U12 snRNA. The U12 contains
an 5Snt insert indicated in red in Figure 3.

In contrast to many other invertebrates, Trichoplax
snRNAs feature a clearly recognizable proximal sequence
element (PSE) see (12,41), which is easily detected by
MEME (42,43), see Table 2. In line with other species, the
PSE element is shared between the pol-1I and pol-III tran-
scribed snRNAs. On average the PSE elements differ by
3nt from the consensus.

RNase P, RNase MRP, SRP RNA

The ribonucleoprotein complexes RNase P and RNase
MRP are involved in tRNA and rRNA processing, respec-
tively. Their RNA subunits, which play an essential role
in their enzymatic activities, are structurally and evolutio-
narily related, see e.g. (44,45,46).

RNase P RNA is typically easy to find in genomic
DNA, at least within metazoa. The RNase MRP RNA,
which is also expected to be present throughout metazoa,
is typically much less conserved. Despite substantial
efforts (44), RNase MRP RNA homologs have escaped
discovery in many bilaterian clades. Not surprisingly,
therefore, the Trichoplax RNase P RNA was easily iden-
tified by blastn using the Rfam sequences as query. The
RNase P sequence is easily verified using infernal and
the corresponding Rfam model.

With standard parameters, blastn does not find an
MRP RNA homologue. A dedicated, much less stringent,
blastn search returns two nearly identical candidates.
GotohScan, on the other hand, casily detects the same
two loci. The E-value for these two candidates was 3e™>
and 3e*, respectively. The infernal-based automatic
test for homology to an MRP RNA covariance model
provided through the Rfam website remained unsuccess-
ful. A manually created alignment containing both meta-
zoan and fungal RNase MRP sequences shows, however,
that the Trichoplax MRP candidates share the crucial
features with both of them, leaving little doubt that we
have indeed identified the true MRP sequence. Figure 4
shows the homology-based secondary structure model.

The signal recognition particle (SRP) binds to the signal
peptide emerging from the exit tunnel of the ribosome
and targets the signal peptide-bearing proteins to the

185 RNA A
— 28S RNA
ITS-2 I

1 566 1132 1697 2263 2828 3394 3959 4525 5090 5655
scaffold_d0 » 5763
scaffold_40 - ¢ o A— 5750
scaffold_50 . g - 5458
scaFFold_Zz —— e—— 746
scaffold_743 - 4 2515
scaffold_34 —— w— 1103
scaffold_518 A— 365
scaffold_129 = — 544

Figure 2. Trichoplax pre-rRNA cluster reconstructed from previously published sequences L10828, Z22783, AY652578 (SSU), AY303975, AY652583
(LSU), U65478 (internal spacers and 5.8S) and Triadl genomic sequence. Blast hits of the pre-rRNA to the Triadl genome assembly are shown

below as in the JGI genome browser.






























