#o$ % & ()
o+ $,*$#% -% . )
/ " "% 10$ *$ $& 0* % )
1+ 2 3 4 4 % 504
0 67/ # % (# % 5% - | # 8# 9 "2 5% -
/ * : D) 5% - * ( # 9 2 #; 0" 9<1108
21 (===0=9 4 " / ! % >* 2! & (
#8: $ 9 ($ 1$+% (" $ '@ @A@ B ) ( 0" 0 A9 21
1 $ ( #0 % - 0 % #9 " ; . % "o
* % 9*0" ( &&, (BB +$ 1% $" *$" @) @3)& B 38" #0 % 9 1 #
2 9%-% 1 ,@,3) B AB % #: "o "2 5% - 5% - *
% 6 -= C%"= = D %C" ==% D C %"
5 C % = =# D # % C % = =# D $ %
( #%%C = = =3%$D* + $ =% $C#++=B =B D*$#% -%
= C =% = = D/ " 5C"==% D " % "% C
0$ *$ $ $ C ## =-=5BD 0* % =* % C% ==9% D1+ 2 $F
44 3% 5= ¢ C == D 504 C %"= =
/ B -
1"#$ #3$ % &
( )] * "SH# &S & H#H" "
+ , A ]
*1 *% * « 1/ I * % *Q * 2
* * K * Kk Kk 3* ) 5
6* (7 3% (- * ) *
* ) * *2 ( 3 ( **4) *3
87 9* '328'4 . *# 8') 9* ( * (
) 3 « *1 8* *
!
* # * ; ( <
= $ % $ % * I % #H&
% * ( 9* ) 9* 3* (85
x5 <() 3% * x Kk K ( 3*< *( #
3 ( ) 3% ( _ * 0 ' 3%
*3) 3% < ) * ( 3% *
/ " %! % % * * 9 = 6* >*
Y (2=>'4 ( *6 *( 3 */
0% *3 =>' <) (* ¢ $ %29 @4 (3*
* * < * ( 7 < (

= = D E
% % C## =-=5BD
-C $ =-=5B
% = % D
C$B = =5B D
* 3n ok

D


http://www.biomedcentral.com/
mailto:g.ricard@cmbi.ru.nl
mailto:nrm@aber.ac.uk
mailto:dutilh@cmbi.ru.nl
mailto:jouany@clermont.inra.fr
mailto:dmache@clermont.inra.fr
mailto:mitsumori@affrc.go.jp
mailto:fmm@rri.sari.ac.uk
mailto:t.michalowski@ifzz.pan.pl
mailto:nagt@shirakawa.ne.jp
mailto:n.nelson@hrsu.mrc.ac.uk
mailto:cjn@aber.ac.uk
mailto:nsabima@hotmail.com
mailto:akio@affrc.go.jp
mailto:N.Thomas@macaulay.ac.uk
mailto:k_ushida@kpu.ac.jp
mailto:j.hackstein@science.ru.nl
mailto:huynen@cmbi.ru.nl
http://www.biomedcentral.com/1471-2164/7/22
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/info/about/charter/

BMC Genomics 2006, 7:22

http://iwww.biomedcentral.com/1471-2164/7/22

in the rumen. We propose that the acquisition of these genes has greatly facilitated the Ciliates'
colonization of the rumen providing evidence for the role of HGT in the adaptation to new niches.

Background

Horizontal Gene Transfer (HGT) implicates the transfer of
genetic material between species. Genes acquired by this
process can provide novel functions to the recipient
organism, particularly when that organism is naive for
functions associated with the newly acquired gene(s).
Therefore, HGT has the potential to play an important
role in the exploitation of new niches. HGT has been
inferred in many biological processes including the emer-
gence and spread of virulence-factors, resistance to antibi-
otics, and the long-term maintenance of organelles [1].
Thus far, HGT on a large-scale has mainly been described
from organelles to the nucleus transfer [2], and between
different species of Bacteria and Archaea [3,4], and on a
smaller scale from Fukaryotes to Bacteria [5]. The least
well-documented form of large-scale HGT deals with the
uptake of DNA into eukaryotic cells. Individual examples
include transfer from Bacteria to Fungi [6] or Ciliates [7]
in the rumen. The transfer of 16 bacterial genes to Nema-
todes [8] and of 96 such genes to Entamoeba histolytica 9]
are the only examples where HGT from Bacteria to
Eukaryotes has been investigated on a large-scale.

