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Multilayered horizontal operon transfers from bacteria
reconstruct a thiamine salvage pathway in yeasts
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Horizontal acquisition of bacterial genes is presently recognized as
an important contribution to the adaptation and evolution of
eukaryotic genomes. However, the mechanisms underlying ex-
pression and consequent selection and fixation of the prokaryotic
genes in the new eukaryotic setting are largely unknown. Here we
show that genes composing the pathway for the synthesis of the
essential vitamin B1 (thiamine) were lost in an ancestor of a yeast
lineage, the Wickerhamiella/Starmerella (W/S) clade, known to
harbor an unusually large number of genes of alien origin. The
thiamine pathway was subsequently reassembled, at least twice,
by multiple HGT events from different bacterial donors involving
both single genes and entire operons. In the W/S-clade species
Starmerella bombicola we obtained direct genetic evidence that
all bacterial genes of the thiamine pathway are functional. The
reconstructed pathway is composed by yeast and bacterial genes
operating coordinately to scavenge thiamine derivatives from the
environment. The adaptation of the newly acquired operons to
the eukaryotic setting involved a repertoire of mechanisms until
now only sparsely documented, namely longer intergenic regions,
post-horizontal gene transfer (HGT) gene fusions fostering coordi-
nated expression, gene relocation, and possibly recombination
generating mosaic genes. The results provide additional evidence
that HGT occurred recurrently in this yeast lineage and was crucial
for the reestablishment of lost functions and that similar mecha-
nisms are used across a broad range of eukaryotic microbes to pro-
mote adaptation of prokaryotic genes to their new environment.
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H orizontal transfer of genes (HGT) from bacteria to various
eukaryotic settings is well documented over the entire scope
of eukaryotes (1-4), including eukaryotic microbes comprising
fungi, protists, and algae (5-9). Notwithstanding this, the events
leading to the selection and fixation of xenologous genes in their
new environment are still relatively poorly understood. One
important hurdle that needs to be overcome for protein coding
genes is the fact that while expression is a prerequisite for se-
lection, mechanisms of gene expression are widely distinct be-
tween eukaryotes and prokaryotes. This is particularly relevant
for horizontally acquired traits that require the action of more
than one gene product, because this means that all genes in-
volved must be functional in order for the selectable phenotype
to be expressed.

Functionally related genes are often located in genomic
proximity. In bacteria, they are organized in operons and are
transcribed as polycistronic mRNAs, while in eukaryotes they
may be found in clusters of independently transcribed genes (10—
12). This is thought to facilitate horizontal transfer of function
related genes between similar organisms in a single event (13—
21). Remarkably, this also seems to apply to horizontal trans-
fers of operons from bacteria to eukaryotes according to pre-
vious reports (6, 22-25). Bacterial operons transferred to
eukaryotic organisms have been proposed to fulfill important
roles such as changes in the nutritional status of the host (22) or
adaptation to extreme environments (23, 25). Different mecha-
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nisms presumed to have facilitated a transition from bacterial
operon transcription to eukaryotic-style gene expression were
proposed, such as gene fusion giving rise to multifunctional pro-
teins (6, 23, 24), increase in intergenic distances between genes to
generate room for eukaryotic promoters, and independent tran-
scription producing mRNAs with poly(A) tails have been dem-
onstrated (22). In the best documented study, which concerns a
bacterial siderophore biosynthesis operon acquired by yeasts be-
longing to the Wickerhamiella/Starmerella (W/S) clade, the bacte-
rial genes acquired as an operon were shown to be functional (22).

Thiamine, commonly known as vitamin B1, is essential for all
living organisms because its active form, thiamine pyrophosphate
(TPP), is an indispensable cofactor of enzymes participating in
amino acid and carbohydrate metabolism (26-30). Some or-
ganisms that are unable to synthesize thiamine de novo are
nevertheless capable of using a salvage pathway to rescue the
pyrimidine (hydroxymethylpyrimidine or HMP) and thiazole
(hydroxyethylthiazole or HET) precursors and similar compounds
that result from natural thiamine degradation in the surrounding
environment (31, 32).

In the present study we describe a composite thiamine salvage
pathway made up of yeast and bacterial genes found in several
species of the yeast W/S clade. Our recent work (5) revealed that
the W/S-yeast clade harbors an unusual large number of HGT
events in yeasts, mostly as single genes, a finding independently
confirmed in a large study in which ~300 yeast genomes were
examined (9). Here we show that in W/S-clade species most of
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the genes in the thiamine salvage pathway were originally ac-
quired from bacteria as part of an operon and we use genetic
dissection to link each of the transferred genes with an observ-
able phenotype in the yeast setting. Moreover, we present evi-
dence for the occurrence of 2 independent horizontal operon
transfer (HOT) events in distinct subclades within the W/S lineage
that, complemented by the independent horizontal acquisition of
single functionally related genes, endow the yeast host with the
ability to salvage a wide range of thiamine precursors.

