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Abstract

The topologies of gene trees are broadly used to infer horizontal gene transfer events and characterize the potential donor
and acceptor partners. Additionally, ratios between branch lengths in the gene tree can inform about the timing of transfers
relative to each other. Using this approach, recent studies have proposed a relative chronology of gene acquisitions in the
lineage leading to the last eukaryotic common ancestor. However, a recognized caveat of the branch-length ratio method
are potential biases due to incomplete taxon sampling resulting in so-called “ghost” lineages. Here, we assessed the effect
of ghost lineages on the inference of the relative ordering of gene acquisition events during eukaryogenesis. For this, we used
a novel simulation framework that populates a dated Tree of Life with plausible “ghost” lineages and simulates their gene
transfers to the lineage leading to last eukaryotic common ancestor. Our simulations suggest that a substantial majority of
gene acquisitions from distinct ghost donors are inferred with the correct relative order. However, we identify phylogenetic
placements where ghost lineages would be more likely to produce misleading results. Overall, our approach offers valuable
guidance for the interpretation of future work on eukaryogenesis, and can be readily adapted to other evolutionary scenarios.
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Significance

Phylogenomic analyses are sensitive to missing data, such as incomplete taxon sampling (so-called “ghost” lineages). A
reconstruction of the relative order of gene acquisitions in complex ancestral scenarios such as the origin of eukaryotes
can therefore be affected by the available sampling of prokaryotic lineages. In this work, we leverage simulations to test
for the robustness of inferred relative timing of gene transfers in the lineage leading to the ancestor of eukaryotes. Using
two alternative dated topologies of the Tree of Life, we reveal a lower effect of ghost lineages in the qualitative conclu-
sions than previously estimated using random species topologies. Our work not only clarifies the impact of unsampled
lineages in the inference of eukaryotic origins but also outlines a methodological framework to study the impact of miss-
ing lineages in other ancestral scenarios.
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Introduction

Inferring a timeline for the origin and diversification of life
on Earth stands as a major goal in evolutionary biology.
Molecular dating performed on extant genetic sequences
provides a means to achieve this. This approach relies on
the idea of a correlation between time and sequence diver-
gence, which is represented by the length of branches in a
gene phylogeny (Zuckerkandl and Pauling 1965).
Specifically, this divergence is the result of the combined ef-
fect of the time separating the two nodes delimiting a
branch, and the evolutionary rate of that gene during
that period. Molecular dating typically employs sets of
orthologous genes with relatively straightforward evolu-
tionary histories, often in combination with fossil data to es-
tablish absolute divergence times. This approach has
successfully estimated divergence times for numerous
lineages across the Tree of Life (TOL) (Strassert et al.
2021; Davin et al. 2025).

However, the timeline of events leading to eukaryotes
(eukaryogenesis) remains unresolved due to challenges in
applying molecular dating methods. Firstly, the microbial
fossil record is sparse and often difficult to classify.
Secondly, while the last eukaryotic common ancestor
(LECA) and its divergence time from its closest archaeal
relatives can be estimated (Moody et al. 2024), a significant
time gap exists between these two ancestors, which actual-
ly encompasses the crucial transformative events such
as organelle origins and mitochondrial endosymbiosis
(Gabaldén 2021). Thirdly, many such events involve evolu-
tionary processes like gene duplication or horizontal gene
transfer (HGT) that are neither datable in the fossil record
nor represented by the single-copy ortholog sets typically
used in molecular dating.

To circumvent these limitations and elucidate key evolu-
tionary events in eukaryogenesis, Pittis and Gabaldén
proposed the “branch-length ratio” method to estimate
relative time differences between comparable events iden-
tified in different gene trees (Pittis and Gabaldén 2016a).
This method compares branch lengths of interest across
gene trees after normalizing them using the median branch
length of a shared tree node that represents the same evo-
lutionary time. Consequently, differences in these normal-
ized lengths can reveal relative time differences between
the examined branches. This allows for the comparison of
the relative order in which, for instance, two gene acquisi-
tions occurred within a given lineage (Fig. 1), and has been
used, among other studies, to reconstruct the relative tim-
ing of gene acquisition and duplication events during
eukaryogenesis (Pittis and Gabaldén 2016a; Vosseberg
etal. 2021; Bernabeu et al. 2024b). This enables inferences
about the contributions of lineages outside Asgard archaea
(the ancestor of the nuclear lineage) and alphaproteobac-
teria (the ancestor of mitochondria), as well as the timing

of mitochondrial acquisition relative to the appearance of
other defining characteristics of eukaryotic cells. The applic-
ability of this approach was assessed and shown to include
the conditions used in the original 2016 study (Susko et al.
2021).

