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are most possibly xenologs. The results of the phylogenetic 
analyses, the distribution of  xfp  genes and the location of 
some  xfp  genes in plasmids are independent pieces of evi-
dence that point to horizontal gene transfer as a major driv-
ing force in the evolution of phosphoketolases. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Phosphoketolases (XFPs) catalyze the phosphorolytic 
cleavage of fructose-6-phosphate and/or xylulose-5-
phosphate into acetyl-phosphate plus erythrose-4-phos-
phate and/or acetyl-phosphate plus glyceraldehyde-3-
phosphate. To date, two types of XFP activities have
been described: fructose-6-phosphate phosphoketolase 
(F6PPK, EC 4.1.2.22), which catalyzes the conversion of 
fructose-6-phosphate to erythrose-4-phosphate and ace-
tyl-phosphate, and xylulose-5-phosphate phosphoketo-
lase (X5PPK, EC 4.1.2.9), which cleaves xylulose-5-phos-
phate rendering acetyl-phosphate and glyceraldehyde-3-
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 Abstract 

 Phosphoketolases (XFPs) are glycolytic enzymes present in 
several organisms belonging to the  Eukarya  and  Bacteria  do-
mains. A total of 151 putative  xfp  genes were detected in 650 
complete genomes available in public databases. Elimina-
tion of redundant sequences and pseudogenes rendered a 
final data set of 128 phosphoketolases, which was analyzed 
by phylogenetic methods. The distribution of  xfp  genes was 
uneven in most taxonomic groups, with the exception of the 
taxonomical division Lactobacillaceae, in which all the spe-
cies studied harbored a putative  xfp  gene. Putative  xfp  genes 
were also present predominantly in  Rhizobiales  and  Actino-
bacteria  divisions, in which 23 out of 28 genomes and 23 out 
of 41 genomes contained at least one putative  xfp  homolog, 
respectively. Phylogenetic analyses showed clear discor-
dance with the expected order of organismal descent even 
in groups where  xfp  is prevalent, such as  Lactobacillaceae.  
The presence of putative paralogs in some organisms can-
not account for these discrepancies; instead, these paralogs 
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phosphate. These enzymes require divalent cations and 
thiamine pyrophosphate (TPP) for their activity [Yevenes 
and Frey, 2008], being the N-terminal part of the protein 
responsible for the TPP binding. X5PPK was first puri-
fied from  Lactobacillus plantarum  [Heath et al., 1958]. 
On the other hand, F6PPK was first described and puri-
fied from  Acetobacter xylinum  [Schramm et al., 1958]. 
Further research on F6PPKs has mainly focused on mem-
bers of the genus  Bifidobacterium  where, in addition, a 
dual xylulose-5-phosphate/fructose-6-phosphate phos-
phoketolase able to act over both fructose-6-phosphate 
and xylulose-5-phosphate has been described [Grill et al., 
1995; Meile et al., 2001].

  X5PPK is the key enzyme enabling a catabolic variant 
of the pentose phosphate pathway ( fig. 1 ). The pentose 
phosphate pathway is almost ubiquitous in bacteria and 
animals, and its main role is to provide the cell with ana-
bolic requirements such as NADPH, ribose-5-phosphate 
and other metabolites [Portais and Delort, 2002; Wood, 
1986]. The first series of nonreversible reactions (oxida-
tive branch) of the pathway ensures the oxidative decar-
boxylation of glucose-6-phosphate into ribulose-5-phos-
phate. A second series of reactions (the nonoxidative 
branch) allows the conversion of ribulose-5-phosphate 
into other sugars, including ribose-5-phosphate, or gly-
colytic intermediates (fructose-6-phosphate and glycer-
aldehyde-3-phosphate). XFP action bypasses the nonoxi-
dative branch by directly splitting xylulose-5-phosphate 
into glyceraldehyde-3-phosphate and acetyl-phosphate. 
Furthermore, F6PPK is the key enzyme of the so-called 
bifid shunt ( fig. 1 ), the only metabolic pathway by which 
members of the genus  Bifidobacterium  convert hexoses 
into acetic and lactic acids [Meile et al., 2001]. In fact, the 
presence of F6PPK activity has been used for decades for 
the identification of  Bifidobacterium  species since this 
metabolic activity differentiated them from the rest of the 
intestinal microbiota [Vlkova et al., 2005].

  XFPs are present in both eukaryotes and bacteria. Pre-
vious structural [Duggleby, 2006] and phylogenetic anal-
yses [Costelloe et al., 2008] of proteins belonging to the 
TPP-dependent family have shown that XFPs share the 
same domain structure and are evolutionarily related to 
transketolases. However, no detailed phylogenetic study 
of XFPs has been carried out so far. In the present work, 
a phylogenetic analysis of  xfp  genes from 650 genomes 
has been carried out at both the amino acid and nucleo-
tide levels. The results obtained indicate that horizontal 
gene transfer (HGT) has been a major force in the evolu-
tion of these enzymes.

