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Abstract

Polycyclic triterpenes are members of the terpene family produced by the cyclization of squalene. The most represen-
tative polycyclic triterpenes are hopanoids and sterols, the former are mostly found in bacteria, whereas the latter are
largely limited to eukaryotes, albeit with a growing number of bacterial exceptions. Given their important role and
omnipresence in most eukaryotes, contrasting with their scant representation in bacteria, sterol biosynthesis was long
thought to be a eukaryotic innovation. Thus, their presence in some bacteria was deemed to be the result of lateral gene
transfer from eukaryotes. Elucidating the origin and evolution of the polycyclic triterpene synthetic pathways is impor-
tant to understand the role of these compounds in eukaryogenesis and their geobiological value as biomarkers in fossil
records. Here, we have revisited the phylogenies of the main enzymes involved in triterpene synthesis, performing gene
neighborhood analysis and phylogenetic profiling. Squalene can be biosynthesized by two different pathways containing
the HpnCDE or Sqs proteins. Our results suggest that the HpnCDE enzymes are derived from carotenoid biosynthesis
ones and that they assembled in an ancestral squalene pathway in bacteria, while remaining metabolically versatile.
Conversely, the Sqs enzyme is prone to be involved in lateral gene transfer, and its emergence is possibly related to the
specialization of squalene biosynthesis. The biosynthesis of hopanoids seems to be ancestral in the Bacteria domain.
Moreover, no triterpene cyclases are found in Archaea, invoking a potential scenario in which eukaryotic genes for sterol
biosynthesis assembled from ancestral bacterial contributions in early eukaryotic lineages.
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Introduction
Sterol lipids are polycyclic triterpenes predominantly found in
the membranes of eukaryotic cells, where they influence fun-
damental properties of the membrane like its fluidity and
permeability, as well as cell signaling (Sezgin et al. 2017).
Given their importance, and their omnipresence in eukar-
yotes and their general absence in prokaryotes (with a few
exceptions), sterol biosynthesis has historically been consid-
ered a feature that emerged during the development of the
eukaryotic cell, eukaryogenesis (Cavalier-Smith 2002).
However, the origin of sterols remains an important unre-
solved issue in the field of evolutionary cell biology and the
growing presence of sterol biosynthesis in bacteria is ques-
tioning the status of sterol as a eukaryotic landmark (Wei
et al. 2016; Lee et al. 2018).

To address the origin of sterol, it is important to consider
the representative polycyclic triterpenes in bacteria, the hopa-
noids. It has been shown that sterols and hopanoids can form
a liquid-ordered phase in synthetic membranes, preferentially
interacting with sphingolipids and lipid A, respectively,
reflecting certain functional similarity (S�aenz et al. 2012,
2015). One aspect that has previously been given little con-
sideration is the relationship that sterols and hopanoids hold
with carotenoids, which are nonpolycyclic terpenes produced
by eukaryotes, archaea, and bacteria, representing wide-
spread, multifunctional and biotechnologically important iso-
prenoid derivatives (Rodriguez-Concepcion et al. 2018). In

addition to their antioxidant activity, carotenoids also fulfill
physiological functions similar to those of polycyclic triter-
penes, such as the modulation of membrane fluidity and
proton permeability (Gruszecki and Strzałka 2005; Kupisz
et al. 2008; Grudzinski et al. 2017). Both types of terpenoids,
polycyclic and nonpolycyclic ones, are related biosynthetically
(fig. 1).

Squalene (C30) is the precursor of hopanoids and sterols,
and its biosynthesis has traditionally been assigned to the
action of Squalene synthase (Sqs), an enzyme present in all
eukaryotes as well as in some archaea and bacteria. Sqs pro-
duces squalene in two steps, condensing two farnesyl-PP
(C15) molecules into presqualene diphosphate (PSPP), which
is then reduced to squalene using NADPH (Nakashima et al.
1995). An alternative pathway was recently described in bac-
teria, based on the cooperation of three enzymes: HpnD,
HpnC, and HpnE (Pan et al. 2015). First, HpnD condenses
two farnesyl-PP molecules into PSPP and then, HpnC con-
verts PSPP to hydroxysqualene (HSQ), which is then reduced
to squalene by HpnE using FADH2 (Pan et al. 2015). HpnC,
HpnD, and Sqs are homologous isoprenoid-condensing
enzymes that belong to the trans-isoprenyl diphosphate syn-
thases head-to-head (Trans IPPS HH) family. Other members
of the Trans IPPS HH family are involved in carotenoid pre-
cursor biosynthesis, such as CrtM enzyme that condenses
two farnesyl-PP molecules (C15) into diapophytoene (C30),
or CrtB that condenses two geranylgeranyl-PP (C20) into
phytoene (C40). By contrast, HpnE is a member of the amino
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oxidoreductase family. CrtB and CrtM cooperate with other
amino FAD/NAD-dependent oxidoreductases like CrtN,
CrtD, and CrtI, homologs of HpnE, which convert these pre-
cursors into carotenoids like staphyloxanthin or b-carotene
(Klassen 2010). Thus, the pathways of squalene and caroten-
oid biosynthesis are evolutionarily related. In hopanoid bio-
synthesis, squalene is directly cyclized into hopanoids by the
squalene-hopene cyclase (SHC). For sterol biosynthesis, an
additional step is required, whereby squalene is first con-
verted into 2,3-epoxysqualene by the squalene monooxyge-
nase (SQMO) and this intermediate is then cyclized into
simplest sterols (like lanosterol, cycloartenol, or parkeol) by
the oxidosqualene cyclase (OSC), homolog of SHC (fig. 1).

The linear and cyclic compounds have different physico-
chemical characteristics (e.g., flexibility, rigidity, and stability)
and thus might lead to different membrane properties. It has

been proposed that triterpene evolution has followed the
laws of increasing complexity, suggesting that the linear com-
pounds (e.g., carotenoids) preceded the polycyclic ones, such
as hopanoids and sterols (Ourisson and Nakatani 1994). The
increasing complexity of these molecules would have driven
the appearance of more complex membrane characteristics
(Ourisson and Nakatani 1994). Although the triterpene cy-
clase family have been previously studied (Fischer and
Pearson 2007; Frickey and Kannenberg 2009), the origin of
the squalene biosynthesis pathways (HpnCDE and Sqs) has
not previously been considered. The existence of two path-
ways for squalene biosynthesis raises questions about the
evolutionary relationship between HpnCDE, Sqs, and carot-
enoid synthases, and in particular, regarding the co-
occurrence of both pathways in some genomes or the spread
of triterpene cyclases concomitant with that of the squalene

FIG. 1. Biosynthetic pathways for polycyclic triterpenes and carotenoids. Enzymes are colored according to their homology, with the exception of
the FAD/NAD-dependent oxidoreductases where the CrtY and SQMO are not homologous to each other. Molecules are represented by their
general structural scheme.
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biosynthesis pathways. These evolutionary conundrums must
be resolved in order to fully understand how polycyclic tri-
terpenes originated and evolved.

Given the oxygen requirement of SQMO, the origin of
sterol must be linked to the appearance of this molecule
on the Earth. By contrast, hopanoids can be produced in
anoxic conditions, suggesting that SHC precedes OSC in evo-
lutionary terms (Rohmer et al. 1979; Ourisson et al. 1987;
Ourisson and Nakatani 1994). However, the differences in
the molecular conformations of sterols and hopanoids have
previously been interpreted as an indication that both kinds
of enzyme evolved from a common ancestral intermediary
(Fischer and Pearson 2007). Since the origin of sterols has
been linked to the process of eukaryogenesis, their identifica-
tion in some bacteria has historically been attributed to lateral
gene transfer (LGT) from an ancestral eukaryote (Pearson
et al. 2003; Desmond and Gribaldo 2009). However, the num-
ber of bacteria known to synthesize sterols is continuously
increasing (Bird et al. 1971; Bode et al. 2003; Pearson et al.
2003; Desmond and Gribaldo 2009; Villanueva et al. 2014; Wei
et al. 2016). The appearance of OSC/SQMO proteins is now
considered to have occurred around 2.45 Ga, and the pre-
ferred interpretation is that the ancestors of these genes al-
ready existed in the eukaryotic stem lineage (Gold et al. 2017).
Given the differences between bacterial and eukaryotic sterol
structure (Banta et al. 2017) and production (Lee et al. 2018),
it is reasonable to predict that bacterial sterols have distinct
and unexplored functions that could provide some insight
into the evolutionary pressure that prompted bacteria to
acquire and retain a sterol biosynthesis pathway (Welander
2019). Hence, sterols appear to be more prominent in bacte-
ria than previously thought, and more recent insights into the
tree of life (Hug et al. 2016; Eme et al. 2017; Zaremba-
Niedzwiedzka et al. 2017; Betts et al. 2018) suggest that
now is an ideal time to reevaluate polycyclic triterpene
evolution.