The branch-length ratio method has prompted some
methodological debates (Pittis and Gabaldén 2016b;
William et al. 2017; Susko et al. 2021; Tricou et al. 2022;
Bernabeu et al. 2024a). One recent criticism focused on
the potential for unsampled or extinct lineages (so-called
“ghost lineages”) to mislead phylogenetic analyses, par-
ticularly concerning the inference of the relative order of
HGT events (Tricou et al. 2022). Using a simulation frame-
work, these authors demonstrated that, under certain con-
ditions, the presence of ghost lineages can lead to inverted
conclusions (a “shift") regarding the relative order of acqui-
sitions—for example, inferring that gene acquisition from
lineage B preceded acquisition from lineage A, when the
actual order was A before B. Nevertheless, their simulations
also indicated that, across all simulated conditions, correct
inferences (i.e. when the correct ordering is inferred) were
always more probable than shifts.

However, as previously discussed (Bernabeu et al. 202443;
Tricou et al. 2024), these simulations presented certain lim-
itations, most notably the use of simulated topologies en-
tirely disconnected from current knowledge of the TOL
and the relevant lineages in eukaryogenesis. This discon-
nect hinders the assessment of whether the conditions un-
der which these shifts occur are plausible. Anchoring
simulations to the existing understanding of the TOL allows
for more realistic inferences regarding key parameters,
such as the temporal window of relevant transfer events
and the number and identity of extant lineages to which
confounding ghost lineages might be related. To achieve
this, we developed a new simulation framework that is
grounded in two recently reconstructed and dated TOLs
(Mahendrarajah et al. 2023; Moody et al. 2024) and expli-
citly models the transfer of genes from any potential ghost
lineage branching from currently known bacterial lineages.
Consequently, our model can not only assess the impact of
ghost lineages in a specific phylogenomic analysis but also
identify the influence of alternative topologies and high-
light particularly problematic lineages or transfer scenarios.
Our findings demonstrate overall lower probabilities of shift
compared to previous simulation studies. Furthermore, our
analysis indicates that previously established orderings of
gene transfers in eukaryogenesis are robust to the presence
of ghost lineages (Pittis and Gabaldén 2016a; Vosseberg
et al. 2021). Beyond the study of gene transfer in the con-
text of eukaryogenesis, the simulation framework pre-
sented here holds the potential for broader application in
evaluating the impact of ghost lineages across diverse evo-
lutionary questions.
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Fig. 1. Schematic view of the effect of ghost lineages in the inference of relative timing of gene acquisitions. a) The tree on the left represents a simplified
species tree containing eukaryotes (in green, whose MRCA is indicated as LECA), archaea (in beige, whose MRCA with eukaryotes is indicated as FECA), and a
pair of bacterial donor lineages (in red and blue). Lighter colors represent the ghost lineages that actually donated the genes, whereas darker colors represent
the closest sampled relatives from which inferences can be made. Dotted lines show the true transfer ages and the full line represents the inferred ages in the
absence of ghosts in the gene trees. Trees in the right represent gene trees from which stem lengths are calculated, in presence and absence of ghosts, and the
x-axis displays the inferred age. sl stands for “stem length”, the length of the branch from the last common ancestor of the eukaryotic sequences (i.e. the LECA
node) and its MRCA with the closest extant prokaryotic sister. See Fig. S1 for additional detail. b) Overview of the branch-length ratio method. The waves
represent the distributions of normalized stem lengths across gene trees for each donor. Shorter stem lengths correspond to more recent events.
Distributions are shown for the inferred ages in full lines and the “true” transfer ages with dotted lines.

