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Abstract Horizontal gene transfer (HGT), a process through which genomes acquire genetic materials
from distantly related organisms, is believed to be one of the mgjor forces in prokaryotic genome evolution.
However, systematic investigation is still scarce to clarify two basic issues about HGT: (1) what types of
genes are transferred; and (2) what influence HGT events over the organization and evolution of biological
pathways. Genome-scal e investigations of these two issues will advance the systematical understanding of
HGT in the context of prokaryotic genome evolution. Having investigated 82 genomes, we constructed an
HGT database across broad evolutionary timescales. We identified four function categories containing a high
proportion of horizontally transferred genes: cell envelope, energy metabolism, regulatory functions, and
transport/binding proteins. Such biased function distribution indicates that HGT is hot completely random;
instead, it is under high selective pressure, required by function restraints in organisms. Furthermore, we
mapped the transferred genes onto the connectivity structure map of organism-specific pathways listed in
Kyoto Encyclopedia of Genes and Genomes (KEGG). Our results suggest that recruitment of transferred
genesinto pathwaysis also selectively constrained because of the tuned interaction between origina pathway
members. Pathway organization structures still conserve well through evolution even with the recruitment of
horizontally transferred genes. Interestingly, in pathways whose organization were significantly affected by
HGT events, the operon-like arrangement of transferred genes was found to be prevalent. Such results
suggest that operon plays an essential and directional role in the integration of alien genesinto pathways.

Keywords  genome evolution; horizontal gene transfer; function and pathway analysis

Horizontal genetransfer, the transfer of genes between
different species, has been widely recognized as one of
the major driving forces in prokaryotic genome evolution
[1,2]. However, it has been pointed out that most analyses
of HGT have focused on either studying the phylogenetic
relations of individua genefamilies, which may be actively
transferred, or estimating the globa fraction of individual
genomes where genes areintroduced by HGT [3]. To date,
there are inadequate data to answer two important issues:
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what types of genes are subject to be transferred and to
what extent the transferred genes have been successfully
integrated into existing biological pathways.

As to the first question, Nakamura et al. recently
reported that biological functions of transferred genes are
biased to three categories: cell envelope, cellular process,
and regulatory process, suggesting that the transferability
of genes depends heavily on their functions [4]. However,
their work was based on a set of horizontally transferred
(HT) genes detected by DNA composition analysis,
which islimited in identifying recent HGT events due to
the amelioration processes (adaptation to host genome
features) [5]. Therefore, their conclusion may not be
generalized to all HGT genes.
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Pathway organization and evolution is along-standing,
interesting and important question. Schmidt et al. investi-
gated the enzyme structure distribution and concluded that
the overall topology of metabolic networks is preserved
through the evolution process [6]. It isinteresting to mea-
sure whether HGT, aforce different from other vertical
evolutionary events, will also comply with pathway orga-
nization rules. Some previousindividual pathway analyses
indicated that HGT might improve pathway capacities and
thus provide recipient species readily-made responses to
environmental chalenge[3,7,8]. All of those resultsimply
the active role of HGT in pathway evolution. In contrast,
some other reports argued that selective barriers exist and
preclude the recruitment of transferred genes. As aresult,
in most cases, alien homologues will have little chance to
improve the fitness of networks [9,10]. A systematic
investigation is necessary to measure the impact of HGT
on pathway organization and evolution.

We emphasized that the reliable HGT dataset across
broad evolutionary timescaleswas preliminary for all above
analyses. Various methods based on different models have
been designed to detect a specific HGT dataset with
different types and ages [11]. The gene transfer events
will be more robustly delineated when al of the available
methods are used; application of avariety of methods will
provide the best information about the scope of gene
transfer across broad timescale [12,13].

In this article, we attempt for the first time to design a
stringent procedure in combination with different methods
to address two basic issues mentioned above.

Experimental Procedures

We retrieved the compl ete sequences of 82 prokaryote
genomes from the National Center for Biotechnology
Information ftp site (ftp://www.ncbi.nih.gov/genomes/
bacteria/). We parsed the downloaded GenBank files and
then constructed a non-redundant protein database.