In contrast to earlier analyses, here we aimed to determine
the origin of the most representative polycyclic triterpenes by
reconstructing and comparing the phylogenies of the main
enzymes involved in their synthesis, focusing particularly on
members of the Trans IPPS HH family and triterpene cyclases.
We discuss the evolution of squalene focused on HpnCDE
and Sqs enzymes as well as the possible physiological roles
provided by the different pathways in prokaryotes. On the
other hand, the evolution of the triterpene cyclases displays
complex evolution in Bacteria and Eukarya although its ab-
sence in Archaea is noteworthy. Together, this analysis sup-
ports a bacterial contribution to the origin of sterol
biosynthesis genes, a phenomenon that has important impli-
cations for our models of eukaryogenesis.

Results and Discussion

The Squalene Biosynthesis Enzymes Evolved Following
Two Distantly Related Routes
The phylogenetic reconstructions of the Trans IPPS HH define
three main different classes (Sqs, CrtB/M, and HpnC/D; fig. 2).
Two main issues are however to be considered. First, ancestral

rooting is problematic, and a long standing problem in phy-
logenetics (Gouy et al. 2015). We applied two widely used
rooting methodologies (midpoint and branch-length estima-
tion) that provided consistent topologies (fig. 2). Second, the
order of the basal nodes can vary depending on many param-
eters (i.e., the evolutionary models or redundancy threshold,
among others) affecting the topology of the tree as we ob-
served in our analyses. In the case of the Trans IPPS HH, the
large divergence time, the scarce signal of the informative
regions with small size, and the relative speed of evolutionary
rate amplified these aforementioned issues. Altogether, it is
difficult to reconstruct the evolutionary relationships among
these subfamilies. Hence, the order of the branches (specially
at basal nodes) does not necessarily reflect the actual evolu-
tionary trajectory. The composition of the main group of
carotenoid synthases is consistent with that obtained in a
prior analysis that only focused on enzymes responsible for
carotenoid biosynthesis (Klassen 2010).

The vast majority of Trans IPPS HH enzymes are found in
bacteria, although certain eukaryotic members of this family
are related to endosymbiotic events. For example, CrtB in
photosynthetic eukaryotes is of chloroplast origin and the
NADH: Dehydrogenase ubiquinone complex I assembly fac-
tor 6 (not included in the tree) is of mitochondrial origin
(supplementary text, Supplementary Material online).
Other examples may derive from bacterial to eukaryotic
LGT, such as CrtYB in Ascomycota (Sandmann 2002) that
was later transferred to Aphididae (Metazoa: fig. 2; supple-
mentary text, Supplementary Material online). Alternatively,
archaeal CrtB is closely related to the bacterial type, although
this relationship has yet to be strictly resolved (Klassen 2010).

The longest and best supported basal branch of the Trans
IPPS HH tree is that which contains the Sqs subfamily, indi-
cating that it is the most divergent class. Indeed, the Sqs
subfamily seems to be characterized by an aspartic-rich region
involved in Mg2þ binding, which differs from the other Trans
IPPS HH subfamilies (DTxxD vs. DDxxD: supplementary fig.
S1, Supplementary Material online). By contrast, HpnD and
HpnC are phylogenetically closer to the CrtB and CrtM sub-
families. The genomic context of these different subfamilies of
Trans IPPS HH shows that amino oxidase genes (like hpnE,
crtI, or crtN) are usually found in the neighboring genes of
hpnD, hpnC, and carotenoid synthases (both crtB and crtM),
whereas they are infrequent in the neighboring genes of sqs
(see supplementary fig. S2, Supplementary Material online, for
additional details). Thus, the phylogenetic proximity of HpnD,
HpnC, and carotenoid synthases, and the more distant posi-
tion of Sqs, is congruent within the genomic context. Protein
searches of HpnE show that the closest homolog of these
enzymes is the Z-carotene desaturase present in cyanobac-
teria and photosynthetic eukaryotes (see below), supporting
the close relationship of HpnCDE enzymes with the ones
involved in carotenoid production.

Thus, the enzymes involved in squalene biosynthesis ap-
pear to have evolved following two distantly related routes:
the HpnCDE proteins closely related to the carotenoid bio-
synthesis and the divergent Sqs enzymes. Given the prior
analyses of carotenoid biosynthesis enzymes (Klassen 2010),
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FIG. 2. ML reconstruction of the Trans IPPS HH family. The data set was reduced to 50% redundancy, obtaining a final alignment of 282 amino acid
positions. The tree was calculated using IQ-TREE, with the LGþ Fþ R10 model. Branches are colored according to the respective domain: blue,
bacteria; red, archaea; and green, eukaryotes. The gray background represents the Sqs subfamily and the red background represents the diverse
carotenoid synthase subfamilies, most of them identified previously (Klassen 2010). Bootstrap values higher than 90% are indicated.
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we focused specifically on HpnD, HpnC, and HpnE, and the
Sqs, subfamilies.

The hpnCDE Genes Are Likely Ancient and Form a
Versatile Patchwork Pathway
The co-occurrence of HpnD, HpnC, and HpnE enzymes in
prokaryotic genomes is the most common distribution in our
data set (supplementary fig. S3, Supplementary Material on-
line). In addition, the rooted topologies of the HpnD, HpnC,
and HpnE reconstructions provided globally congruent topol-
ogies (supplementary fig. S4, Supplementary Material online),
further supported by the concatenated reconstruction of the
HpnCDE enzymes (supplementary fig. S5, Supplementary
Material online). Therefore, the coevolution of these three
enzymes might be inferred, suggesting that HpnCDE enzymes
form a conserved biosynthetic patchwork in prokaryotes.
Conversely, HpnD can often be found in the absence of the
other enzymes, although the co-occurrence of HpnD and Sqs
is also frequently observed (see below; supplementary fig. S3
and table S1, Supplementary Material online). Other kind of
co-occurrence is infrequent (found in <�200 genomes out
of the �24,000 analyzed) and they are usually restricted to
specific taxa (supplementary table S1, Supplementary
Material online). Thus, in order to evaluate the origin of the
hpnCDE gene set, we took HpnD as the reference as it is the
most conserved in prokaryotes (fig. 3A).