Results

Thiamine Genes in the W/S-Yeast Clade. Many organisms lack the
genes encoding enzymes of the 2 upper branches of the pathway
used to generate the pyrimidine and thiazole precursors for de
novo biosynthesis of thiamine, while maintaining only the genes
composing the salvage pathway for thiamine or its precursors
(31-33). Thi5 and Thi4 are the most important enzymes in each
of the 2 pathway branches required for de novo thiamine syn-
thesis (34) (Fig. 14). THI5 is absent in all W/S clade species
examined and THI4 is missing in about half of the species in the
clade. They maintain however the indispensable genes encoding
a thiamine transporter, Dur31 (35), and the kinase Thi80, re-
sponsible for TPP synthesis (Fig. 1 4 and B). Species that lack
THI5, or both THI5 and THI4, often maintain the salvage
pathway genes THI6 and THI20 that enable them to scavenge
thiamine derivatives from the environment (36, 37). In W/S-
clade species, significant tBLASTX hits (e-value < e¢™'°) were
retrieved from available genomes for the THI6 and THI20
genes (Fig. 1 A and B). These 2 genes are contiguous in the ge-
nome of all W/S-clade species, but not in the genomes of most

Saccharomycotina yeasts (SI Appendix, Fig. S1). Thi20 seems to be
encoded by 2 separate genes, while for Thi6 a single gene was
predicted in most species. A subsequent BLASTp search using
the 3 predicted proteins from St. bombicola (2 corresponding to
different domains of THI20 and 1 corresponding to THI6) re-
trieved bacterial proteins as top hits (Fig. 1B and Dataset S1)
and no yeast proteins among the first 1,000 hits. The same result
was obtained for all W/S-clade THI6 or THI20 homologs, sug-
gesting that these genes, when present, always have bacterial
origin in the W/S clade. The proteins exhibiting the Thi6 and
Thi20 enzymatic activities are both encoded by 2 genes each in
most bacteria (thiE and thiM, and tenA and thiD, respectively), as
depicted in Fig. 14. It was not possible to ascertain the origin of
THI6 and THI20 in Wickerhamiella hasegawae, because pre-
liminary BLASTx searches using the C-terminal and N-terminal
domains of the Thi6 and Thi20 from this species showed a
mosaic-like pattern for both genes, where part of the protein
exhibited high sequence similarity with bacterial proteins while
the other domain presented homology with fungal proteins (Fig.
1B and Dataset S2).

Independent Acquisitions of Bacterial Thiamine Operons by W/S-Clade
Species. The fact that THI genes are found adjacent to each other
in the genomes of W/S-clade yeasts led us to examine the pos-
sibility that they were acquired in a single event as an operon.
The thiamine operon is organized differently in distinct bac-
teria (38), which is thought to result from reshuffling during
evolution and is observed in many other instances (39-41).
Hence, gene order and content, as phylogenetic analysis, can be
indicative of the plausibility of HOT occurrences as opposed to
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Fig. 1. (A) Thiamine biosynthetic pathway in bacteria and yeast. Genes involved in thiamine biosynthesis in B. subtilis are represented in blue while their
counterparts in S. cerevisiae are represented in red. Yellow arrows represent the salvage pathways that can be present in both yeast and bacteria. The red
stars represent thiamine degradation. (B) Presence and absence of the main genes involved in the de novo and salvage thiamine biosynthesis in the W/S clade.
Gray squares denote missing genes; blue squares, genes of bacterial origin; and red squares, genes of fungal origin. The origin of the W. hasegawae THI6 and
THI20 genes was unclear. Phylogenetic relationships between species are depicted based on a ML phylogeny constructed as described in Materials and
Methods. Branches with 100% support are indicated by black dots while bootstrap values >75% are shown next to the respective branches.
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single gene acquisitions, as well as of the bacterial lineage that
originated a putative HOT event.

Since the results of BLASTp searches suggested that the
possible bacterial donors of THI genes might belong to the
Bacteroidetes or the Firmicutes for most W/S-clade species or
the Burkholderiales (Betaproteobacteria) for Wickerhamiella gal-
acta (Dataset S1), gene content and order of the thiamine clusters
identified in the W/S clade were compared to operons found in
extant representatives of these 3 bacterial lineages. For most W/S-
clade species, the organization of the thiamine cluster resembled
that of the thiamine operon in the Bacteroidetes (Fig. 2.4 and B).
The exceptions were W. galacta and Wickerhamiella versatilis in
which fenA was found at a different genomic location (Fig. 24).
Hence, cluster organization in these 2 species resembled instead
the Burkholderiales (Betaproteobacteria; Fig. 2B).