In general, there are three types of approachesfor HGT
identification: abnormally high BLAST hits to genes of
distant taxa or anomal ous phylogenetic profile distribution;
phylogenetic analysis; and atypical DNA composition
analysis. Each method hasits advantages and caveats [11].
To achieve a more conservative HGT set across broad
timescales in evolution, we designed a combined method
for HGT identification. The scheme of pipelineisavailable
in supplement file (http://www.abbs.info/sd/pipeline.pdf).

The first method we used draws on unexpectedly high
BLAST hits to a distant taxon. The suspicion of HGT

usually emerges when a protein/gene sequence from a
particular organism shows stronger similarity to homologs
from distant taxa. However, the simple best-match method
is prone to erroneous results [14,15], so we designed a
more rigorous approach to avoid false positives. All protein
sequences from each genome were compared with our
protein database using the BLASTP program [16] (E-vaue
cut off 1e-10) and the results were parsed to search for
paradoxical phyletic distribution of homologs. We
considered an open-reading frame (ORF) to be horizontally
derived if al of the following conditions were met.

(1) The E-vaue of the best BLAST hitin H should be less
than 1e-20 and thefirst five BLAST hits must be homologs
from adistant taxon. We set the distant taxon on two levels:
non-self phylum or non-self superkingdom.

(2) All of its homologs are from a distant taxon or the E-
value of the closest homolog from a distant taxon (E,) is
significantly lower than the E-value of the closest homolog
not from the distant taxon (E,;). We set the cutoff as
Equation (1):

[log(Ex)/10g(Ex)]22 D

(3) In the taxonomy tree constructed from our 82 species,
there are 10 different phylums which include less than
five species members. Therefore, only 23 species from
those phylums will be suitable for identifying the candi-
dates of HT genes originated from non-self superkingdoms
to avoid sampling bias [15].

Orthologs are genes in different species that evolved
from a common ancestral gene by speciation [17]. When
the orthologs of one gene are mainly distributed in a non-
self superkingdom or a non-self phylum, it is evident that
HGT occurred. In this article, we used the operational
definition of ortholog as follows. Given a protein P, its
ortholog in another genome must be the best hit of P in
this genome by BLAST search (E-vaue cut off 1e-10 and
more than 60% of residues should be included in BLAST
alignment), and vice versa. If the corresponding phylo-
genetic orthologs distribution of P is unusual, the gene
encoding protein P may be horizontally transferred in
evolution.

Both of the two methods described above are based on
BLAST search. Although a stringent cutoff was set to
remove some false positives, these methods are still
approximate approaches and need more phylogenetic
validation. Recently, Frickey et al. developed a suite of
programs, PhyloGenie (http://protevo.eb.tuebingen.mpg.
de/miscpages/phylogenie/), which provides anovel aign-
ment routine to achieve good alignment and al so automates
the steps from seed sequence to phylogenetic inference
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[18]. HGT candidates identified by the two methods
mentioned above were re-checked by PhyloGenie.

As stated before, phylogenetic analysis does not work
well in identifying transferred genes among close species
[11]. Thus, there are legitimate reasons for using atypical
DNA composition analysis as adternative approach to in-
fer HGT. Garcia-Vallveet al. constructed an HGT database
by analyzing G+C content, codon and amino acid usage
of 82 genomes [19]. Recently, Tsirigos et al. also devel-
oped a new composition analysis method for HGT
identification [20]. Previous research has pointed out that
different methods based on DNA composition analysishave
different advantages and caveats [21]. To achieve a more
conservative HGT set, the agreement results of the two
methods were taken as HT candidates.