The HpnD reconstruction and those for HpnC and HpnE
have a sufficiently strong phylogenetic signal as to be able to
infer their evolutionary history (fig. 3A, supplementary fig. S4
and text, Supplementary Material online). These phylogenies
mostly define monophyletic groups with the exception of
some discrete or paraphyletic groups, suggesting possible
gains of these genes through LGT (supplementary text,
Supplementary Material online). The presence of the
HpnCDE enzymes in archaea (fig. 3A) is explained by LGT
as it is restricted to the Euryarchaeota, Thermoplasmatota-
Poseinoiia class (according to GTDB taxonomy, Parks et al.
2018, and including Euryarchaeota Marine Group II: supple-
mentary table S2, Supplementary Material online), which has
been previously proposed to have received substantial geno-
mic contributions from bacteria (Deschamps et al. 2014;
L�opez-Garc�ıa et al. 2015). The topology of most of the para-
phyletic or discrete HpnD groups is also replicated in the
HpnC and HpnE reconstructions (supplementary fig. S4,
Supplementary Material online), supporting the idea that
these genes were transferred together and that they
coevolved. Other exceptions could indicate the loss of a phy-
logenetic signal due to the short length or functional promis-
cuity of these enzymes (supplementary text, Supplementary
Material online), which indeed could influence the bootstrap
supports and artifactual clustering of major clades.
Combining the distribution of HpnCDE within the individual
phyla with the congruent monophyletic groups in the phy-
logenies (supplementary table S2 and fig. S4, Supplementary
Material online), we infer that the HpnCDE enzymes were
ancestral in phyla like Actinobacteria, Acidobacteria (despite
the paraphyly), Planctomycetes, Verrucomicrobia,
Elusimicrobia, Candidatus Division Rokubacteria, NC10,

Nistrospira, and Proteobacteria (particularly in Alpha-, Beta-
Gamma-, and Zeta-proteobacteria; for more detailed discus-
sion, see supplementary text and table S2, Supplementary
Material online). Therefore, acknowledging the low support
in some clades but considering that the topologies of
HpnCDE display deep similarities with a species tree (Hug
et al. 2016), it is likely that the HpnCDE enzymes originated
before the diversification of bacterial lineages mainly from
Gracilicutes and some phyla from Terrabacteria, indicating
that they were ancestral in Bacteria. Importantly, the hpnD,
hpnC, and hpnE genes likely form a transcriptomic unit in
most of these phyla (even if one of them is absent in some of
the genome as is the case in Nistrospira), suggesting con-
served cooperativity of the enzymes (supplementary fig. S5,
Supplementary Material online). Other cases, such as the
genomes that only contain HpnD, suggest a possible func-
tional versatility (supplementary text, Supplementary
Material online).

The incompleteness of the hpnCDE gene set in certain
genomes makes it difficult to draw clear inferences about
the origin of the three enzymes as a functional pathway.
We mapped the other squalene biosynthesis related enzymes
(HpnC, HpnE, and Sqs) onto the HpnD phylogeny, illustrating
the irregular co-occurrence of these proteins (fig. 3A, also for
HpnC and HpnE in supplementary fig. S4, Supplementary
Material online). Although this pattern of co-occurrence of
HpnCDE and Sqs was previously described in Acidobacteria
(Damst�e et al. 2017), it can apparently be extended to other
phyla like Verrucomicrobia, Nistrospira, Ca. Rokubacteria,
NC10, Elusimicrobia, Chloroflexi, Beta-Gamma-proteobacte-
ria, and the euryarchaeal Ca. Poseidoniia class (for which com-
plete genomes of some organisms are available: fig. 3A).
However, the HpnD of those organisms that lack the HpnC
and/or HpnE, branch with their relatives, as expected, and
similar behavior is also observed for HpnC or HpnE (supple-
mentary fig. S4, Supplementary Material online). When com-
bined with the syntenic observations, these data suggest that
the irregular distribution of hpnCDE gene set is mostly due to
gene loss. Another possible explanation is that these enzymes
have been transferred alone. Alternatively, the incomplete-
ness of the HpnCDE pathway in some groups may be linked
to the presence of Sqs. Indeed, the Sqs associated with the
degenerated HpnCDE gene set usually cluster in the same
branch of the phylogenetic reconstruction of Sqs (fig. 3B).
No Sqs were found in the vicinity of HpnD (supplementary
figs. S4 and S5, Supplementary Material online) suggesting
that the acquisition of HpnD and Sqs is probably indepen-
dent. Thus, given the topology of the monophyletic groups of
HpnCDE reconstructions, it is most likely that the hpnCDE
genes were already present in these genomes and that sqs
were the mobile element (i.e., the result of LGT), possibly
functionally displacing the HpnCDE through gene loss.
These results could also illustrate a common evolutionary
history for these events (the loss of hpnCDE genes associated
with the presence of Sqs in the genomes), possibly related to
the joined presence of these organisms in a specific environ-
mental niche.
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FIG. 3. Phylogeny and co-occurrence of the two pathways of squalene synthetic genes mapped to the phylogenetic trees. The data set was reduced
by progressive redundancy of the phylum and branches, colored according to the prokaryotic phyla. Smaller fonts indicate taxonomical classes,
and those between brackets the taxonomical classes designated by GTDB. (A) ML reconstruction of HpnD rooted to the HpnC subfamily. The final
alignment contained 268 amino acid positions and the tree was calculated by IQ-TREE, with the LGþ Fþ R10 model. (B) ML reconstruction of Sqs
rooted HpnD subfamily. The final alignment contained 313 amino acid positions, and the tree was calculated using IQ-TREE with the LGþ Fþ R9
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Therefore, the phylogenetic reconstructions, together with
the distribution of these genes and their synteny, suggest that
hpnCDE genes arose and potentially assembled as a functional
pathway early in bacterial evolution. On the other hand, the
HpnD, HpnC, and HpnE enzymes might act independently as
they do not always co-occur. Alterations of the HpnCDE
pathway (i.e., gene loses) suggest recurrent deviations of
HpnCDE enzymes into alternative roles, possibly involving
terpenoid metabolism and even carotenoid synthesis. The
fact that the HpnD and HpnC subfamilies cluster together
phylogenetically (fig. 2) adopt a common arrangement in the
genome, and their phylogenetic reconstructions are congru-
ent (supplementary figs. S4 and S5, Supplementary Material
online), suggests that both enzymes are derived from an an-
cestral duplication followed by specialization. HpnD was
probably the ancestral form as it mediates the initial and
crucial step (condensing two farnesyl-PP), and it is more con-
served than HpnC.

Sqs Is of Bacterial Origin and Has Been Transferred
Multiple Times
In contrast to the HpnCDE enzymes that are only present in
Bacteria and specific Euryarchaeota, Sqs sequences can be
found in the three domains of life. The phylogeny of Sqs
establishes diverse paraphyletic groups of bacteria and ar-
chaea, suggesting multiple LGT events in prokaryotes
(fig. 3B), as opposed to the apparently single origin in eukar-
yotes. Hence, and concomitant with sterol biosynthesis (Gold
et al. 2017), Sqs were probably already present in the Last
Eukaryotic Common Ancestor. Notably, and with only one
eukaryotic exception, the Sqs of some members of the
Ciliophora branch within the group of Cyanobacteria/
Firmicute Sqs (fig. 3B), both belonging to the Terrabacteria
supergroup (Battistuzzi and Hedges 2009). This result sheds
light on the origin of tetrahymanol biosynthesis in Ciliophora,
to date considered to be a late bacterial contribution through
LGT (Frickey and Kannenberg 2009; Takishita et al. 2012). In
fact, the eukaryotic tetrahymanol cyclases also branch close
to the Firmicute SHCs (Terrabacteria: fig. 4) and thus, the
source of the Ciliophora Sqs and tetrahymanol-cyclase genes
is related to the Terrabacteria group.

The presence of Sqs in Archaea is restricted to
Euryarchaeota–Halobacteria class, and the previously indi-
cated euryarchaeal Ca. Poseidoniia class (including
Euryarchaeota Marine Group II) and these sequences forming
three distinct paraphyletic groups: one for Halobacteria and
two for Poseidoniia (fig. 3B). Thus, this discrete taxonomic
distribution combined with the phylogeny suggest that the
three groups of euryarchaeal Sqs appear to have originated
from bacteria through independent LGT events, in accor-
dance with previous observations for these specific euryarch-
aeota groups (L�opez-Garc�ıa et al. 2015: a more detailed

discussion is offered in the supplementary text,
Supplementary Material online).