Here we investigate HGT from the Bacteria to rumen Cili-
ates — a monophyletic but rather diverse group of unicel-
lular Eukaryotes. These organisms co-exist in the rumen
under conditions that have been shown to allow HGT in
vitro [10,11]. Ciliates form an extremely diverse taxo-
nomic group of protozoa with an enormous diversity of
known species. They are the most complex single cell
Eukaryotes, some having genomes with more than 30,000
genes [12]. They are abundant in almost every aqueous
environment, from ocean waters to small ponds and even
pockets of soil water; and they can grow as symbionts,
commensals or parasites in pelagic, benthic, sapropelic or
intestinal ecosystems. One of the intestinal environments
in which Ciliates have been described is the rumen, a
highly specialized foregut differentiation in herbivorous
mammals like cattle, sheep and goats. In these animals
the rumen is the primary site for digestion of plant mate-
rial consumed as a food source. Digestion is performed by
a numerous and diverse microbiota including Bacteria,
anaerobic Fungi, and Ciliates. The resulting fermentation
products, such as short-chain fatty acids, but also the
microbial biomass substantially contribute to the nutri-
tion of the host. There is a certain degree of genomic plas-
ticity within this environment, with some evidence for
HGT between organisms [6] and one bacterial species
being naturally transformable [11].

Given the close contact between Ciliates and Bacteria in
the rumen, this environment promises optimal condi-
tions to study HGT from Bacteria to Fukaryotes, in partic-
ular, because Ciliates engulf and digest Bacteria [13]. In
the process of breakdown and digestion of the Bacteria,
some of the bacterial DNA may be taken up by the Ciliates
and incorporated into their genomes.

Thus far, there have been reports of HGT to the rumen Cil-
iates of a xylanase [7], a cellulase [14] and a glutamate
dehydrogenase [15]. Whether these are incidental occur-
rences or whether there is indeed evidence for large-scale
HGT from Bacteria to Ciliates within this environment
remained to be discovered. Here we have undertaken ran-
dom cDNA sequencing of rumen dwelling Ciliates in
order to identify expressed HGT candidates. As part of the
EU-funded programs ERCULE (European Rumen ciliates
CULturE collection), and CIMES (Clliates as Monitors for
the Environmental Safety of GMOs) cDNA libraries were
constructed from ten species of rumen Ciliates and were
sequenced randomly (these ciliates were cultivated as
mono-cultures in fistulated sheep). Thus we have
obtained a large set of cDNAs (4768 sequences) from Cil-
iates belonging to the order Entodiniomorphida: i.e. Ento-
dinium simplex, Entodinium caudatum, Eudiplodinium
maggii, Metadinium medium, Diploplastron affine, Polyplas-
tron multivesiculatum and Epidinium ecaudatum and from
Isotricha prostoma, Isotricha intestinalis and Dasytricha rumi-
nantium, which belong to the order Vestibuliferida. Here
we examine these EST data for HGT from Bacteria. Using
large-scale sequence comparisons and phylogenetic anal-
yses we find 148 genes that are likely to have been hori-
zontally transferred to the Ciliates. The majority of these
genes are involved in the catabolism of complex carbohy-
drates and in the adaptation to an anaerobic environ-
ment. This supports the hypothesis that HGT plays an
important role in the exploitation of new niches.

Results

Best Hit within the Bacteria

A total of 4768 sequences were generated. Following fil-
tering of sequences (see methods section) we clustered the
remaining 4324 ESTs to remove redundancy. Grouping
sequences with >97% identity over a stretch of at least 100
nucleotides resulted in 377 clusters containing between
two and 21 sequences, and 3186 single sequence clusters
(More details in Table 1). In order to find potential cases
of HGT, we first performed a Best Hit search (translated
nucleotides versus protein) against the predicted pro-
teomes of 148 completely sequenced genomes. Examin-
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Table |I: Species distribution of the ciliate dataset. Indicated are the total number of sequences per species and the number of clusters
that were obtained after combining the sequences likely derived from a same gene. 377 clusters have a size varying between 2 and 21

sequences, the rest of the clusters are singletons.