KEGG protein pathways provide organism-specific
molecular interaction network information including
metabolic pathways, regulatory pathways, and molecular
complexes. We mapped the protein dataset to the KEGG
organism-specific protein pathways according to the
pathway information relating to each record in the KEGG
protein database. What should be noted is that the so-called
“organism-specific pathways’ are computer-driven to some
extent. Therefore, certain pathways represented both in
isolation and asasubgraph of larger pathwayswere merged
by recursive procedures to avoid partial pathway
duplication. All the proteins in the 82 genomes were
mapped to the pathway database KEGG. In one genome
containing N genes, there are M genes that are horizon-
tally transferred. If we consider a pathway containing K
members, any of these memberseither belongsto HT genes
or does not; for example, H of the A genes are horizontaly
transferred and K—H are not. It isimportant to establish
the probability of thishappening by chance. Thisprobability
is appropriately modeled by hypergeometric distribution
with parameters N, M and K [22]. Using the cumulative
hypergeometric probability distribution, we can calculate

the chance of finding at least H horizontally transferred
genes in this specific pathway by chance, so that the p-
valueisgiven by Equation (2).

(") (%)

H-1
p-value=1— ZOW @)
i= K

This test measures whether a pathway is enriched with
HT genes to a greater extent than expected by chance.
When the p-valueis less than 0.05 (significant level 0.05)
and that pathway has more than three transferred genes,
we considered that the organization of this pathway was
significantly affected by HGT.

Results and Discussion

We applied our combined method to examine 82 com-
pletely sequenced genomes. The statistics of HGT num-
ber and proportion in each genome is available (http://
www.abbs.info/sd/hgtstatistictable.htm). In this article,
different methods were combined to collect an HGT set
across broad timescales in evolution. The outputs of dif-
ferent methods are compared in Table 1.

Asexpected, itisclear that oneindividual method failed
to detect all the candidates of HGT. What should be noted
is that the overlap number between the two methods is
small. Such observation is in agreement with previous
research. Ragan observed that different approaches, when
applied to the same genomic sequence, recognized signifi-
cantly different subsets of genes as being subject to HT
and the overlap of different methods is less than expected
by chance under a statistical model [12]. Thisis mainly
due to the null hypothesis and assumptions used by dif-
ferent methods (Table 1). Thus, a multifaceted approach
isneeded for HGT identification and HGT might better be

Table1 Comparison of different methods to identify horizontal gene transfer candidates
Method Description Output (n) Common (n)
BLAST based on Biased towards those genes which have been transferred 4896 197
phylogenetic validation across large phylogenetic distances, regardless of their time
of arrival in agenome, but fails to detect transfers between
more closely-related organisms.
DNA composition analysis Limited in recent HGT but can identify transfer anong 8211

closerelatives.

We combined two different methods to achieve a conservative HGT dataset. The power and limitation of each method is described in column 2. The number of HGT
candidates identified by each method islisted in column 3. Column 4 indicates the number of agreement of different approaches.

http://www.abbs.info; www.blackwellpublishing.com/abbs
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represented asthe union, not theintersection, of approaches
addressing compatible null hypotheses. All HGT candidates
were stored in database and the flat file can be down-
loaded from following website (http://www.abbs.info/sd/
hgtdb.xls). Other related information, such as the location,
function and taxonomy of the corresponding genomes,
and links to databases UNIPRO, TIGR, GO and KEGG,
was integrated into our database.

There are a total of 8893 HT proteins mapped to the
function categories defined by the TIGR (The Institute of
Genomic Research) microbial database [23]. Three unin-
formative categorieswere omitted: disrupted reading frame,
unclassified and unknown function. Fig. 1 shows the
distribution of all HT genesin each category.
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Fig. 1 Distribution of horizontally transferred genesin

function categories

1, amino acid biosynthesis; 2, biosynthesis of cofactors, prosthetic groups, and
carriers; 3, cell envelope; 4, cellular processes; 5, central intermediary metabolism;
6, DNA metabolism; 7, energy metabolism; 8, fatty acid and phospholipid
metabolism; 9, other categories; 10, protein fate; 11, protein synthesis; 12, purines,
pyrimidines, nucleosides, and nucleotides; 13, regulatory functions; 14, signal
transduction; 15, transcription; 16, transport and binding proteins; 17, viral
functions.