Sqs are found in diverse bacterial groups, mostly showing a
monophyletic pattern (fig. 3B). However, the mixed topology
of the different taxonomic groups suggests that Sqs have
been transferred multiple times between bacteria, as sug-
gested previously for those genomes that also contain
hpnD (see above). Likewise, the Sqs in various paraphyletic
Proteobacteria groups are found in different genomic con-
texts, supporting the idea of various LGT events in
Proteobacteria (particularly for Beta-proteobacteria,
Gamma-proteobacteria, and Myxobacteria; supplementary
fig. S6 and text, Supplementary Material online).
Remarkably, Cyanobacteria and Firmicutes-Bacilli (such as
Nitrospina or Fibrobacteres) only have Sqs but never
HpnCDE (fig. 3B), suggesting a switch in squalene biosynthe-
sis. Indeed, the Sqs from Cyanobacteria and Firmicutes are
very divergent from the rest of the Sqs (supplementary fig.
S1B and text, Supplementary Material online).

Thus, a eukaryotic origin of Sqs is unlikely because of the
widespread distribution in bacteria, and the potential to be
ancestral in some phyla such as Cyanobacteria. In addition,
we infer that the presence of Sqs in Archaea is the result of
LGT events. There is no support here for the vertical inheri-
tance of Sqs between Archaea and Eukarya, and in fact, the
“current” absence of Sqs homologs in Asgard argues against
this phenomenon. Therefore, our data suggest that it is most
likely the Sqs enzymes have a bacterial origin, and that their
presence in Eukarya and Archaea is best explained by distinct
LGT events.

The Enzymes Involved in Hopanoid and Sterol
Biosynthesis Have Different Evolutionary Histories
Triterpene cyclases (SHC and OSC) are considered the evo-
lutionary footprints of polycyclic triterpenes because they
carry out the key cyclization of the precursor into the simplest
polycyclic triterpene. Our phylogenetic results on polycyclic
triterpene cyclases define three main groups: SHCs, OSCs, and
an additional group of divergent SHCs (hereafter SHC-like:
fig. 4 and extended in supplementary fig. S7, Supplementary
Material online). The eukaryotic SHC-like sequences display a
signal that is most coherent with LGT events from bacteria, as
suggested previously (Frickey and Kannenberg 2009; Takishita
et al. 2012; Li et al. 2018; Jia et al. 2019: supplementary text,
Supplementary Material online). Eukaryotic OSCs have a sin-
gle origin, whereas the various bacterial OSCs form different
paraphyletic groups external and internal to eukaryotes (see
below). Thus, polycyclic triterpenes are present in Eukaryotes
and Bacteria but absent from Archaea, possibly reflecting the
distinct compatibilities of polycyclic triterpenes with the
chemistry of the bacteria–eukaryote and archaea membranes

FIG. 3. Continued
model. The * at the basal branches of the eukaryotic group indicates diverse prokaryotes with few members: Brachyspirae, Halanaerobiales,
Zixibacteria, Ca. Poseidoniia, Delongbacteria, and Bdellovibrio. The phylogenetic profiles of HpnD, HpnC, HpnE, Sqs, and SHC* are represented to
the right of each tree. SHC* includes SHC, OSC, or similar. Bootstrap values higher than 90% and 60% are indicated by black and gray circles,
respectively.
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(G3P vs. G1P, or phospholipid vs. isoprenoids, among other
features; Peret�o et al. 2004).

Hopanoids Are Ancestral in Bacteria and They
Followed a Heterogeneous Evolution
We selected the SHC/SHC-like and OSC branches in order to
analyze each family independently. The closest homologs to
SHC are present in 31 of the 130 phyla, with a similar taxo-
nomical distribution to HpnCDE or Sqs that encompasses
Proteobacteria, Nistrospira, Nitrospina, Ca. Rokubacteria,
NC10, Planctomycetes, Verrucomicrobia, Elusimicrobia,

Acidobacteria, Cyanobacteria, Candidatus WPS-2 (designated
as Eremiobacteria by GTDB), Candidatus AD3
(Dormibacteria), Actinobacteria, Chloroflexi, and Firmicutes
(fig. 4 and supplementary table S2, Supplementary Material
online). The topology of the reconstruction of SHC homologs
recovers the two major groups of bacteria, Gracilicutes and
Terrabacteria (SHC was not found in Candidate Phyla
Radiation bacteria: fig. 4). The phyla in these supergroups
are mostly monophyletic, albeit with some exceptions, like
Deltaproteobacteria (including Desulfobacterales and
Desulfuromonadales) and Ca. WPS-2, whose sequences are

FIG. 4. ML reconstruction of the triterpene cyclase family to show the evolution of the closest homologs to SHC. Eukaryotic squalene-tetrahymanol
cyclase is designated as STC. Progressive redundancy was used to reduce the data set by phylum, and the branches are colored according to the
prokaryotic phyla. The final alignment contained 726 amino acid positions and the tree was calculated using IQ-TREE with the LG þ F þ R10
model. Only those bootstraps at basal nodes and at nodes defining main taxa are shown. Some branches have been collapsed and the rest of
bootstraps are omitted to favor visualization, the full tree with all bootstraps indicated is available in supplementary figure S7, Supplementary
Material online. The inset tree indicates the topology of the species tree of the respective organisms bearing a triterpene cyclase to show the major
congruent taxa with SHC phylogeny. This tree is provided GTDB database (Parks et al. 2018) and the branch-lengths of the inset tree were ignored
to ease the visualization.
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situated distally in the tree that is perhaps indicative of pos-
sible LGT events. Similarly, the sequences from Acidobacteria
are paraphyletics yet closely related, suggesting the possible
loss of the phylogenetic signal (a similar behavior was ob-
served in HpnCD reconstructions). The topology of the major
monophyletic groups in the SHC phylogeny was similar to the
reconstruction of the phylogenetic marker RpoB (supplemen-
tary fig. S8A and B, Supplementary Material online), which is
similar to the most accepted reconstruction of the tree of life
(Hug et al. 2016; Parks et al. 2018: fig. 4 inset tree as a reference
species tree provided by GTDB).

We identified divergent triterpene cyclases groups. The
bifunctional triterpene/sesquarterpene cyclase (SqhC, also
known as tetraprenyl-b-curcumene cyclase: Sato et al.
2011a, 2011b) was restricted to Firmicutes-Bacilli, with
some exceptions in other classes, and seemed to show higher
evolutionary rates than other triterpene cyclases or other
house-keeping genes like rpoB (supplementary fig. S8C and
text, Supplementary Material online). Other divergent triter-
pene cyclases, such as the SHC-like proteins, are apparently
formed by different sequences mainly from Myxobacteria,
Actinobacteria, and Planctomycetes, most likely representing
artifactual clustering (supplementary figs. S9 and S10 and text,
Supplementary Material online). The SHC-like proteins from
Planctomycetes are the only ones that conserve critical cat-
alytic residues and their genomic context suggest that they
probably use different precursors to squalene (supplementary
fig. S10 and text, Supplementary Material online). Thus, it is
likely that the SHC-like enzymes from Planctomycetes pro-
duces polycyclic triterpenes other than hopanoids or sterols.
Identifying these novel polycyclic triterpenes and establishing
their situation within the geological record might help attrib-
ute specific geological fossils to specific taxonomic groups.

The global congruency of the SHC phylogeny with a spe-
cies tree suggests a vertical evolution of SHC in the bacterial
domain, with subsequent divergence (e.g., the SqhC in
Firmicutes). Vertical evolution is plausible for the
Gracilicutes supergroup, given that the respective monophy-
letic groups contain aerobic and anaerobic bacteria. However,
it is important to note that SHC is nearly absent in the FCB
group including, Bacteroidetes and Fibrobacteres among
others. On the other hand, the same assumption of vertical
evolution cannot be made for the Terrabacteria supergroup
due to the discrete distribution of SHC, with some of them
only formed by aerobes like Cyanobacteria or Firmicutes-
Bacilli. In fact, SHC is absent in early-branching anaerobic
groups of Terrabacteria, such as Clostridia, Negativicutes,
Melaniabacteria, and Saganbacteria, which makes it difficult
to envisage vertical inheritance of SHC in Terrabacteria.
Therefore, the current data do not provide enough resolution
to infer the presence of SHC in a common bacterial ancestor,
although the results do indicate that the biosynthesis of
hopanoid (defined by the SHC enzyme) precedes the diver-
sification of the whole Gracilicutes group and some of the
Terrabacteria taxa.