Organism Number of sequences Number of clusters number of clusters >2 number of clusters
sequences singletons
(size maximum of the
cluster)
P. multivesiculatum 715 502 115(21) 387
Epid. ecaudatum 595 530 46 (5) 484
Eud. maggii 543 500 32 (4) 468
1. prostoma 546 442 43 (12) 399
1. intestinalis 84 8l 2(3) 79
Das. ruminantium 591 421 61 (20) 360
Ent. caudatum 1062 901 76 (18) 825
Ent. simplex 27 27 0 27
Dip. affine 10 10 0 10
M. medium I51 149 2(2) 147
TOTAL 4324 3563 377 3186

ing the longest sequence per cluster resulted in 2307
clusters out of 3563 (64.75%) with a Best Hit in one of the
complete genomes. The species distribution of the Best
Hits (Figure 1), ranging from Plasmodium falciparum with
the most hits, followed by Arabidopsis thaliana and Danio
rerio is in agreement with the phylogeny of the Eukaryotes
proposed by Baldauf et al. [16]. According to that phylog-
eny the sub-class Ciliophora is most closely related to the
Apicomplexa (P. falciparum), then to the Viridiplantae (A.
thaliana) and then to the Opisthokonts (D. rerio, Homosa-
piens, Neurosporacrassa).

Of the 38 Best Hit proteomes shown in Figure 1, the top
12 proteomes are eukaryotic. Nevertheless, we also found
a substantial number of ESTs with a bacterial Best Hit. The
Bacterium with the most Best Hits is Clostridiumacetobutyl-
icum, a Firmicute which has previously been isolated from
bovine rumen fluid [17]. A total of 11 different Firmicutes
were identified with Best Hits, plus nine "other" Bacteria
and two Archaea species.

Firmicutes, as with other "intestinal" Bacteria are likely
HGT donors because they live in close contact with the
studied Ciliates in the gastrointestinal tract of the rumi-
nants [18]. According to Edwards et al., low G+C Gram
positive Bacteria represent 54% of the rumen bacterial
ecosystem, followed by the Cytophaga-Flexibacter-Bacter-
oides group (40%) [19]. Nelson et al. (2003) also show
that Gram negative Bacteria were poorly represented in
the gastrointestinal tract of wild herbivores [20].

A Best Hit approach can only provide an indication of the
relationship between sequences in different organisms,
and it does not always reflect the closest neighbour [21].
Therefore, we used a phylogenetic approach to further

analyse those ciliate sequences which have a Best Hit in
the bacterial genomes.

Furthermore we show details of the complete SWX com-
parison against the 148 proteomes in Additional file 2.
Among 292 sequences with a Best Hit in Bacteria, 138
(47%) only hit Bacteria and this number raise to 151
(52%) that hit both Bacteria and Archaea.

Phylogenetic analysis

Of the 362 sequences that have a bacterial sequence as
Best Hit, 224 had enough homologs (minimally three) to
construct phylogenetic trees (see Methods). In 133 of
these 224 trees, the ciliate sequence clusters within the
Bacteria (in these trees the second-smallest partition of the
tree that contains the ciliate sequence and otherwise only
contains Bacterial sequences, see Methods). Further exam-
ination of these 133 trees shows that in 34 trees the ciliate
sequence clusters within Firmicutes, in nine trees within
Proteobacteria, in three trees within Actinobacteria, in
three trees within Bacteroidetes and in one tree within Spi-
rochetes. In the remaining 83 trees the ciliate sequence
clustered within a taxonomically more varied set of Bacte-
ria. We also considered 13 ciliate sequences that clustered
between the Bacteria and Archaea as HGT candidates, as
well as two that clustered within the Archaea. Thus a total
of 148 sequences were studied in more detail. We
included all trees that showed evidence of HGT, irrespec-
tive of their statistical support, because we are interested
in an estimate of the amount of HGT. The dominance of
one functional class among the HGT candidates (see
below) indicates the robustness of our results.

No bias of codon usage was detected, indicating complete

adaptation to the codon usage of the Ciliate host and con-
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Distribution of Best Hits over the proteomes. Only proteomes with a number of Best Hits > 0.2% are displayed. The 12
most represented proteomes are eukaryotic, the remaining set contains a large fraction of Firmicutes proteomes (orange).

firming that the HGT candidates are not contaminations
(data not shown).

Over-representation of genes involved in anaerobic
metabolism among HGT candidates

Out of 3563 clusters in our database, 2280 were assigned
to at least one KOG or COG. Among the HGT candidates
there is an over representation of genes involved in metab-
olism: while in the complete EST dataset the functions
involved in Cellular process and signalling (47.0%) are

prevalent, most of the HGT candidates are involved in
Metabolism (75.4%) (See Figure 2).(Note that this
number is an underestimate as it does not include 15 of
the 30 sequences which do not belong to a KOG/COG -
among which are eight xylanases, two cellulases, three
pectate lyases, one uridine kinase and one a-glucosidase).
Comparing the numbers of ESTs per cluster we found no
indication that horizontally transferred genes are higher
expressed than non-transferred ones (data not shown).
125 sequences out of the 148 HGT candidates encode
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