It appears clear that four main categories have signifi-
cantly high proportions of horizontally transferred genes:
cell envelope (13.2%), energy metabolism (14.7%),
regulatory functions (9.4%), and transport and binding
proteins (14.3%). There are also two categories showing
relatively high distribution: cellular processes (7.2%) and
other categories (6.9%). Note that “other categories’
includes genes responsible for prophage functions,
transposon functions and plasmid functions and is usually
pathogenicity-related. It isworth pointing out that energy

metabolism, which was shown to have the lowest pro-
portion of horizontally transferred genes in the work of
Nakamura et al. [4], is among these four categories. To
further investigate this discrepancy, we compared our HGT
dataset with the results of Nakamuraet al., and found that
genesrelated to energy metabolism were mainly identified
by methods not used by Nakamura et al.. We postulate
that the difference is due to an underestimate of ancient
HGT events in the work of Nakamura et al. Moreover,
many previous researchers also observed that transferred
genesinvolved in energy metabolism may provide an or-
ganism with a new adaptive capability, such as the ability
to utilize anew source of carbon and energy [2]. Thusthe
transfer of large numbers of energy metabolism genesis
not unexpected.

Similar to the work of Nakamura et al., we also found
that some operational gene categories, including amino acid
biosynthesis, biosynthesis of cofactors or carriers,
intermediary metabolism, fatty acid and phospholipid
metabolism, have alow proportion of horizontally trans-
ferred genes. Based on these results, Nakamura et al.
suggested that operational genes, previously considered
generaly transferable, should be further classified into two
groups, according to their transferahility, that is, the highly
transferable genes and the lowly transferable genes.
However, it seems that such conclusions do not clearly
explain the abnormal function categories distribution in
some genomes (http://www.abbs.info/sd/funcdistri.x|s).
For example, as shown in the supplement, the amino acid
biosynthesis gene category has a comparably high pro-
portion to one “highly” transferable gene group in four
species; in fact, the highly transferable categories also
sometimes show low proportions in certain genomes. We
postulated that horizontal gene transfer is a process domi-
nated by selection pressure from the demand of function
evolution in individual organisms. According to the “ge-
netic annealing model” [24], HGT will become progres-
sively lesslikely to happen astheworkings of cellular com-
ponents improve. In addition, further study also pointed
out that selective barriersin an optimized system make
neutral evolution of alien genes unlikely [9]. Taken
together, we believe, after the formation of a modern
organism, the rate of transfer slows down and only when
the organism is in emergency, such as a change of
environment, do transfer events become active. In fact,
our research and previous study [25] both observed that
HGT is always related to adaptations to environmental
challenges or responses to new niche expansion.
Commonly, such evolutionary requirements involve the
following aspects: novel metabolic capabilities, antibiotic
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or resistance characteristics, virulence or pathogenity-
related function, new cell surface structure and the change
of regulation mechanisms. All of these are related to the
observed function categories with high proportions of
horizontally transferred genes. Therefore, we suggest that
the biased function distribution should be ascribed to the
guide of evolutionary demand of recipent genomes,
reflecting the adaptive response to enviroment challenges.
Furthermore, function demands are different in different
organisms. Not al above-mentioned functions are in need
and, in addition, some species may have particular
requirements, such as the alternative amino acid and
biosynthesisroute. This may explain why some organisms
did not show classical function category distribution. In
generd, it is more reliable to analyze the biased function
distribution in the evolutionary context of specific species.