To investigate further the origin of the thiamine cluster found
in the W/S clade, a detailed phylogenetic analysis was sub-
sequently performed. The THI6 homolog (henceforth named
thiEM) encompasses regions that are homologous to bacterial thiE
(upstream portion of THI6) and thiM (downstream portion of
THI6). Fusions between these 2 genes also occur in bacteria but
are apparently uncommon (42). In our BLASTp searches using
the fused version of ThiEM from St. bombicola, we could identify
similar fusion events in Actinobacteria and in the Firmicutes
(Dataset S1). However, preliminary phylogenetic analysis showed
that the thiEM gene fusion found in the W/S clade is unrelated to
the bacterial fusions in the 2 former bacterial phyla (SI Appendix,
Fig. S2). Hence, independent phylogenies were constructed for
the ThiE and ThiM portions of the ThiEM protein (Fig. 3). The
phylogenetic signal for the 2 protein moieties in ThiEM was not
consistent, either when protein moieties are analyzed separately
(Fig. 3) or as a fusion protein (SI Appendix, Fig. S2). Nevertheless,
the closest bacterial relatives suggested by the independent phy-
logenies (Fig. 3) are species in the Proteobacteria for ThiM and in
the Bacteroidetes for ThiE. The latter is in line with the congruent
phylogenies obtained for TenA and ThiD that also suggest a do-
nor in the Bacteroidetes and is also consistent with the findings
concerning gene order and content (Fig. 2). Given that the phy-

logenetic position of TenA from W. versatilis strongly supports a
common origin with the remaining species in the St. bombicola
subclade (Fig. 3 and SI Appendix, Fig. S2), the distinct genomic
location of the fenA gene is likely the result of a postacquisition
rearrangement. In Wickerhamiella domercqiae, a fusion between
the tenA and thiD genes was observed (Fig. 24). In independent
phylogenies the TenA and ThiD moieties cluster with the cognate
proteins in other species of the St. bombicola subclade, in positions
consistent with the phylogenetic relationships between the species
(Figs. 3 and 1B), strongly suggesting that the fusion occurred
postacquisition.

In W. galacta, the thiD gene is fused instead to thiE and thiM,
while fenA is in another genomic location. Again, independent
phylogenies were constructed with the ThiD, ThiE, and ThiM
homologous portions separately. The 3 protein moieties cluster
with homologs in the Burkholderiales (Betaproteobacteria, see
Fig. 4 and SI Appendix, Fig. S2), albeit with weak support for
ThiD (Fig. 4), while the donor lineage in the case of fen4 seems
to be distinct, probably belonging to the Actinobacteria (SI Ap-
pendix, Figs. S3 and S2). Acquisition of a fen4-lacking operon
from the Burkholderiales (Betaproteobacteria) by W. galacta, with
the fenA gene originating from a different donor is also consistent
with the gene order and content information shown in Fig. 2. The
phylogenetic analyses including all putative bacterial donor line-
ages and transferred genes (SI Appendix, Fig. S2) also support the
independent origin of the bacterial operons found in the St
bombicola and W. galacta subclades and of ten4 in W. galacta.

Hence, taken together, our data support the identification in
the W/S clade of 2 independent HOT events, as well as the in-
dependent acquisition of ten4 by W. galacta.

Horizontally Acquired THI Genes Participate in a Thiamine Salvage
Pathway. All W/S-clade species examined are predicted to be
auxotrophic for thiamine due to the absence of THI5 (Fig.
1B). However, they may be able to rescue 4-amino-2-methyl-5-
(phosphooxymethyl)pyrimidine (HMP) from the environment if
their salvage pathway of bacterial origin composed of thiEM and
thiD (Fig. 14) is functional. In accordance with this, wild-type
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Fig. 2. Thiamine operon organization. (A) Organization of THI genes in the genomes of representative W/S-clade species. Thiamine metabolism-related
genes are represented by different colors. Syntenic genes between species are represented in black while nonsyntenic genes are represented in white. Black
vertical bars represent ends of scaffolds. (B) Thiamine operon organization in putative donor lineages. A representative species belonging to each order/
phylum is shown. Genes and intergenic regions are drawn to scale. Arrows denote direction of transcription.
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Fig. 3. Maximum likelihood phylogenies of Thi proteins in the W/S clade. Pruned phylogenies showing the closest relatives to W/S-clade proteins are shown.
Branches with support higher than 95% (ultrafast bootstrap) are indicated by black dots.

(WT) St. bombicola was shown to grow on medium lacking thi-
amine but supplemented with HMP (Fig. 54). Next, St. bombicola
deletion mutants (tenAA, thiDA, thiEMA, and tenAAthiDAthiEMA)
were constructed and their ability to grow was assessed in medium
supplemented with different thiamine precursors.