The functional domains of the genes located in the vicinity
of the cyclase genes are usually conserved (supplementary fig.
S9, Supplementary Material online). This genomic region

includes genes related with hopanoid production in phyla
like Actinobacteria or Proteobacteria, with some variation.
However, this specific association is not found in other groups
like Firmicutes or Cyanobacteria (supplementary fig. S9,
Supplementary Material online). Together, these data suggest
that SHC has evolved heterogeneously among the bacterial
phyla, probably due to the different roles of polycyclic triter-
penes in different taxa and niches (Bosak et al. 2008; Belin
et al. 2018). This might explain why hopanoids are difficult to
attribute to the advent of a specific phylogenetic group, met-
abolic process, or environmental context.

Bacterial Contribution to the Presence of Sterol
Biosynthesis in Eukarya
Due to their evolutionary relevance, the phylogenies of bac-
terial OSC and SQMO have been analyzed previously
(Pearson et al. 2003; Desmond and Gribaldo 2009; Wei
et al. 2016; Banta et al. 2017; Gold et al. 2017), although
improvements in genomic sampling have led to changes in
the evolutionary interpretations of these phylogenies (Wei
et al. 2016). Bacterial sterol biosynthesis has historically
been restricted to discrete taxa, but it has been extended in
recent years, and we reveal the presence of previously uniden-
tified genes involved in sterol biosynthesis in taxa like Ca.
Rokubacteria and some Actinobacteria orders
(Corynebacteriales, Streptomycetales, and
Streptosporangiales).

Our topologies of SQMO and OSC reconstructions are
globally congruent (fig. 5), suggesting a similar evolutionary
history that is supported by the proximity of the sqmo and
osc genes in most bacterial genomes (fig. 5, central panel). The
genes present in the vicinity of osc are also involved in sterol
metabolism, such as some erg genes that encode proteins
involved downstream in the sterol pathway in eukaryotes
(particularly ERG4/ERG24, ERG2, and ERG11), or the Riskie
and NAD(P)-binding Rossmann-fold domains that were both
recently shown to be involved in C4 sterol demethylation in
methylotrophic bacteria (Lee et al. 2018). This is mainly ob-
served in some Proteobacteria, Cyanobacteria,
Actinobacteria, and Ca. Rokubacteria genomes, illustrating
the specialization of the bacterial loci involved in sterol syn-
thesis. Our reconstruction defines four OSC groups (OSC1–
4), among which lanosterol synthases (present in groups
OSC1 and 4), cycloartenol synthases (OSC2–4), parkeol syn-
thases (OSC1), and arborane synthases (OSC2) have been
identified (Bird et al. 1971; Pearson et al. 2003; Wei et al.
2016; Banta et al. 2017). OSC1 forms a very stable basal group
of lanosterol/parkeol synthases, with conserved residues at
the active site positions (supplementary fig. S11,
Supplementary Material online). However, OSC2 contains
more diverse sequences, among which we find the arborane
synthase from Eudoraera adriatica (Supplementary Material
online: Banta et al. 2017), representing a less stable phyloge-
netic group. OSC3 and OSC4 also form stable groups that
always branch basally to and within the eukaryotes,
respectively.

Two previous hypotheses were postulated to explain the
phylogenetic patterns of the bacterial enzymes (Pearson et al.
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2003; Desmond and Gribaldo 2009): 1) that this is an artificial
grouping due to the faster evolutionary rates in bacteria, pro-
voking long-branch attraction (LBA) artifacts or 2) that these
sequences were transferred to bacteria from ancestral eukar-
yotes before eukaryotic diversification. These interpretations
intrinsically assume that sterol biosynthesis originated in the
Eukarya. A possible influence of LBA on our observations is
unlikely given the approach we have followed, using different
models, methods, replicates, and large sampling to minimize
the effect of LBA. However, LBA cannot be fully ruled out
because of the higher evolutionary rates in bacteria.
Concerning the second interpretation, we inferred several
evolutionary histories for different bacterial taxa, showcasing

the complexity of sterol evolution in bacteria (supplementary
text, Supplementary Material online). For example, the role of
Proteobacteria in the evolution of sterol seems to be relevant
because they are present in all our OSC groups, suggesting
that osc and sqmo genes have been transferred to
Proteobacteria more than once (fig. 5). Myxobacteria
(OSC1–3) are possibly the most intriguing case when consid-
ering the role of sterols in eukaryogenesis as their genomes
also encode other important eukaryotic signatures (Moreira
and L�opez-Garc�ıa 1998). In particular, the Myxobacteria
OSC3 group that is closest to the eukaryotic stem also con-
tains two facultative methylotrophic alpha-proteobacteria
(fig. 5). This result in part supports the syntrophic hypothesis

FIG. 5. Phylogenies and genomic context of OSCs and SQMOs. Left: ML reconstruction of OSCs rooted at SHC and with undefined-enzymes as the
outgroup. Center-left: Green triangles or yellow stars indicate the presence of precursor synthetic genes in the genome, HpnCDE or Sqs, respec-
tively. Center-right: Synteny of OSC in an �10-kb area, with the Pfam domains of interest colored according to the legend. Right: ML recon-
struction of the SQMO enzymes rooted to their closest monooxygenases as an outgroup. The lines connect the corresponding genes from the
same organism. The red asterisk indicates the SQMOs of Plesiocystis pacifica and Enhygromyxa salina, and other related sequences that are located
in the genome contiguous to an undefined-enzyme homologous to SHC (SHC-like; see supplementary fig. S10, Supplementary Material online).
The branches are colored by phyla. The final alignments contained 726 and 471 amino acid positions for triterpene cyclase and SQMO, respec-
tively. The trees were calculated with RAxML using the LG model (automatic model selection).
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whereby Myxobacteria and alpha-proteobacteria methano-
trophs could play important roles in the emergence of eukar-
yotes, in coexistence with archaea (Moreira and L�opez-Garc�ıa
1998; L�opez-Gar�cia and Moreira 1999). Therefore, irrespective
of the syntrophic hypothesis and considering sterol biosyn-
thesis alone, it is likely that the ancestors of Myxobacteria
were related in some way with the ancestral eukaryotes, al-
though the direction of gene transfer cannot easily be estab-
lished. The OSC3 (and OSC2) sequences are those most likely
to be related to ancestral eukaryotes, as reflected by their
phylogenetic position, with the probable exception of
Eudoraera adriatica that has arborane synthase activity.
Alternatively, our extended taxonomic sampling provides ev-
idence for the presence of OSC1 sequences in a growing
number of bacterial phyla, whereas OSC2–4 groups do not
appear to grow at the same pace. The position of the OSC1
group does not support a LGT event from eukaryotes.
Moreover, additional phylogenetic analysis of the Erg11 en-
zyme rejects a eukaryotic origin for the C14-demethylation of
lanosterol mediated by this cytochrome, in particular for
methylotrophic gamma-proteobacteria and actinobacteria
species (supplementary fig. S12 and text, Supplementary
Material online).

To interpret the origin of sterol biosynthesis genes in the
context of eukaryogenesis, we incorporated our observations
into the accepted view of the tree of life (the 2 domain to-
pology), in which Bacteria and Archaea have independent
origins, and the Eukarya emerged from within the Asgard
clade (Eme et al. 2017). The absence of polycyclic triterpene
cyclases in Archaea argues against the origin of sterol biosyn-
thesis in Archaea or the last universal common ancestor.
Therefore, the origin of sterol biosynthesis pathway can be
traced back to Bacteria or early extinct eukaryotic lineages. In
this scenario, it is difficult to conceive a eukaryotic origin for
OSC, as the absence of triterpene cyclase in Archaea would
imply the de novo appearance of OSC during eukaryogenesis.
Moreover, our data demonstrate that polycyclic triterpene
production was basal in bacterial evolution, possibly provid-
ing a more appropriate background for the evolution and
divergence of triterpene cyclases. Alternatively, SQMOs be-
long to a large protein family whose closest homologs are
found in prokaryotes, rejecting the origin of SQMO in eukary-
otic protein families. In addition, the oxygen requirement of
this enzyme implies that sterol biosynthesis occurred in aer-
obic environments (Summons et al. 2006). These observa-
tions reinforce the notion that the presence of sterol genes
in eukaryotes is probably due to a bacterial contribution to
early aerobic eukaryotic lineages (not archaeon). In the con-
text of alternatives scenarios of eukaryogenesis that invoke a
symbiotic interaction between archaeal and bacterial organ-
isms (L�opez-Garc�ıa et al. 2017), our findings indicate that
sterol synthetic genes would be provided by the bacterial
partner.