  Results 

 Distribution and Genomic Context of XFP-Encoding 
Genes 
 A total of 650 genomes were screened for genes encod-

ing putative XFPs. This data set included 46  Archaea ,   547 
 Bacteria  and 57  Eukarya  genomes ( table 1  and online 
suppl. table 1, www.karger.com/doi/10.1159/000274310). 
A total of 151 putative  xfp  genes were identified in the 
screening from which redundant sequences and possible 
pseudogenes were excluded, thus obtaining a data set of 
128 sequences. XFP-encoding genes were found in  Bac-
teria  and  Eukarya , whereas no putative XFP-encoding 
gene was detected in  Archaea . Putative XFPs in  Eukarya  
were found only in some members of the  Ascomycota  and 
 Basiodiomycota  phyla, whereas they were not present in 
protists, animals or plants.

  Similarly, the distribution of XFP in  Bacteria  is quite 
patchy ( table 1 ). Putative XFP genes are prevalent in very 
few taxonomical divisions such as  Lactobacillaceae ,
where they are present in all species included in the study 
(online suppl. table 1),  Rhizobiales  (23 out of 28 genomes 
harbor at least a putative  xfp  homolog;  table 1 ) and  Acti-
nobacteria  (23 out of 41 genomes;  table 1 ). In contrast, in 
most other bacterial groups, putative  xfp  genes are pres-
ent only in a few species or strains, while they are absent 
from other closely related ones. For example,  Pseudomo-
nas syringae  pv. tomato strain DC3000 harbors a putative 
 xfp  gene, whereas the pathovars  syringae  and  phaseolico-
la  do not. Another example is the case of  Lactococcus lac-
tis :  L. lactis  subsp.  lactis  strain IL1403 encodes a putative 
 xfp  gene, whereas  L. lactis  subsp.  cremoris  strains MG1363 
and SK11 do not.

  Most organisms considered in this study harbor only 
one putative  xfp  gene; however, a few strains harbor two 
or in one case,  Nostoc  sp. PCC 7120, three putative  xfp  
homologs ( table 2 ). Again, if present, paralogs do not al-
ways appear in all members of some taxonomic groups. 
For example, in  Cyanobacteria   Synechococcus  sp. JA-3–
3Ab,  Thermosynechococcus elongatus  BP-1,  Synechocystis 
 sp.   PCC 6803,  Anabaena variabilis  ATCC 29413,  Nostoc  
sp. PCC 7120 and  Gloeobacter violaceus  PCC 7421 harbor 
paralogs, whereas  Synechococcus elongatus  PCC 6301, 
 Synechococcus  sp.   WH 7803 and  Trichodesmium ery-
thraeum  IMS101 harbor only one putative  xfp  gene. There 
is also heterogeneity in the location of putative  xfp  genes: 
in most cases  xfp  genes are located in the chromosome, 
although in some cases they are encoded by plasmids (on-
line suppl. table 1; see also some examples in  table 2 ).



 Phylogenetic Relationships among 
Phosphoketolases 

J Mol Microbiol Biotechnol 2010;18:37–51 39

  The genomic context of the putative  xfp  genes is high-
ly variable and provides very limited help for understand-
ing their evolutionary history. XFP-encoding genes can 
occur in monocystronic clusters or in putative operons 
with a great variety of genes (see  fig. 2  for some exam-

ples), although no clear correlation among the genomic 
context and the phylogenetic reconstructions was ob-
served except for very closely related genes. Notwith-
standing, the association of  xfp  with genes encoding ac-
etate kinases was relatively frequent, especially in  Cyano-
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  Fig. 1.  Schematic representation of the reactions catalyzed by XFPs. Zwf2 = Glucose-6-phosphate dehydroge-
nase; Pgl = 6-phosphogluconolactonase; Gnt = 6-phosphogluconate dehydrogenase; Rpe = ribulose-phosphate 
3-epimerase; Tal = transaldolase; Tkt = transketolase; Gap = glyceraldehyde-3-phosphate dehydrogenase;
Pgk = phosphoglycerate kinase; Gpm = phosphoglycerate mutase; Eno = enolase, Pyk = pyruvate kinase;
AckA = acetate kinase A; Ldh2 =  L -lactate dehydrogenase; Pfl = pyruvate formate-lyase; Adh2 = alcohol dehy-
drogenase; Pta = phosphate acetyltransferase. 
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Table 1. Distribution of xfp genes in bacteria