As expected from their predicted role in the putative salvage
pathway, deletion of thiD and/or thiEM rendered the strains
unable to use HMP (Fig. 54). Deletion of fen4 did not have an
effect on growth on HMP-supplemented medium, in line with
this protein having an amino-hydrolase activity capable of pro-
ducing HMP from 4-amino-5-aminomethyl-2-methylpyrimidine
(aminoHMP) (43, 44), and therefore acting upstream of HMP
synthesis (Fig. 14). To assess this possibility, growth in the
presence of aminoHMP was also evaluated. As shown in Fig. 54,
the tenAA mutant grows notably worse than the WT strain in
medium containing aminoHMP as a source of thiamine (Fig. 54
and B), although some residual growth of the mutant was ob-
served (Fig. 54). Growth on aminoHMP as sole source of thia-
mine was also evaluated in liquid media (SI Appendix, Fig. S4),
where the WT attained much higher cell densities than the tenAA
mutant. As expected, no differences in growth were observed in
thiamine- or HMP-supplemented media in this mutant (SI Appen-
dix, Fig. S4). Together, these results show that aminoHMP is a
substrate for TenA, but that an additional source of aminohydrolase
activity, possibly unspecific, seems to be present, supporting resid-
ual growth of the fenAA mutant in aminoHMP particularly in
solid medium.

Assimilation tests were also used to evaluate the functionality
of the thiamine salvage pathway in 2 additional W/S-clade spe-
cies, W. domercqiae and W. galacta. Both species lack THI4, so

22222 | www.pnas.org/cgi/doi/10.1073/pnas.1909844116

that to test assimilation of HMP or aminoHMP, it was also
necessary to supplement the medium with 5-(2-hydroxyethyl)-4-
methylthiazole (HET) (Figs 14 and 5 B, Left). As shown in Fig. 5
B, Right, when either HET, HMP, or aminoHMP were provided
separately, no growth was observed for these species, as expected
in the absence of THI4. Also as predicted, a combination of HMP
and HET restores growth in both species. Notably, W. galacta was
also able to grow when aminoHMP and HET were added to the
growth medium showing that although renA is not part of the
thiamine cluster, and was likely acquired from a different bacterial
lineage, it is operating as part of the salvage pathway by supplying
the pyrimidine moiety of thiamine. Similar results were obtained for
W. domercqiae, which could also grow when HET and aminoHMP
were simultaneously supplied (Fig. 5 B, Right).

In Bacillus subtilis, in addition to TenA that is responsible for
the conversion of aminoHMP to HMP, the thiamine salvage pathway
involves another protein, YImB, which is essential for the deformy-
lation of N-formyl-4-amino-5-aminomethyl-2-methylpyrimidine
(N-formyl-aminoHMP), a compound commonly resulting from
thiamine degradation (43, 44). YImB converts this compound in
aminoHMP, thus acting upstream of TenA (Fig. 14) (43). In-
terestingly, we found evidence for the presence of a putative
YImB (annotated as an acetylornithine deacetylase)-encoding
gene in most W/S-clade species (SI Appendix, Fig. S5). This gene
was also horizontally acquired from bacteria, but from a donor
belonging to the Acetobacteraceae family (Alphaproteobacteria;
SI Appendix, Fig. S5).

Expression of Thiamine Cluster Genes. If the salvage pathway op-
erating in extant W/S-clade species is derived from a bacterial
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Fig. 4. Maximum likelihood phylogenies of Thi proteins from W. galacta. Pruned phylogenies showing the closest relatives to W. galacta Thi proteins
encoded in the operon are shown. Branches with support higher than 95% (ultrafast bootstrap) are indicated by black dots. The phylogenetic tree for TenA is

shown in S/ Appendix, Fig. S3.

operon, its expression can be presumed to be currently adapted
to eukaryotic canonical transcription. Polycistronic mRNAs (and
operons) are rare in eukaryotes (45-47), the few known cases
involving processing of extended polycistronic pre-mRNAs into
monocistronic mRNAs by 3’ end formation and polyadenylation
and subsequent transsplicing by a small nuclear ribonucleoprotein
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(48-50). The siderophore biosynthesis gene cluster described also
in W/S-clade yeasts is the best studied case of adaptation of a
bacterial operon to the eukaryotic setting (22). In this case,
intergenic regions were shown to be lengthier than observed in
the putative bacterial donors, which was also observed for THI
genes in W/S-clade species (Fig. 24). Expression of the THI genes
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Fig. 5. Assimilation of thiamine derivatives by St. bombicola WT and deletion mutants. (A) Growth assays for St. bombicola strains (WT and mutants) cul-
tivated on YNB without thiamine and supplemented with 0.2 uM of thiamine, 0.2 pM of HMP or 0.02 pM of aminoHMP, after 5 d of incubation at 25 °C. (B)
Growth assays for other W/S-clade species in the presence of 0.2 uM of HET, 0.2 uM of HMP, or 0.02 pM of aminoHMP and different combinations of these

compounds.