The scarcity of OSC in Alpha-proteobacteria indicates that
this bacterial contribution is unlikely to be related to the
mitochondria. The possible functional role of sterol in eukar-
yogenesis could be related to the origin of the phagocytosis,
which is thought to have required bacterial contributions

(Burns et al. 2018). However, these assumptions are still to
be confirmed, both the origin of phagocytosis and its require-
ment for sterols (Takishita et al. 2017), and the possible need
for phagocytes to originate mitochondria (Hampl et al. 2019).

The possibility that the origin of the genes involved in
sterol biosynthesis is to be found within the Bacteria domain
is supported by the aforementioned presence of C4 sterol
demethylation in Methlyloccocales that can produce sterol,
probably also found in other bacteria from Delta-proteobac-
teria, Cyanobacteria, or Actinobacteria (Lee et al. 2018). This
C4 demethylation is unrelated to the corresponding eukary-
otic mechanism, showcasing that a pathway for sterol mod-
ification exists that is independent of the eukaryotic one (Lee
et al. 2018). Importantly, we have recently shown that sterol
biosynthesis is essential in the Planctomycetes bacteria
Gemmata obscuriglobus (an OSC1 member: Rivas-Marin
et al. 2019), which implies a breach in the uniqueness of
the requirement for sterol in eukaryotes.

General View of Polycyclic Triterpene Evolution and
Their Precursors
The Emergence of Cyclases Together with Their Precursors
Finally, we integrated the results obtained for the different
enzymes considered in this work in an attempt to provide a
unified view of the emergence and evolution of squalene and
polycyclic triterpenes. The existence of two possible alterna-
tives of squalene synthesis, HpnCDE or Sqs, raises the ques-
tion of ancestrality. The HpnCDE pathway seems to have
originated before the diversification of Gracilicutes and
some phyla from Terrabacteria, whereas the same possibility
cannot be inferred for Sqs. On the other hand, by combining
the phylogeny of HpnD and Sqs, we infer that hpnCDE genes
were already in the genomes and Sqs appear to be more
prone to LGT, probably because integrating the reactions in
a single enzyme is in principal more efficient in energetic
terms. These observations, in combination with the fact
that the hpnCDE genes are both phylogenetically and mech-
anistically closer to carotenoid biosynthesis than Sqs (follow-
ing the law of increasing complexity: Ourisson and Nakatani
1994), suggest that the hpnCDE genes are more ancestral.

By mapping the presence of squalene synthetic enzymes
onto the SHC phylogeny, we noted some peculiarities in the
distribution of the HpnCDE and Sqs pathways (supplemen-
tary fig. S7, Supplementary Material online). There are cases
like the Planctomycetes and Actinobacteria phyla where only
the HpnCDE enzymes are present, whereas other phyla have
both squalene biosynthesis pathways. In other cases, such as
Cyanobacteria, only Sqs and not HpnCDE are present, sug-
gesting that Sqs provides an evolutionary advantage. By con-
trast, Trans IPPS HH enzymes were not found in most of the
Firmicutes (some with complete genomes), in the Anammox
from the Planctomycetes phylum or in Delta-proteobacteria
like Desulfurobacterales and Desulfuromonadales (with com-
plete genomes: supplementary fig. S7, Supplementary
Material online). Thus, precursor biosynthesis in these organ-
isms might be independent of the Trans IPPS HH family and
new pathways for precursor biosynthesis might still to be
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found. This possibility is illustrated by the Firmicutes, which
produce the sesquiterpenoid tetraprenyl-b-curcumene
through the cooperation of three enzymes: Hept1, Hept2,
and YtpB (Sato et al. 2011a). This precursor is then cyclized
by SqhC to produce sporulenol rather than hopanoids, a
compound only produced during sporulation (Bosak et al.
2008). Protein searches showed that the Hept2 enzyme (a
polyprenyl transferase) is common to most organisms,
whereas Hept1 and YtpB have a very restricted distribution
in the Firmicute phylum, specifically in those bearing SqhC
(supplementary fig. S7, Supplementary Material online). Thus,
the biosynthesis of tetraprenyl-b-curcumene probably
emerged within the Firmicute ancestor. Another plausible
explanation for the absence of Trans IPPS HH in the
Anammox, Desulfurobacterales and Desulfuromonadales is
that they could obtain squalene from the environment, par-
ticularly as these bacteria coexist within syntrophic microbial
communities (Morris et al. 2013; Zhu et al. 2019). Therefore,
and with the exception of these three specific cases (and
possibly few others), HpnCDE or Sqs appear to be present
in most hopanoid producers.

The biosynthetic pathways of squalene that emerged to-
gether with each triterpene cyclase have not been considered
previously. However, these overlooked data are important
because it is informative about the metabolic links between
polycyclic triterpene biosynthesis and other pathways. We
found that the HpnCDE and SHC reconstructions share
more similarities (in terms of topology and gene distribution
within individual phylum) than those of Sqs and SHC (sup-
plementary figs. 3 and 7, Supplementary Material online).
These similarities are mainly illustrated by the presence of
the HpnCDE and SHC proteins in the common ancestor of
Proteobacteria and Actinobacteria-Chloroflexi-Ca. AD3-Ca.
WPS-2, respectively (figs. 3A and 4). Hence, the HpnCDE
pathway is most likely the primitive squalene pathway for
hopanoid production. Similar simultaneous evolution of Sqs
and OSC is unlikely to have happened as the bacterial OSC1
group suggests a possible bacterial origin of the genes in-
volved in sterol synthesis, and some organisms from this
group produce squalene via HpnCDE (fig. 5). On the other
hand, it is important to note that the squalene biosynthesis
enzymes (HpnCDE or Sqs) are not always associated with
triterpene cyclase (fig. 3A and B), suggesting that the squalene
biosynthesis pathways did not necessarily emerge to provide
precursors of polycyclic triterpenes.

The Emergence of Sqs Could Have Uncoupled Polycyclic

Triterpene and Carotenoid Precursor Synthesis
There is a wide variety of carotenoid molecules whose bio-
synthesis in some organisms is still unknown. The substrates
of carotenoid and squalene biosynthesis pathways are not
identical but they are chemically similar. In addition, genetic
engineering has shown that some carotenoids can be synthe-
sized using Sqs (Furubayashi et al. 2014a). Likewise, the func-
tion and specificity of Trans IPPS HH enzymes may be
sensitive to a few amino acid changes, illustrating certain
promiscuity among these enzymes (Furubayashi et al.

2014b). Therefore, the existence of metabolic cross-talks be-
tween the squalene and carotenoid biosynthesis pathways is a
possibility. In fact, the involvement of three enzymes in the
squalene synthetic pathway, suggests that the HpnCDE path-
way may be metabolically more versatile due to the possible
redirection of the intermediary compounds, for example,
leading to carotenoid production. Therefore, if these
HpnCDE proteins constitute a versatile functional pathway,
the appearance of Sqs might be linked to the individualization
of the squalene pathway.