Class Order Screened
genomes

Genomes 
harbouring xfp

Acidobacteria Acidobacteriales 1 0
Solibacteres Solibacterales 1 0
Actinobacteria Actinomycetales 41 23
Actinobacteria Bifidobacteriales 2 2
Actinobacteria Rubrobacterales 1 0
Aquificae Aquificales 1 0
Bacteroidia Bacteroidales 6 0
Flavobacteria Flavobacteriales 3 0
Sphingobacteria Sphingobacteriales 2 0
Chlamydiae Chlamydiales 11 1
Chlorobia Chlorobiales 5 2
Chloroflexi Chloroflexales 2 0
Dehalococcoidetes – 3 0
Dehalococcoidetes Chroococcales 12 6
Dehalococcoidetes Nostocales 2 2
Dehalococcoidetes Oscillatoriales 1 0
Gloeobacteria Gloeobacterales 1 1
Gloeobacteria Prochlorales 11 0
Unclassified Cyanobacteria – 1 0
Deinococci Deinococcales 2 0
Deinococci Thermales 2 0
Bacilli Bacillales 39 0
Bacilli Lactobacillales 44 19
Clostridia Clostridiales 20 2
Clostridia Thermoanaerobacterales 4 0
Mollicutes Acholeplasmatales 2 0
Mollicutes Entomoplasmatales 1 0
Mollicutes Mycoplasmatales 14 1
Fusobacteria Fusobacteriales 1 0
Planctomycetacia Planctomycetales 1 1
Alphaproteobacteria Caulobacterales 1 0
Alphaproteobacteria Rhizobiales 28 23
Alphaproteobacteria Rhodobacterales 10 1
Alphaproteobacteria Rhodospirillales 5 1
Alphaproteobacteria Rickettsiales 16 0
Alphaproteobacteria Sphingomonadales 5 0
Betaproteobacteria Burkholderiales 33 3
Betaproteobacteria Hydrogenophilales 1 1
Betaproteobacteria Methylophilales 1 1
Betaproteobacteria Neisseriales 4 0
Betaproteobacteria Nitrosomonadales 3 3
Betaproteobacteria Rhodocyclales 3 1
Deltaproteobacteria Bdellovibrionales 1 0
Deltaproteobacteria Desulfobacterales 1 0
Deltaproteobacteria Desulfovibrionales 4 0
Deltaproteobacteria Desulfuromonadales 5 0
Deltaproteobacteria Myxococcales 3 2
Deltaproteobacteria Syntrophobacterales 1 0
Epsilonproteobacteria Campylobacterales 17 0
Epsilonproteobacteria unclassified Epsilonproteobacteria 2 0
Gammaproteobacteria Aeromonadales 2 0
Gammaproteobacteria Alteromonadales 19 13
Gammaproteobacteria Cardiobacteriales 1 0
Gammaproteobacteria Chromatiales 3 1
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bacteria  and  Proteobacteria . Some cases, such as the 
 � - Proteobacteria   Anaeromyxobacter  sp. Fw109-5 and  An-
aeromyxobacter dehalogenans  2CP-C, harbor genes en-
coding putative fusion acetate kinase-XFP proteins 
( fig. 2 ).

  Phylogenetic Reconstructions 
 Previous phylogenetic analyses have suggested a com-

mon origin for XFPs, transketolases, 2-oxoisovalerate de-
hydrogenases and dihydroxyacetone synthases [Costel-
loe et al., 2008]. Although not shown in this study, our 
preliminary phylogenetic analyses confirmed that XFPs 
constitute a cluster clearly distinguishable from the other 
three enzymes.

  The best evolutionary model for amino acid sequences 
under the Akaike Information Criterion (AIC) was rt-
REV [Dimmic et al., 2002] with a gamma distribution 
accounting for heterogeneities in evolutionary rates 
among sites. The likelihood mapping analysis of the 128 
amino acid sequences alignment indicated that the data-
set contained a fair amount of phylogenetically informa-
tive signal, with 86.9% fully resolved quartets. Only 5.2% 
of the quartets were completely unresolved; therefore, a 
completely resolved phylogeny was not expected. Not-
withstanding, the phylogenetic reconstruction using 
maximum likelihood allowed distinguishing three high-
ly supported groups ( fig. 3 ). Group 1 encompassed 110 
sequences (73.8%) including both bacterial and eukary-
otic XFPs ( fig. 4 ). Group 2 was constituted by sequences 
from  Proteobacteria  ( fig. 5 a), and group 3 contained se-
quences from  Cyanobacteria  and one sequence from the 
 � -proteobacterium  Thiobacillus denitrificans  ( fig. 5 b). 

One of the putative XFPs encoded by  Nocardia farcinica  
IFM 10152 plasmid pNF1 (gene pnf11130, nfarcin2) clus-
tered apart, thus forming a fourth group ( fig. 3 ). The large 
phylogenetic distances between the three groups indicate 
either an ancestral divergence or a high evolutionary rate 
for the sequences of groups 2 and 3. However, the deep 
branching of these groups ( fig. 3 ) would be in agreement 
with an ancestral divergence. Unfortunately, no structur-
al or functional information on the proteins belonging to 
groups 2 and 3, which might help to gain insight in this 
issue, is available.

  The low similarity among the sequences of the differ-
ent groups limited the utility of the joint phylogenetic 
analysis. Therefore, in order to gain resolution in the phy-
logenetic reconstructions, trees for each group identified 
in the previous analysis of amino acid sequences were 
constructed using their cognate DNA sequences ( fig. 4 
 and  5 ). The best evolutionary model for the three groups 
was GTR. In order to determine whether saturation in 
substitutions at third codon positions would affect the 
phylogenetic reconstructions, these were also performed 
excluding third bases. The topologies of the correspond-
ing trees were very similar, but higher support for the 
nodes was obtained in the trees from complete codons 
which were used in further analyses. The likelihood map-
ping analyses showed strong phylogenetic signals (93.9, 
92 and 95.7% resolved quartets for groups 1, 2 and 3, re-
spectively).