was first investigated in St. bombicola using reverse transcrip-
tion qPCR and gene-specific primers (Fig. 64). Similar levels of
expression were observed within gene amplicons while expres-
sion of fragments spanning any 2 independent genes was several
orders of magnitude lower (Fig. 64). Nevertheless, the fragment
spanning the fusion point between the thiM and thiE moieties in
the thiEM gene was slightly less expressed (~4-to 5-fold), which
could result from the coexistence of a mRNA spanning the 2
fused genes with shorter mRNAs encompassing only 1 of the
genes. To find out to which extent these transcripts conformed
with a canonical eukaryotic structure, we repeated the experiment
for St. bombicola but using an oligo(dT),o primer to synthesize the
first cDNA strand, followed by qPCR with gene-specific primers,
which will reveal only mRNAs possessing poly(A) tails. Results
were very similar, emphasizing that most transcripts have poly(A)
tails (Fig. 6B). However, this time expression of the fragment
encompassing the thiM/thiE fusion was similar to the expression
within gene amplicons, implying that some of the transcripts
spanning only the #hiM or the thiE moieties may lack poly(A) tails.
Next, we examined poly(A)-tailed transcripts along the fused THI
genes in 2 additional species, W. dormercgiae and W. galacta (Fig.
6C). Unlike the observations for St. bombicola, the results indicate
that in some cases, in addition to transcripts potentially encom-
passing the complete fused genes encoding multidomain proteins,
shorter poly(A)-tailed mRNA molecules are also produced. For
example, in W. galacta, transcripts containing the fusion site be-
tween the thiM and thiE moieties are evidently less abundant than
transcripts containing the other regions probed within the triple
fusion between the thiM, thiE, and thiD genes, suggesting that
poly(A) transcripts comprising only the thiM gene on the one hand
and the thiE/thiD fusion gene on the other hand, are also gener-
ated in significant amounts.

Discussion

De novo synthesis of thiamine is impaired in W/S-clade species
because they lack the THI5 and in some cases also the THI4
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genes, responsible respectively for synthesis of the pyrimidine
(HMP) and thiazole (HET) precursors of thiamine. In addition,
yeast orthologs of downstream components of the pathway, THI6
and THI20, are also missing in this lineage. However, we showed
here unequivocally for one W/S-clade species using genetic evi-
dence and for other species by examining their ability to salvage
various thiamine precursors, that this does not render these or-
ganisms dependent solely on import of thiamine from the out-
side. Instead, clusters of THI genes originating from bacterial
operons, complemented by other individual genes, form functional
salvage pathways capable of rescuing thiamine degradation prod-
ucts from the environment thereby providing cells with sufficient
TPP synthesis capacity to support growth.

Our findings suggest an evolutionary model (Fig. 7) in which
the THI6 and THI20 genes, that are rarely found clustered in yeast
genomes, were lost in an ancestor of the W/S clade, in addition to
THIS5, resulting initially in obligate reliance on external sources of
thiamine. THI4 was also lost in several species, which could be
related to its mode of action as a suicide enzyme (51). We found
within the W/S clade several different subsequent outcomes of the
loss of thiamine prototrophy. Three of the species examined be-
longing to 1 of the 2 sister lineages within the W/S clade repre-
sented in this study (Wickerhamiella cacticola, Wickerhamiella
pararugosa, and Wickerhamiella occidentalis) still lack any gene
resembling THI6 and THI20, while the 2 remaining species (W.
hasegawae and W. galacta) examined in this subclade present ev-
idence of horizontal acquisition of xenologs, in the case of W.
galacta from the Burkholderiales (Betaproteobacteria). In 9 of the
10 species forming the second subclade, THI6 and THI20 homo-
logs also seem to be of bacterial origin, but from a different
phylum, the Bacteroidetes. According to our evidence, this transfer
event took place in the common ancestor of the 9 species, which is
consubstantiated by the fact that the phylogenies of THI genes
recapitulate the species phylogeny.