One taxonomic group that exemplifies the possible versa-
tility of the HpnCDE pathway is the Planctomycetes phylum,
whose genomes only contains the HpnCDE enzymes (not
crtB/M or Sqs). The colonies of most of members of this
group have red, pink, or orange pigmentation and such pig-
mentation is suggested to be due to their unusual carote-
noids, recently detected, but the biosynthesis of which has
not been studied (Kallscheuer et al. 2019). Planctomycetal
genomes have a variety of polyprenyl-transferases that may
act on isoprenoid derivatives. In addition, the genomes of
Planctomycetes do not encode CrtB or CrtM homologs, yet
they encode HpnCDE enzymes and the amino oxidases re-
lated to carotenoids, such as CrtN or CrtP (supplementary fig.
S13A and B, Supplementary Material online), illustrating the
unconventional pathway of carotenoid biosynthesis in this
phylum. We addressed this conundrum experimentally.
Independent interruption of the aminoxidase crtN and
hpnE genes in the planctomycete Planctopirus limnophila
led to white colonies (supplementary fig. 13C,
Supplementary Material online). We performed carotenoids
extraction on these strains (supplementary fig. 13D,
Supplementary Material online), followed by spectrophoto-
metric analysis. The typical carotenoid UV/vis spectrum is
observed in the wild-type samples but absent in the crtN
and hpnE mutant ones (supplementary fig. 13E,
Supplementary Material online). Hence, the pigmentation
in Planctomycetes may well be due to the presence of
carotenoid-like molecules and perhaps, HpnCDE enzymes
are involved in their synthesis. This possibility is reinforced
by the enhanced red pigmentation of the Planctomycete
Gemmata obscuriglobus when sterol production is inter-
rupted (Rivas-Marin et al. 2019). Similarly, interrupting hopa-
noid production in P. limnophila (at its SHC) leads to a more
intense pink coloration of the colonies (Rivas-Marin E, per-
sonal communication). These results suggest that the accu-
mulation of squalene (or its precursors) could be redirected
toward carotenoid synthesis. Together, these experimental
data suggest a metabolic link between carotenoid biosynthe-
sis and the HpnCDE products, although additional experi-
ments are necessary to test this assumption.

Conversely, bacteria like Cyanobacteria have Sqs and CrtB
but not the HpnCDE pathway. Together, we suggest that
some organisms containing only the HpnCDE pathway could
use the same machinery for the biosynthesis of hopanoid and
carotenoid precursors, although this does not mean that Sqs
do not provide precursors for carotenoids, as some evidence
might suggest (Furubayashi et al. 2014a). However, the ab-
sence of amino oxidases in the genomic neighborhood of Sqs

Santana-Molina et al. . doi:10.1093/molbev/msaa054 MBE

1936

https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa054#supplementary-data


(supplementary fig. S2, Supplementary Material online) sug-
gests that these enzymes are more specific to squalene pro-
duction. Thus, we hypothesize that the emergence of Sqs
could have provided a metabolic advantage that separates
squalene biosynthesis from carotenoid precursor biosynthe-
sis, thereby maintaining adequate and controlled physiolog-
ical levels of polycyclic triterpenes and carotenoids.

Conclusions
In this study, we aimed to decipher the evolutionary relation-
ship between squalene and carotenoid biosynthesis. Our
results indicate that the HpnCDE pathway is a close derivative
of the carotenoid pathway. Given the distribution of the
HpnCDE and Sqs enzymes in the phylogenetic reconstruc-
tions, the origin of the HpnCDE pathway probably precedes
that of Sqs. The HpnCDE enzymes may fulfill different roles in
squalene production, demonstrating certain functional versa-
tility of this pathway, whereas the functional origin of Sqs is
possibly related to the individualization of squalene produc-
tion. In both cases, squalene biosynthesis is presumed to have
a bacterial origin. Downstream of the polycyclic triterpene
pathway, triterpene cyclases are only found in Bacteria and
Eukarya. Phylogenetic reconstructions suggest that bacteria
contributed to polycyclic triterpene biosynthesis during
eukaryogenesis adding another component to the eukaryotic
membrane that has its origin associated with the bacterial
contribution to early eukaryotic lineages. For example, the
eukaryotic isoprenoid biosynthesis (mevalonate) pathway
and the biosynthesis of G3P in Eukaryotes, and some mem-
bers of the Archaea, are thought to have a bacterial origin
(Lombard et al. 2012; Villanueva et al. 2017; Hoshino and
Gaucher 2018).

Various lines of research can be proposed to test our con-
clusions and it would be interesting to address the possible
alternative roles of the products of the HpnCDE enzymes. It
will also be of interest to investigate if OSC or SQMO is es-
sential in more bacteria from the OSC1 group, especially in
actinobacterial species. Such dependence may have biomed-
ical implications given that they are close relatives to
Mycobacteria spp. in which sterol is essential for their infec-
tious life cycle. Also, the absence of polycyclic triterpenes in
Archaea seems noteworthy. Testing whether Archaea can
incorporate hopanoids or sterols into their membrane would
be interesting in order to address the compatibility of poly-
cyclic triterpenes with the biochemical nature of their
membranes.

Materials and Methods

Data Set Construction and Preparation for Alignment
We investigated different protein families involved in carot-
enoid and polycyclic triterpene biosynthesis: Trans IPPS HH
(GenBank query sequences: Sqs, CAA71097.1; CrtB,
WP_011338116.1; HpnD, CAA04733.1), the closest amine oxi-
dases to HpnE (CAA04734.1); triterpene cyclases
(CAA04735.1), the closest oxygenases to SQMO
(CAA97201.1) and the closest demethylases to Erg11
(KZV10728.1); and RpoB as a phylogenetic marker

(YP_499096.2). We designed a workflow divided into two
phases according to the nature of the data sets to be analyzed.
In the first phase, we set out to build representative data sets
of each protein family. We conducted a genome context
analyses, and we built HMM profiles of each family for further
analyses using a representative data set of organisms combin-
ing GEBA genomes (Mukherjee et al. 2017) and the first rep-
resentative genome of each PAM proteome from UniProt.
The rationale was to maximize both the taxonomic and ge-
nomic diversity of prokaryotes. As such, once we obtained a
curated representation of prokaryotes, we extended the data
set by adding 36 representative eukaryotes. Given the poor
representation of bacteria containing sterol genes, we also
included the bacterial genomes encoding OSCs that were
available in the December 2017 release of the NCBI repository.

Protein searches were made through pHMMER (Potter
et al. 2018) using different cutoff thresholds. For distant
homologs, thresholds of 1e-3 (Trans IPPS HH, -HpnC,
HpnD, and Sqs-) and 1e-5 (SHC, HpnE, and SQMO) were
selected, also accounting for alignment length. In order to
identify close homologs, we selected a stringent threshold
of 1e-50 for Erg11 and 1e-80 for RpoB (filtering out those
not bearing SHC). For all Trans IPPS HH homologs, we
extracted the SQS_PSY domain, which covers almost the
entire sequence. We confirmed the presence of the C-termi-
nal region in Cyanobacteria and Firmicutes by extracting full
sequences, and realigning them using MAFFT (Katoh and
Standley 2013). The rest of the protein families were directly
aligned using the MAFFT-linsi mode. Positions in the align-
ment with more than 95% of gaps were removed through
Trimal (Capella-Guti�errez et al. 2009). Finally, we removed
from the alignment the partial sequences that cover <90%
of the mean length of the alignment for Trans IPPS HH and
60% of the alignment for the rest of the proteins. Each set of
sequences reduced the redundant sequences up to 99%, ex-
cept the Trans IPPS HHs for which up to 50% of redundancy
was settled in order to obtain reliable phylogenetic recon-
structions. The final alignments obtained were designated as
representative alignments.