  Overall, the phylogenetic reconstructions showed a 
clear incongruence with the expected order of organis-
mal descent with the relevant exception of the cyanobac-
terial sequences in group 3. The phylogenetic reconstruc-

Class Order Screened
genomes

Genomes 
harbouring xfp

Gammaproteobacteria Enterobacteriales 45 0
Gammaproteobacteria Legionellales 6 0
Gammaproteobacteria Methylococcales 1 1
Gammaproteobacteria Oceanospirillales 1 1
Gammaproteobacteria Pasteurellales 10 0
Gammaproteobacteria Pseudomonadales 18 7
Gammaproteobacteria Thiotrichales 8 0
Gammaproteobacteria unclassified Gammaproteobacteria 4 0
Gammaproteobacteria Vibrionales 9 0
Gammaproteobacteria Xanthomonadales 8 0
unclassified Proteobacteria – 1 0
Spirochaetes Spirochaetales 10 0
Thermotogae Thermotogales 5 1

Table 1 (continued)
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Table 2. Organisms harboring more than one xfp gene

Taxonomy Species Paralogs Alias Group Location

Actinobacteria Nocardia farcinica nfa13300 nfarcin1 1
Actinomycetales IFM 10152 pnf11130 nfarcin2 4 plasmid pNF1
Nocardiaceae

Cyanobacteria Synechococcus sp. CYA_1981 scoccus1 1
Chroococcales JA-3-3Ab CYA_0447 scoccus2 3

Synechocystis sp. PCC slr0453 synech1 1
6803 sll0529 synech2 3
Thermosynechococcus tll1186 telong1 1
elongatus BP-1 tll1846 telong2 3

Cyanobacteria Anabaena variabilis Ava_0496 avariab1 1
Nostocales ATCC 29413 Ava_4264 avariab2 3
Nostocaceae Nostoc sp. PCC 7120 all2567 nostoc1 1

all1483 nostoc2 1
alr1850 nostoc3 3

Cyanobacteria Gloeobacter violaceus gviolac1 1
PCC glr0997

Gloeobacterales 7421 glr3073 gviolac2 3

Firmicutes Lactobacillus plantarum xpk1 lbplan1 1
Lactobacillales WCFS1 xpk2 lbplan2 1
Lactobacillaceae Lactobacillus salivarius subsp. LSL_1509 lbsali1 1

salivarius UCC118 LSL_1956 lbsali2 1 plasmid pMP118

Firmicutes Leuconostoc mesenteroides subsp. mesenteroides LEUM_1456 lmesen1 1
Lactobacillales ATCC 8293 LEUM_1961 lmesen2 1
Leuconostocaceae Oenococcus oeni PSU-1 OEOE_1183 ooeni1 1

OEOE_1812 ooeni2 1

Alphaproteobacteria Nitrobacter hamburgensis X14 Nham_4367 nhambur1 1 plasmid pPB12
Rhizobiales
Bradyrhizobiaceae Nham_1896 nhambur2 1

Alphaproteobacteria Mesorhizobium sp. BNC1 Meso_2236 mesorhi1 1
Rhizobiales
Phyllobacteriaceae Meso_3878 mesorhi2 2

Alphaproteobacteria Rhizobium leguminosarum bv. RL3902 rlegum1 1
Rhizobiales viciae 3841 RL066 rlegum2 1
Rhizobiaceae Sinorhizobium meliloti 1021 SMa1084 smelit1 1 plasmid pSymA

SMc04146 smelit2 1

Betaproteobacteria Acidovorax sp. JS42 Ajs_1497 acidov1 2
Burkholderiales
Comamonadaceae Ajs_2678 acidov2 2

Betaproteobacteria Thiobacillus denitrificans ATCC tbd_0831 tdenitr1 1
Hydrogenophilales
Hydrogenophilaceae 25259 tbd_0049 tdenitr2 3

Eurotiomycetes Aspergillus fumigatus AFUA_3G00370 afumigat1 1
Eurotiales Af293 AFUA_3G10760 NA
Trichocomaceae Aspergillus terreus ATEG_07454 aterreu1 1

NIH2624 ATEG_04606 aterreu2 1

Sordariomycetes Neurospora crassa NCU06123 ncrassa1 1
Sordariales OR74A
Sordariaceae NCU05151 ncrassa2 1

Tremellomycetes Cryptococcus neoformans var. CNK00070 cneoform1 1
Tremellales
Tremellaceae neoformans JEC21 CNE03100 cneoform2 1

NA = Not included in this study.
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tion of these sequences was congruent with that based on 
their 16S rRNA (p = 0.49 in the Shimodaira-Hasegawa 
test;  fig. 6 c). Within group 1 ( fig. 4 ), three well-supported 
subgroups could be distinguished: the first spanned se-
quences of  Actinobacteria ,  Cyanobacteria ,  Proteobacteria  
and other bacteria as well as some fungal  xfp s; the second 
one was a monophyletic cluster encompassing all XFPs 
from  Firmicutes , and the third one was constituted by the 
putative XFPs of  Shewanella  and the second cluster of 
fungal XFPs. Even monophyletic clusters such as  Fir-
micutes  or  Actinobacteria  (excepting the putative XFP 
gene harbored by  P. syringae ) showed topologies that 
were not congruent with their counterparts based on 16S 
rRNA genes (p  !  0.05 in the SH test;  fig. 6 a). These cases 
of lack of congruence cannot be explained as artifacts in 
the phylogenetic reconstructions since XFPs sequences 
within each group are highly conserved (for example, two 
of the more distant sequences in group 1,  Ustilago maydis  
and  Thermotoga lettingae  share 39% identical amino ac-
ids;  fig. 4 ) and most nodes had bootstrap support values 
higher than 80%.