The activities of the THI20 and THI6 gene products are encoded
by 4 genes of which at least 3 are organized in an operon
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Fig. 6. Expression profiles of THI genes in W/S-clade species. (A) Expression of THI genes (depicted as the log2 fold difference) in St. bombicola relative to the

internal reference POL2 (black star) using only gene-specific primers. Expression levels of intergenic regions are also depicted. (B) Expression of the thiEM
fusion gene in St. bombicola after preselection of poly(A)-tailed mRNAs. (C) Expression of TH/ genes in W. domercgiae and W. galacta after preselection of
poly(A)-tailed mRNAs. Mean values are represented by the black horizontal lines. Raw data can be accessed in Dataset S3. The black stars indicate the gene

that served as reference in each case.

in both putative donor lineages, the Bacteroidetes and the
Burkholderiales (Betaproteobacteria). The identity of the donor
lineages suggested by the phylogeny is further supported by the
fact that gene content and gene order in W/S-clade THI clusters
is identical to the operons found in extant representatives of the
2 donor lineages. This in turn strongly suggests that an entire
operon was transferred in a single event in both cases. However,
inference of the donor lineage originating the THI cluster in St.
bombicola and neighboring species was based on phylogenies
obtained for the TenA and ThiD proteins only, because it was
not possible to obtain a reliable phylogenetic signal for either the
ThiE/M fused proteins or the separate ThiE and ThiM moieties,
leaving the possibility open that these genes were transferred in
an independent event from the ten4 and thiD genes and possibly
from a different donor. It seems more likely, however, that such
a putative second event did not occur entirely independently of
the first since sequence similarity may have promoted re-
combination involving the thiE/thiM genes acquired initially from
the Bacteroidetes as part of the operon transfer and homologous
genes from a distinct unidentified bacterial lineage, as observed
before (52-55). Alternatively, recombination events in the bac-
terial donor lineage prior to the acquisition by yeasts might also
have resulted in the conflicting phylogenetic signal observed for
ThiEM. Even more elusive is the origin of the THI6 and THI20
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homologs from W. hasegawae, which seem to be mosaics of un-
certain origin exhibiting regions of homology with both bacterial
and fungal proteins (Dataset S2). Interestingly, no evidence for
mosaicism was reported for the siderophore biosynthesis gene
cluster in W/S-clade yeasts (22).

In addition to HOTs related to thiamine metabolism we also
detected complementary single acquisitions of functionally re-
lated genes from bacteria that further extended the range of
thiamine precursors that could be salvaged by W/S-clade species
(Fig. 7). The best example of this in our data is W. galacta that
acquired a tenA-lacking operon from the Burkholderiales
(Betaproteobacteria), but nevertheless seems to have been able
to acquire a tenA4 gene from the Actinobacteria. Other W/S-clade
species also seem to have acquired a putative y/mB gene from the
Acetobacteraceae (Alphaproteobacteria) in addition to a fenAd-
containing operon from the Bacteroidetes. These 2 genes encode
enzymes that mediate the utilization of aminoHMP (fen4) and
N-formyl-aminoHMP (yimB) as sources of HMP. These com-
pounds are originated by thiamine degradation which can occur
naturally (43) or by the action of microorganisms (56). The
formation of HMP as a degradation product of thiamine has
been reported to occur also under different pH and tempera-
ture conditions in laboratory experiments (57, 58). Conse-
quently, the products of thiamine degradation (such as HMP, HET,
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aminoHMP, etc.) may be more abundant than thiamine itself in the
environment (56). Moreover, some thiamine breakdown products,
such as N-formyl-aminoHMP or aminoHMP, can be toxic (59, 60)
so that TenA and YImB may also have a detoxification role.
Horizontally transferred genes are probably quickly lost if they
are not selected for, and for protein coding genes this means that
they have to be expressed. Eukaryotic canonical gene expression
imposes very different prerequisites from those found in bacte-
rial operons, namely monocystronic mRNAs with appropriate 3’
and 5’ modifications and markedly different promoters. These
adaptations were recently studied for the first time for the
siderophore biosynthesis gene cluster described in W/S-clade
yeasts (22). The occurrence of multiple HOT events in this
clade probably reflects the previously reported large number of
HGT events in general (5, 9, 22, 61). Common to both events in
the W/S clade is the observed increase in intergenic spacing
possibly to accommodate de novo evolved promoters. However,
adaptation of the W/S-clade siderophore biosynthesis operon did
not involve postacquisition gene fusions, of which at least 3 in-
dependent examples were observed in the W/S-thiamine cluster
(Fig. 7). We interpreted this as an effective means to achieve
coordinated expression of the bacterial genes. Gene fusions were
also observed in HOT events in protists (6, 23, 24) implying that
this may be a general and frequent mechanism employed to
transpose coordinated prokaryotic expression to the eukaryotic
context. The absence of gene fusions in the long siderophore gene

22226 | www.pnas.org/cgi/doi/10.1073/pnas.1909844116

cluster may be due to restrictions imposed by proper functioning
of the enzymes which may be incompatible with fusion.

Our data may suggest that individual expression of the genes,
possibly driven by spurious promoters, preceded the fusions,
because in the pool of poly(A)-tailed mRNAs, shorter transcripts
seem to coexist with the mRNAs spanning the complete fusion
genes. Overlapping mRNAs were also detected for the side-
rophore biosynthesis gene cluster from W. versatilis (22).