The second phase aimed to increase our sampling by
searching the nonredundant NCBI database. However, the
taxonomy of prokaryotic genomes was standardized accord-
ing to GTDB, a resource that improves the classification of
uncultured bacteria, and provides a sound basis for ecological
and evolutionary studies (Parks et al. 2018). We perform
pHMMER searches applying a cutoff threshold of 1e-5 for
the entire protein data set. For those genomes that are not
translated to proteins, we performed TBlastN (Gertz et al.
2006) searches applying a cutoff threshold of 1e-2 for the
entire protein data set. For both strategies, the hits exhibiting
an alignment coverage >60% were considered for further
analyses. To increase the quality of the data, we progressively
removed redundant sequences (using CDHIT: Fu et al. 2012)
for each prokaryotic phylum or eukaryotic kingdom accord-
ing to the GTDB definitions. First, we applied an 80% redun-
dancy threshold and if the taxonomic set was more than 100
sequences, a second threshold of 60% was applied. No redun-
dancy was applied to the gene distribution data set. Each set
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of sequences (both for phylogeny and for gene distribution)
was then aligned to the respective HMM profile obtained
from the previous representative alignment using
HMMALIGN (Potter et al. 2018), and the partial sequences
that aligned <80% of the mean sequence length of each set
were removed. However, for the Trans IPPS HH set (�20,000
sequences), we designed an alternative filtering protocol in
which a preliminary step included the removal of sequences
with more than 90% identity using CDHIT (Fu et al. 2012). We
then aligned them to the respective representative HMM
profile obtained previously, further removing redundancy at
the 50% level. This approach was devised in order to reduce
the computational time, to improve visualization and to help
reach convergence in the phylogenetic analyses. We then
obtained the region of interest to reconstruct the phylogeny,
excluding artifacts or errors in gene prediction. From the
resulting Trans IPPS HH tree of gene distribution, the
HpnD, HpnC, and Sqs subfamilies were selected in order to
achieve more accurate reconstructions. The regions of inter-
est of each set (the HMM alignment) were converted into
unaligned sequences that were realigned through the
MAFFT-linsi mode (Katoh and Standley 2013), removing
those positions with more than 95% of gaps through
Trimal. For the partition reconstruction of HpnCDE, we se-
lected those genomes that only have one copy of HpnD,
HpnC, and HpnE, and concatenated the respective align-
ments. Note that the HpnD alignment also included main
taxonomic groups bearing only HpnD. We referred to this
second phase as the NCBI data set.

The genomes that did not exhibit similarity with Trans
IPPS HH, such as Syntrophobacterales or Annamox organ-
isms, were additionally checked through TBlastN searches
and no hits were found.

Phylogeny
Our representative alignments of the Trans IPPS HH, triter-
pene cyclase, OSC, and SQMO, and ERG11 homologs, were
used to perform Bayesian phylogenetic reconstructions with
MrBayes (Ronquist and Huelsenbeck 2003). Evolutionary
models were chosen according to Prottest (Darriba et al.
2011) and the Markov chain Monte Carlo analyses were suf-
ficiently long to obtain good values of convergence. For align-
ments derived from the NCBI data set, we performed
maximum-likelihood (ML) reconstructions using RAxML
(Stamatakis 2014) and IQ-TREE (Nguyen et al. 2015).
Although RAxML and IQ-TREE reconstructions provided
congruent topologies for the same protein set, RaxML did
not provide satisfying bootstrap values at basal nodes for
some data sets and thus, we focused on the IQ-TREE recon-
structions. We obtained branch supports with the ultrafast
bootstrap (Hoang et al. 2018) implemented in the IQ-TREE
software. In this case, the evolutionary models of each set of
sequences were automatically selected using ModelFinder
(Kalyaanamoorthy et al. 2017) implemented in IQ-Tree and
chosen according to BIC criterion. In addition, we also per-
formed reconstructions with alternative evolutionary com-
plex models like LG4X, obtaining general congruent
topologies between the trees from the same protein data

set. We inferred the ML tree of the HpnCDE concatenated
data set using the edge-unlinked partition model in IQ-TREE
(Chernomor et al. 2016). The trees resulting from the repre-
sentative and the NCBI data sets were generally congruent
(only basal and poorly resolved nodes differed in some cases),
suggesting that the phylogenies are robust to the reconstruc-
tion method (Bayesian vs. ML) and to the differential taxo-
nomic sampling. The trees obtained from the NCBI data set
constructed by different evolutionary models were also con-
gruent with each other, providing robustness to our recon-
structions. All trees were visualized and annotated using iTOL
(Letunic and Bork 2019).

Genome Context Analyses
We defined the genome context as the arrangement of neigh-
boring genes relative to the gene of interest. To analyze the
genome contexts of proteins containing the SQS_PSY do-
main and of cyclases, we extracted the genomic sequence
of the genes 10-kb upstream and downstream. From these
genomic fragments, we extracted the CDS using PRODIGAL
(Hyatt et al. 2010), and we further annotated the coding
proteins using the PFAM database (Finn et al. 2011). We
ran HMMSCAN (Potter et al. 2018), and we parsed the out-
put to keep the longest coverage and best e-value in order to
minimize the effect of overlapping domains.

Identification of Potential Carotenoid Biosynthetic
Genes in P. limnophila
Fresh electrocompetent cells were prepared from 400 ml of a
P. limnophila DSM3776 culture at OD600 of 0.4 in modified
PYGV as previously described (Rivas-Marin, E. 2016). The cells
were washed twice with 100 and 50 ml of ice-cold double
distilled sterile water and once with 2 ml of ice-cold 10%
glycerol. Then, the pellet was resuspended in 400 ml of ice-
cold 10% glycerol, and aliquots of 100 ll were dispensed into
0.1-mm gapped electroporation cuvettes along with 1 ll of
EZ-Tn5 solution and 1 ml of Type-One restriction inhibitor
(Epicenter). Electroporation was performed with a Bio-Rad
Micropulser (Ec3 pulse, voltage [V] 3.0 kV). Electroporated
cells were immediately recovered in 1 ml of cold modified
PYGV and incubated at 28�C for 2 h with shaking. The cells
were then plated onto modified PYGV plates supplemented
with kanamycin 50 lg ml�1 and were incubated at 28 �C
until colony formation after 5–7 days. White colonies were
segregated onto fresh selection plates. To verify Tn5 insertions
and their locations, DNA was isolated using the Wizard
Genomic DNA Purification Kit (Promega), and analyzed by
semirandom polymerase chain reaction (PCR) (doi:10.1128/
JB.183.21.6207-6214.2001). Genomic DNA was used as the
template DNA in a 20-ll PCR mixture containing primer
Map Tn5 A fwd (50-ATCAGGACATAGCGTTGGC) and ei-
ther primer CEKG 2A (50-GGCCACGCGTCGACTAGTA
CN10AGAG-30), CEKG 2B (50-GGCCACGCGTCGACTAGT
ACN10ACGCC-30), or CEKG 2C (50-GGCCACGCGTCGAC
TAGTACN10GATAT-30); 1 ll of a 1:5 dilution of this reaction
mixture was used as the template DNA for a second PCR
performed with primers Map Tn5 B fwd (50-AAGAGCTT
GGCGGCGAATG-30) and CEKG 4 (50-GGCCACGCGTC
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GACTAGTAC-30). For the first reaction, the thermocycler
conditions were 94 �C for 2 min, followed by six cycles of
94 �C for 30 s, 42 �C for 30 s (with the temperature reduced
1 �C per cycle), and 72 �C for 3 min and then 25 cycles of
94 �C for 30 s, 65 �C for 30 s, and 72 �C for 3 min; for the
second reaction, the thermocycler conditions were 30 cycles
of 94 �C for 30 s, 65 �C for 30 s, and 72 �C for 3 min. The DNA
of purified PCR products (GFX PCR DNA and Gel Band
Purification Kit GE Healthcare) was sequenced by using
primer Map Tn5 B fwd.

Carotenoid Extraction and Spectrophotometric
Analysis
Cell pellets of 200-ml cultures (OD 1) were liofilized (dry
weight 0.07 g) and resuspended in 3 ml of ultra-pure ethanol.
Cells were lysed by ultrasonication (amplitude 35%; Branson;
Sonifier SFX250) for 80 s (5 s on and 5 s off). The extracts were
then clarified by centrifugation (16,000� g) and stored at
4 �C until analysis. Extraction was performed under dim light
to prevent carotenoid degradation. The UV/vis spectra
(wavelength range of 300–700 nm) of the different sample
were formed in UV-1800 Spectrophotometer (Shimadzu).

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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