  Discussion 

 The physiological role of XFP is unclear in some or-
ganisms since this enzyme is not essential for pentose 
utilization. For example, model organisms such as  Esch-
erichia coli  [Fraenkel, 1987] or  Bacillus subtilis  [Stulke 
and Hillen, 2000] can grow on pentoses without XFP. 
However, a recent study on  Aspergillus nidulans  suggests 
that XFP provides greater flexibility to central metabo-
lism: higher specific growth rates and growth yields were 
observed with xylose, glycerol or ethanol when XFP was 
overexpressed in  A. nidulans . Moreover, the overexpres-
sion of XFP resulted in high conversion yields of sugars 
to secondary metabolites originating from acetyl-CoA at 
the expense of a lower flux through glycolysis [Panag-
iotou et al., 2008]. Theoretically, the degradation of pen-

toses through XFP would be energetically advantageous 
over the classical pentose phosphate pathway since an 
additional ATP can be gained from degradation of ace-
tyl-P to acetate [Wolfe, 2005]. In this sense, the associa-
tion of  xfp  to genes encoding acetate kinases may be an 
indication of the assembling of this pathway in some 
 Proteobacteria  and  Cyanobacteria . The functional asso-
ciation between XFP and acetate kinase has also been 
evidenced in  Bifidobacterium lactis , in which increases 
in acetic acid production through XFP overproduction 
were suggested as one of the most plausible mechanisms 
by which this organism optimizes its energetic metabo-
lism in the presence of bile salts [Sánchez et al., 2005]. In 
summary, the functional information currently avail-
able indicates that XFP provides an alternative, energet-
ically more efficient, catabolic pathway to the classical 
pentose phosphate pathway. This characteristic of being 
alternative to a central glycolytic pathway helps to un-
derstand the nonverticality of the evolution of the  xfp  
gene.

  The phylogenetic analysis of putative  xfp  genes shows 
a clear disagreement with the expected order of organis-
mal descent. The strong phylogenetic signal and support 
for most nodes in the phylogenetic reconstructions allow 
us to rule out methodological artifacts. Therefore, the ob-
served phylogenetic reconstructions and distribution of 
putative  xfp  genes must be explained by considering oth-
er phenomena such as recent and ancestral duplications, 
lineage-specific gene losses and HGTs. HGT is now ac-
cepted as a major factor in the evolution of prokaryotes. 
HGT among closely related bacteria is well characterized 
and the mechanisms that mediate gene transfers are 
known. Furthermore, a number of studies have also 
shown that HGT can occur among distantly related or-
ganisms [Beiko et al., 2005; Lerat et al., 2005; Nakamura 
et al., 2004; Raymond et al., 2002]. In a rigorous analysis 
of 144 prokaryotic genomes, Beiko et al. [2005] found that 
genes involved in sugar metabolism are among the most 
prone to HGT. Recently, Dagan et al. [2008] analyzed 188 
prokaryotic genomes and estimated that at least 81 of the 
genes in each genome were involved in HGTs at some 
point in their history.

  Several species included in this study harbored puta-
tive  xfp  paralogs. With the possible exception of  Acidov-
orax  sp. ( fig. 5 a), these paralogs do not seem to result 
from recent duplication events since paralogs from the 
same species regularly appear as distantly related to each 
other. However, several different situations can be dis-
tinguished: duplicated  xfp s can be located in different 
clusters within the same group (for example fungal  xfp s) 

  Fig. 4.  Maximum likelihood topology derived from the alignment 
of nucleotide sequences of the  xfp  genes belonging to group 1. The 
tree is rooted according to the phylogenetic reconstruction of 
amino acid sequences (fig. 3). Bootstrap support values for nodes 
with bootstrap higher than 80% are shown. Relevant taxonomic 
groups are indicated. Coloring scheme: blue,  � - Proteobacteria ; 
brown,  � - Proteobacteria ; green,  Cyanobacteria ; orange,  Actino-
bacteria ; pink,  � - Proteobacteria ; red,  Firmicutes  (excluding  Lac-
tobacillales ). Paralogs are indicated by their corresponding 
aliases. 
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or in different groups, such as some  xfp s from  Cyanobac-
teria ,  Proteobacteria  and  N. farcinica  IFM 10152. In some 
cases, one of the copies was chromosomally encoded 
whereas the other was located in a plasmid ( table 2 ), sug-
gesting that some of these paralogs are actually xenologs. 
Although direct evidence of the involvement of any of 
these plasmids in HGT is not available, there are some 
indications suggesting that at least some of them have 
been involved in HGT. The analysis of  Synorhizobium 
meliloti  1021 megaplasmid pSymA evidenced a mosaic 
structure possibly due to recombination with closely re-
lated bacteria [Guo et al., 2007]. Furthermore, a cluster 
of genes putatively involved in conjugal transfer and a 
putative  oriT  can also be found in this megaplasmid [Ga-
libert et al., 2001].  Nitrobacter hamburgensis  plasmid 
pPB12 (encoding the  xfp  gene nhambur1) also harbors a 
gene cluster for conjugal transfer [Starkenburg et al., 
2008].