Taken together, our observations revealed examples of mech-
anisms facilitating expression of xenologous genes observed so
far sporadically in HOT occurrences in various eukaryotic mi-
crobes, namely multiple instances of post-HGT gene fusions,
increased spacing between genes, dispersion of genes to different
genomic locations, and likely instances of recombination leading
to the formation of mosaic genes. These observations support
the idea that the repertoire of mechanisms for adaptation of
gene expression are consistently and frequently used across the
eukaryotic domain to functionalize genes horizontally acquired
from bacteria. Moreover, they show that successive layers of
horizontal transfer events were involved in fine tuning a pre-
viously acquired metabolic pathway.

Materials and Methods

Strains. Yeast strains were obtained from the Portuguese Yeast Culture
Collection, Caparica, Portugal (PYCC) except for W. versatilis JCM 5958, which
was kindly provided by the Japan Collection of Microorganisms, Tsukuba,
Japan (JCM), and W. galacta NRRL Y-17645, which was obtained from Agricul-
tural Research Service Culture Collection, Peoria, IL (ARS-NRRL). All strains
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were maintained in YMA medium [1% (wt/vol) glucose, 0.3% (wt/vol) malt
extract (wt/vol), 0.3% yeast extract, 0.5% (wt/vol) peptone and 2% (wt/vol) agar].

Identification of Genes Involved in TPP Biosynthesis. Genes related with TPP de
novo biosynthesis (THI4, THI5, THI6, THI7, THI20, and THI80) were searched in
the genomes of the W/S clade using Saccharomyces cerevisiae S288C ho-
mologs as queries (NC_001139.9, NC_001138.5, NC_001148.4, NC_001144.5,
NC_001147.6, and NC_001147.6, respectively). The respective best hits were
subsequently blasted against the National Center for Biotechnology Infor-
mation (NCBI) nonredundant (nr) database. Whenever the best hit in NCBI
corresponded to the identity of the query gene, it was assumed that the
gene was present.

Phylogenetic Analyses. The species phylogeny represented in Fig. 1B was
constructed using the same dataset as in Gongalves et al. (5) (see S/ Ap-
pendix, Table S1 for the complete list of taxa used in the phylogeny) based
on a previously described methodology (62) with the addition of other W/S-
clade species whose genomes were recently published in the context of the
Y1000+ Project (9, 22). Briefly, Rpal, Rpa2, Rpb1, Rpb2, Rpcl, and Rpc2
protein sequences for each species were used to construct the maximum
likelihood (ML) tree with RAXML (63) v7.2.8 using the PROTGAMMAILG
model of amino acid substitution and 1,000 rapid bootstraps. Branch sup-
port values (>75%) are displayed. This tree is in agreement with the recently
published phylogeny from Kominek et al. (22).

Independent phylogenies were constructed for the N-terminal (ThiM) and
C-terminal (ThiE) domains of the ThiEM protein. For the putative proteins
from bacterial origin TenA, ThiD, ThiE, and ThiM a preliminary BLASTp search
against the nr NCBI database was performed and it was confirmed that the
top 1,000 hits only included bacterial proteins except for the ThiE portion for
which some nonbacterial (fungi, plants) sequences were also recovered
(Dataset S1). Preliminary phylogenies using the top 5,000 hits were con-
structed (S/ Appendix, Fig. S2) and confirmed that all Thi proteins clustered
with bacterial homologs. A more detailed phylogeny was subsequently
performed using only the top 750 bacterial hits found in UniProtkB
(UNIPROTKB_BACTERIA) using St. bombicola proteins as queries (TenA, ThiD,
ThiM, and ThiE portions). The protein sequences for other W/S-clade species
were obtained by tBLASTx in the local genome databases. Sequences with
more than 98% similarity were removed with CD-HIT v4.6.7 (64) and the
remaining sequences were aligned with MAFFT v7.222 (65) using an iterative
refinement method (L-INS-i). Poorly aligned sequences were removed with
trimAl v1.2 (66) using its “gappyout” option. Phylogenies were constructed
with /Q-TREE v1.6.6 (67) using the LG+l+G4 model of substitution (found as
the best fitting model for all of the 4 alignments) and ultrafast bootstrap
(-bb 1,000) (68) for branch support determination.

Because both the BLASTp results and preliminary phylogenies for Thi
proteins from W. galacta showed that they were probably acquired from a
lineage belonging to the Burkholderiales (Betaproteobacteria), independent
phylogenies were also constructed with their closest relatives. For that, the
top 750 hits found in UniProtkKB (UNIPROTKB_BACTERIA) to W. galacta Thi
proteins were used. Alignments were trimmed and phylogenies were con-
structed as aforementioned.