In this article, we mapped our horizontally transferred
gene candidates onto the connectivity structure map of
organism-specific pathways listed in KEGG. We found
that, among the total of 5150 protein pathwaysin KEGG,
1421 pathways (approximately 28%) involved horizon-
tally transferred genes. The full list of those pathwaysis
available (http://www.abbs.info/sd/allhgtpath.doc). We
found that, with the increase of involved transferred
members, the number of related pathways sharply
decreases. Of particular note is that only 1095 pathways
(77%) have two or less horizontally transferred members.
To some extent, the recruitment of one or two transferred
genes into one pathway may only affect a few specific
steps, if not a single step, through the replacement of
original function members or the introduction of novel
preferred proteins. They may affect only a very small
number of members of the whole pathway structure. To
evaluate the extent to which alien genes are integrated in
each pathway, we used hypergeometric probability
distribution to model the chance probability of finding at
least H horizontally transferred genes in one specific
pathway by chance. Through this approach, we found
that only 114 pathways (2%) may be seriously affected
by HGT. A list of these 114 pathways is also available
(http://www.abbs.info/sd/sighgtpath.doc). It seems that
HGT influences only specific pathways and, in most cases,
pathways organization conserve well. Such results fur-
ther support previous research conclusions[10]. This phe-
nomenon can be well explained from an evolutionary point
of view. Considering a pathway is a complex system,
such an observation is not unexpected. After long-standing
co-evolution, closely functional or structural interactions
exist between origina members, making apathway afine-
tuned machine. Thus, in the evolutionary process after

the formation of modern species, most pathwayswill hold
specific organizational properties and the massive incor-
poration of alien genes are constrained to keep the original
optimal pathway organization. Above all, we suggest that
HGT, an important evolutionary source, may provide
many opportunities for pathway improvement and
innovation. However, in most cases, the process of inte-
grating transferred genes into existing pathways is under
strong selection pressure because of the co-evolution of
tightly function-related host genes. The overall pathway
organization structure will preserve well throughout
evolution history.

Another interesting observation is that, in the 114 path-
ways significantly affected by HGT, operon structure may
have an important influence on the integration of alien
genes into existing pathways. The operons were identi-
fied by approaches similar to previouswork [26,27]. When
one operon has a significantly high proportion (more than
60%) of HT genes, it may possibly play asignificant role
in bringing the related HT genes into the corresponding
pathway. Among the total 221 operons in 114 pathways,
77 (35%) have such characteristic. For comparison,
random tests (100,000 replicates) were used by randomly
picking genes with the same number of HT genesin each
pathway. The expected value of random occurrence is
20 and the standard deviation is 2.72, which indicates
that HT genes are more likely to be arranged in operon
structure (significant level 0.001). Such results indicate
that operon structure may play an essential and directional
role in bringing HT genes into pathways. In fact, the
integration of alien genesin operon form hasits selective
advantage, which can bring the recipient pathway new
functional units and lighten the damage to original pathway
organization at the same time.

To further understand the impact of HGT on pathway
evolution, we aso classified the 114 pathways according
to the KEGG pathway categories to detect what type of
pathways are more likely to integrate horizontally trans-
ferred genes. As expected, the most mobile pathways are
related to the metabolism category (97 pathways), which
is in good agreement with the observation that genesin
the metabolic function group are more apt to be transferred.
Such transfer may be preferred by the adaptive value of
improving the metabolic capability in some pathways.
There are a'so some pathways involved in genetic infor-
mation processing including the protein secretion system
(mainly the type 11l secretion system), aminoacyl tRNA
biosynthesis and ribosome complex (14 pathways). The
type 11 secretion system has been proved to be pathoge-
netic-related which is often the important part of the
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pathogenetic island [28]. But it is surprising that some
subunits of ribosome complex are also horizontally
transferred. We speculated that this transfer occurred
before the formation of translation machinery, that is, at
the “progenotes time” as the “ genetic annealing model”
stated [24]. At that time, the horizontal gene transfer is
pervasive, even in the primitive trandation machine. The
other pathways are involved in environmental information
processing (4 pathways). All of those are related to the
ABC transporters system: a hot spot of gene transfer as
observed in many studies.

In this paper, we try to answer two basic questions
about HGT. The clarification of these two issues may shed
more light on the understanding of the behavior and mode
of HGT in prokaryotic genome evolution. In the future,
more accurate data such asthe validated list of transferred
genes and a more accurate pathway graph will certainly
refine these resullts.
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