  There are additional indications of the likely role of 
HGT in the evolution of putative  xfp  genes: several  xfp  
genes are annotated as putatively acquired by HGT in the 
Horizontal Gene Transfer database (HGT-DB) [García-
Vallvé   et al., 2003] such as  Mesorhizobium  sp. BNC1 me-
sorhi2,  N. hamburgensis , nhambur2,  Nitrosococcus oce-
ani  noc_2717 and  Rhizobium leguminosarum  rlegum2, 
although not all genomes studied here are included in the 
HGT-DB. This database compiles statistical parameters 

such as G+C content, codon and amino acid usage and 
identifies genes putatively acquired by HGT on the basis 
of deviations of these parameters from the values of their 
cognate genomes. Furthermore, the position of some se-
quences in otherwise monophyletic clusters such as  P. sy-
ringae  pv. tomato ( fig. 4 ) or  T. denitrificans  tdenitr2 
( fig. 5 b) also points to HGT events.

  Fungal xfp Genes 
 Fungal sequences appear in two clusters, Fungi I to-

gether with sequences of  Shewanella  and Fungi II with 
 Acidiphilium cryptum  ( fig. 4 ). Organisms harboring 
Fungi II sequences also harbor an additional  xfp  gene 
from Fungi I (in the case of  Aspergillus fumigatus  the 
corresponding sequence of Fungi I was not included in 
the study; see online suppl. table 1). Fungi II sequences 
appear as a monophyletic cluster branching within a 
large group of bacterial sequences. Their branch lengths 
are similar to their bacterial counterparts. Taken togeth-
er, these observations strongly suggest that Fungi II se-
quences are of bacterial origin and that the transference 
from bacteria to fungi occurred only once. However, the 
position of Fungi I is more debatable: the branching or-
der of Fungi I sequences, although they include only five 
species, is in agreement with the expected order of or-
ganism descent, suggesting that this gene evolved or was 
acquired before the differentiation of  Ascomycota  and 
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  Fig. 5.  Maximum likelihood topology de-
rived from the alignment of nucleotide se-
quences of the  xfp  genes belonging to 
groups 2 ( a ) and 3 ( b ). The trees are rooted 
according to the phylogenetic reconstruc-
tion of amino acid sequences (fig. 3). Boot-
strap support values for nodes with boot-
strap higher than 80% are shown. Relevant 
taxonomic groups are indicated. Coloring 
scheme as indicated in figure 4. Paralogs 
are indicated by their corresponding 
aliases.                     
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 Basidiomycota . The close phylogenetic relationship with 
sequences of  Shewanella  suggests a possible transfer, al-
though our results do not allow determining its direc-
tion.

  Incongruence of Group 1 Monophyletic Clusters with 
the Expected Order of Organismal Descent 
 Within group 1, three large, supported monophyletic 

clusters were observed ( fig. 4 ). The first group corre-
sponded to  Actinobacteria , with the exception of the se-
quence from  P. syringae  pv. tomato); the second group 

encompassed  Firmicutes  and the third group included 
 Rhizobiales,  although additional  xfp  genes from this fam-
ily can be found in other clusters. Remarkably, none of 
these clusters agrees with the phylogenies derived from 
16S rRNA (p  !  0.05 in the SH test), thus indicating that 
each cluster originated from a single common ancestor 
and that additional events apart from vertical inheritance 
have occurred during their subsequent evolution.

  In  Firmicutes , paralogy ( table 2 ;  fig. 4 ) can account for 
some discrepancies but it cannot explain the positions of 
 Mycoplasma agalactiae ,  L. lactis  IL1403 and streptococ-
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  Fig. 6.  Comparison between topologies of 
the maximum likelihood trees derived for 
 xfp  genes and their corresponding 16S 
rRNAs.  a  Comparison of actinobacterial 
sequences.  b  Comparison of rhizobial se-
quences.  c  Group 3 cyanobacterial se-
quences. See online suppl. table 2 (www.
karger.com/doi/10.1159/000274310) for 
aliases of the sequences.                     
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cal sequences within a cluster of  Lactobacillaceae  se-
quences ( fig. 4 ). On the other hand, the basal position of 
 Clostridium acetobutylicum  suggests that this sequence 
was not transferred from lactobacilli or that the transfer 
occurred at an early stage in the evolution of these groups. 
Therefore, the phylogenetic analysis indicates that puta-
tive  xfp  genes of  Firmicutes  evolved from a common an-
cestor, although it cannot be established whether this 
 sequence was present in the last common ancestor of 
  Firmicutes  and subsequently lost in most lineages or-
whether it was acquired by a member of  Lactobacillaceae  
and transferred to other  Firmicutes . In any case, this pu-
tative ancestral  xfp  gene was clearly differentiated from 
the ancestors of the other subgroups within group 1.