The overall organization of THI genes was investigated for 2 species be-
longing to the respective putative donor bacterial lineages: Caballeronia
udeis and Burkholderia novazelandica (Burkholderiales, putative donor to
the THI operon in W. galacta), Dysgonomonas mossi and Mangrovibacterium
marinum (Bacteroidetes, putative donor to the THI operon in other W/-clade
species), and Peptostreptococcus russelli and Veillonella dispar (Firmicutes
encoding thiEM fusion genes). See S/ Appendix, Table S2 for information
on the genome assemblies that were used.

Complete phylogenies, alignment files, and trimmed files can be accessed
in Figshare (69).

Investigation of Operon-Like Features and Gene Fusions in W/S-Clade Species.
St. bombicola PYCC 5882, W. domercqiae PYCC 3067, and W. galacta NRRL
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Y-17645 cells were grown in YPD [1% (wt/vol) yeast extract, 2% (wt/vol)
peptone, 2% (wt/vol) glucose] for 24 h. Total RNA was extracted using the
standard TRIzol method followed by purification using the RNA Clean &
Concentrator-5 kit from Zymoresearch (Irvine, CA) which included a DNase
treatment for genomic DNA removal. Absence of residual gDNA in RNA
samples was confirmed by PCR with all of the primer pairs used for qgPCR
reactions. A total of 1 ug of total RNA was used for first-strand ¢cDNA syn-
thesis using the Maxima H Minus Reverse Transcriptase (Thermo Fisher Sci-
entific) following the manufacturer’s guidelines and an oligo(dT),o primer.
Real-time quantitative RT-PCR (RT-gPCR) assays were performed using the
SensiFAST SYBR No-Rox Kit from Bioline (London), with 20-pL reactions with
70 nM of each primer (S/ Appendix, Table S3) and 50 ng of cDNA. Primers
used are listed in S/ Appendix, Table S3. The reaction consisted of a first step
at 95 °C for 2 min followed by 40 cycles of 5s at 95 °C, 10 s at 60 °C, and 10 s
at 72 °C. Total RNA was also used in a 1-step amplification using the Sensi-
FAST SYBR No-Rox One-Step Kit from Bioline. The reaction consisted of a
first step at 45 °C for 10 min, followed by 1 step at 95 °C for 2 min. These
steps were followed by 40 cycles of 5 s at 95 °C, 10 s at 60 °C, and 10 s at
72 °C. Two independent RNA and ¢cDNA samples were obtained and 3 rep-
licates per qPCR reaction were used. The efficiency of each primer pair was
calculated using 5 10-fold DNA dilutions and are presented in S/ Appendix,
Table S3. Relative expression was calculated using the 272t method where
ACt = (Ctyest — Ctyer) and Ctyest is the Ct of the expression of the fragment
under study and Ct,es is the Ct of POL2 (Fig. 6A) or thiM (Fig. 6 B and C). Raw
data are shown in Dataset S3.

Construction of St. bombicola Deletion Mutants. Standard molecular biology
techniques were performed essentially as described in ref. 70 using Escher-
ichia coli DH5a as host. St. bombicola PYCC 5882 was used in all procedures
involving this species. Knockout cassetes (S/ Appendix, Table S4) were con-
structed as described in Gongalves et al. (5) using hygromycin as the selective
marker. Transformation of St. bombicola was performed as described in ref.
5. After transformation, mutants were selected on YPD plates containing
650 pg/mL of hygromycin (InvivoGen). Correct integration of the disruption
cassettes was verified by appropriate PCR reactions and by sequencing. Two
different transformants from 2 independent gene disruption transforma-
tions were used for the phenotypic assays.

Growth Assays on Plates. St. bombicola WT and mutants and other W/S-clade
species were tested for growth in the presence of HMP, aminoHMP, and
HET. Strains were first grown for 24 h on YMA [1% (wt/vol) glucose, 0.3%
(wt/vol) malt extract (wt/vol), 0.3% yeast extract, 0.5% (wt/vol) peptone, and
2% (wt/vol) agar] medium and transferred to YNB without amino acids and
without thiamine (Formedium, Norfolk, UK) plates to exhaust intracellular
thiamine pools. Cells were washed with sterile water and resuspended in
water to a final ODggon Of 0.5. Cell suspensions were subsequently serially
diluted 10-fold, spotted onto YNB plates without amino acids and without
thiamine (Formedium), and supplemented with CSM (complete supplement
mixture, MP Biomedicals), 0.2 pM of thiamine, 0.2 uM of HMP, 0.02 uM of
aminoHMP, and 0.2 uM of HET combined with 0.2 pM of HMP or with
0.02 uM of aminoHMP (for strains that lack both THI4 and THI5). Plates were
incubated at 25 °C for 5 d.
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