  A clear incongruence between the phylogenetic recon-
struction of actinobacterial  xfp  genes and the presumed 
order of organismal descent is also observed ( fig. 6 a). 
With the exception of  N. farcinica , no  Actinobacteria  har-
bor putative  xfp  paralogs. Although hidden paralogy 
might explain the observed phylogenetic relationships, 
several paralogs should have been present in the last com-
mon ancestor of  Actinobacteria . The optimal reconstruc-
tion using TreeMap in order to reconcile the  xfp  and 16S 
trees required eight HGT events and seventeen sorting 
events (that is, lineage-specific gene losses or segregation 
of paralogs). HGT may also explain the phylogenetic re-
construction: under this view, the putative  xfp  gene could 
have been transferred once from a nonactinobacterial do-
nor (possibly a proteobacteria considering the position of 
the actinobacterial cluster;  fig. 4 ) to an  Actinobacteria  re-
ceptor and subsequently disseminated among actinobac-
teria by HGT.

  Cases of Proteobacterial and Cyanobacterial 
Sequences Point to HGT as a Major Driving Force in 
xfp Evolution 
 In contrast to the situation of  Actinobacteria  and  Fir-

micutes , proteobacterial and cyanobacterial  xfp  genes ap-
pear in most clusters of the trees in clear contradiction 
with the expected order of organismal descent. This is 
particularly illustrated by gamma proteobacterial  xfp  
genes ( fig. 4  and  5 b). Even in a monophyletic cluster such 
as that constituted by some sequences of  Rhizobiales  
( fig. 4 ), the branching order is clearly incongruent with 
that derived from 16S rRNA sequences (SH  !  0.05;  fig. 6 b). 
The presence of paralogs may be invoked as a source of 
incongruence; however, the phylogenetic reconstructions 
suggest that most paralogs, if not all, are actually xeno-
logs. The optimal reconstruction using TreeMap required 
six duplications, eight HGT events and forty-five sorting 

events. The phylogenetic reconstruction indicates that 
the large cluster within group 1 which includes actino-
bacterial and most proteobacterial sequences evolved 
from a common ancestor ( fig. 4 ). Considering only the 
most basal nodes of this cluster, at least six paralogs 
should be postulated in the last common ancestor of the 
bacteria present in the subgroup. Subsequently, the evolu-
tion of these bacteria would have been accompanied by 
the loss of most paralogs, and only in a very limited num-
ber of taxa some of them would have been conserved. For 
example, to explain the clustering of  Marinomonas  sp. 
MWYL1 and  Rhodopirellula baltica  SH 1 ( fig. 4 ), a para-
log present in the last common ancestor of both organ-
isms should be postulated which would have been subse-
quently lost in all derived taxa except in these two spe-
cies.

  Furthermore, the phylogenetic positions of some se-
quences clearly point to HGT events as a better alterna-
tive explanation of the observed distribution. In addition 
to the cases already discussed, group 3 includes a putative 
XFP-encoding gene of the  � - Proteobacterium T. denitri-
ficans  (tdenitr2;  fig. 5 b). As indicated above, the phyloge-
netic reconstruction of the cyanobacterial sequences of 
this group agrees with the expected order of organismal 
descent ( fig. 6 c), thus strongly suggesting that this gene 
has been inherited vertically within this group and that 
 T. denitrificans  acquired this gene from a cyanobacterial 
donor. The comparison of the genetic context of tdenitr2 
and its most closely related counterpart, gviolac2, also 
shows remarkable similarities ( fig. 2 ): both genes are 
clustered together with genes encoding the subunits 
GlcD, GlcE and GlcF of glycolate dehydrogenase [Eisen-
hut et al., 2006]. This arrangement is not found for any 
other putative XFP-encoding gene.

  Summarizing the evidence discussed above, the phy-
logenetic reconstructions, the distribution of putative  xfp  
genes, the location of some  xfp  genes in plasmids and, in 
some cases, the genetic context all point to HGT as a ma-
jor mechanism explaining the distribution and evolution 
of  xfp  genes.

  Xylulose-5-P and Fructose-6-P Phosphoketolases 
Cannot Be Distinguished on the Basis of Their 
Phylogenetic Relationships 
 Functional information on XFPs is limited to a few 

bacteria, mostly lactobacilli and bifidobacteria, and fun-
gi. The available evidence has shown that some XFPs act 
over both fructose-6-phosphate and xylulose-5-phos-
phate [Meile   et al., 2001; Schramm   et al., 1958], whereas 
in some cases the use of only one of the two possible sub-
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strates has been reported, like the XFP of  Thiobacillus 
novelus  [Greenley and Smith, 1978] or  Fibrobacter suc-
cinogenes  [Matheron   et al., 1997], which can use only xy-
lulose-5-phosphate. Unfortunately, the sequences of these 
XFPs are not available. Also, the existence of two types of 
XFPs, a fructose-6-phosphate-specific enzyme present in 
human-associated species like  Bifidobacterium dentium , 
and a less specific xylulose 5-phosphate/fructose 6-phos-
phate phosphoketolase present in animal-associated spe-
cies like  Bifidobacterium animalis  and  Bifidobacterium 
globosum  has been described [Grill   et al., 1995; Meile et 
al., 2001; Sgorbati et al., 1976]. However, nucleotide se-
quences of different  Bifidobacterium  sp.  xfp s do not allow 
differentiating between the two types [Yin et al., 2005] 
and both bifidobacterial sequenced genomes harbor only 
one  xfp  gene. It is also possible that different experimen-
tal approaches may have led to contradictory results. For 
example, the XFP of  L. plantarum  was originally de-
scribed as specific for xylulose-5-phosphate [Heath et al., 
1958]; however, recent results indicate that both XFPs of 
 L. plantarum  have dual activity [Yevenes and Frey, 2008]. 
In summary, differences in substrate preference cannot 
be correlated to phylogenetic clusters and possibly most 
enzymes have a dual activity.

  Conclusions 

 The analysis of putative  xfp  genes shows that HGT has 
been a major driving force in the evolution of XFPs. In 
relation to their functional role, we hypothesize that the 
acquisition of  xfp s enabled the assembly of an efficient 
catabolic pathway for pentose utilization in many organ-
isms. Furthermore, although limited, the available func-
tional information indicates that XFP has been inserted 
in different metabolic pathways by different host organ-
isms. For example, in bifidobacteria the acquisition of  xfp  
possibly allowed the organization of a particular glyco-
lytic pathway. The presence of paralogs in some organ-
isms points to the involvement of XFP in more than one 
pathway. Therefore, the acquisition of functional infor-
mation about these XFPs would greatly help to under-
stand the evolution of this enzyme.

  Experimental Procedures 

 Sequences 
 Six hundred and fifty genomes from 435 different species 

available at the NCBI repository (on October 2007) were screened 
for genes encoding putative XFPs by using PSI-BLAST and 

TBLASTN [Altschul et al., 1990, 1997]. The  Bifidobacterium lon-
gum  sequence (Acc. No. NP_696135) was used to query the Gen-
Bank database. The search was iterated until no additional hits 
were retrieved. The sequences retrieved were then selected at-
tending to the presence of their characteristic domains (pfam 
09364, XPK_N; pfam03894, XPK; pfam09363, XPK_C) or cover-
age of at least 75% of the query sequence. Subsequently, addition-
al PSI-BLAST searches using the most distant sequences among 
those selected were performed in order to retrieve possible homo-
logs not identified in the first search. Finally, TBLASTN searches 
were performed against the available complete genome sequences 
using the same query sequences as for the PSI-BLAST searches. 
In a few cases, the TBLASTN search detected significant similar-
ity upstream their annotated translational start sites. These se-
quences, suspected to be possible pseudogenes or containing se-
quencing or annotation mistakes, were excluded from the analy-
sis (see online suppl. table 1). The data set was subsequently 
refined by excluding redundant sequences. Finally, 128 sequences 
were included in the analysis.

  Alignment and Phylogeny Reconstruction 
 A multiple alignment of amino acid sequences was obtained 

using ClustalW [Thompson et al., 1994] and manually corrected 
where necessary. The MEGA 4 package [Tamura et al., 2007] was 
used to derive the multiple alignments of nucleotide sequences by 
introducing gaps according to the previously derived amino acid 
alignment. Positions of doubtful homology or introducing phylo-
genetic noise due to an excessive number of gaps were removed 
using Gblocks [Castresana, 2000]. The final multiple alignments 
used for the analyses can be found in online suppl. table 1.

  In order to obtain accurate phylogenies, the best fit model of 
amino acid or nucleotide substitution was selected using the pro-
grams ProtTest [Abascal et al., 2005] and ModelTest [Posada and 
Crandall, 1998], respectively. The AIC, which allows for a com-
parison of likelihoods from nonnested models, was adopted to 
select the best models [Akaike, 1974]. For the protein data set, the 
model chosen was rtREV [Dimmic et al., 2002], and GTR [Lanave 
et al., 1984] for the nucleotide data sets. The selected models were 
implemented in PHYML [Guindon and Gascuel, 2003] to obtain 
maximum likelihood trees for the different alignments. Boot-
strap support values were obtained from 1,000 pseudorandom 
replicates. The phylogenetic signal contained in the different data 
sets was assessed by likelihood mapping [Strimmer and von Hae-
seler, 1997] using Tree-Puzzle 5.2 [Schmidt et al., 2002]. Since the 
rtREV model is not implemented in Tree-Puzzle, the WAG mod-
el [Jones et al., 1992] of amino acid evolution (the second best 
model selected by ProtTest) was used. For amino acid sequences, 
the rtREV model of amino acid evolution with a discrete gamma 
distribution to account for heterogeneity in evolutionary rates 
among positions in the multiple alignments was used. For nucle-
otide sequences, the GTR model of nucleotide evolution with 
gamma correction and an estimation of the proportion of invari-
ant sites was used.

  Phylogenetic trees of sequences encoding 16S rRNA were ob-
tained using the tools implemented in the Ribosomal Database 
Project II [Cole et al., 2007] and were considered as standard ref-
erence trees. Comparisons between each maximum likelihood-
derived tree for putative  xfp  genes and the 16S rRNA topology 
were carried out for selected groups. Shimodaira-Hasegawa’s test 
[Shimodaira and Hasegawa, 1999] implemented in the program 
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TreePuzzle 5.2 was used to determine whether the likelihood of 
the data associated with the two test trees was significantly dif-
ferent at an  � -level of 0.05 (a value above the threshold indicating 
a nonsignificant difference). Congruence between pairs of topol-
ogies was also evaluated and graphically represented using 
TreeMap [Page, 1994].
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