Results

To specifically evaluate the potential effect of plausible
ghost lineages in previously inferred ordering of transfer
events during eukaryogenesis (Pittis and Gabaldén 2016a),
and to circumvent identified shortcomings of previous
simulation-based assessments (Tricou et al. 2022; Bernabeu
et al. 2024a), we developed a new simulation framework
(see Methods and Fig. 3). As compared to previous attempts,
this simulation framework introduces two key novel aspects.
Firstly, instead of simulating tree topologies with a given
birth or death ratio, it uses a reference dated TOL as a
phylogenetic background. Secondly, instead of randomly
pruning branches from a simulated tree, ghost lineages
are specifically modeled by randomly populating the given
reference TOL with new (ghost) lineages branching out
from ancestral lineages that co-existed in the studied
eukaryogenesis period, that is, the time spanning from the
divergence of the closest archaeal relatives of eukaryotes
(for simplicity, we refer to this node as FECA, the first eukary-
otic common ancestor), to the LECA node (Gabaldon 2021).
Finally, we simulate transfers from these ghosts at randomly
chosen times from the birth of the ghost lineage to the origin
of LECA.

Applying this framework to a recently dated TOL based
on ATPase sequences (ATPase tree hereafter, adapted
from Mahendrarajah et al. (2023)), we simulated 1 million
pairs of ghost lineages, each undergoing a gene transfer
event within a defined temporal sequence. Subsequently,

we inferred the detected relative order of these transfers
as when using the branch-length ratio method (Pittis and
Gabaldon 2016a), conducted in the absence of the simu-
lated ghost lineages (see Methods). We then quantified
the proportion of instances where the inferred order of
transfers was reversed compared to the simulated (true) or-
der (i.e. shifts). Additionally, we calculated the proportion
of shifts where one of the inferred transfer events predated
FECA (Fig. S1). This is pertinent because inferred transfers
older than FECA are typically excluded by studies such as
Pittis and Gabaldon (2016a) due to the evident artifactual
nature of such temporal inferences, as events associated
with eukaryogenesis cannot logically precede the diver-
gence of eukaryotes from their closest archaeal relatives,
the Asgard archaea.

Our results indicate a relatively low overall fraction of
shifts, around 18% (Fig. 2a). This suggests that around
18% of the examined gene tree pairs would lead to incor-
rect inferences regarding the relative order of transfer
events. Conversely, 82% of gene tree pairs yielded the cor-
rect relative order, despite the absence of the actual donor
lineages (“ghosts”). Furthermore, of the 18% of shifts ob-
served, roughly 18% resulted in inferred transfer times fall-
ing outside the temporal window between FECA and LECA
(Fig. 2b), and would therefore be disregarded in the context
of eukaryogenesis. This translates to approximately 15%
(82% of 18%) of gene tree pairs that are truly confound-
ing. This percentage of error in the reconstruction of
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ancient events should be considered in light of other recog-
nized sources of phylogenetic uncertainty (Steenwyk et al.
2023).

To assess the effect of the underlying tree topology, we
repeated the simulations employing an alternative dated
TOL with sparser taxonomic sampling (hereafter referred
to as the LUCA tree taken from Moody et al. (2024), Fig.
S2). In this alternative scenario, the results are overall con-
sistent with our primary analysis. Although the amount of
shifted conclusions is slightly higher (21% on average,
Fig. S2a), there is a higher proportion of shifts resulting in
transfer times older than FECA (45%), leading to 12%
(55% of 21%) of truly confounding trees (Fig. S2b).

These differences may be attributable to the lower taxo-
nomic sampling of the LUCA tree with respect to the
ATPase tree (Fig. S3a, b). This sparser sampling appears to
lead to older inferred birth times for ghost lineages and
older transfers (Fig. S3c), which in turn results in a larger
proportion of shifted simulations falling outside the
FECA-LECA interval. Importantly, the distributions of
distances between the ghost lineage birth (representing
the inferred transfer age in the absence of the ghost) and
the actual transfer age are similar, suggesting that the
simulation process itself is not the primary driver of this dif-
ference, but rather the tree topology and its taxonomic
sampling (Fig. S3d).
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is reverted (shift) or not (d).

An additional advantage of grounding the simulations
on a dated TOL is that it allows stratifying the likelihood
of shift according to the phylogenetic position of the ghost,
thereby pinpointing problematic clades or assessing the
likelihood of wrong inference in previously proposed
LECA donors. We assessed the likelihood of shifts for differ-
ent lineages and their most recent common ancestors
(MRCA), for which we assigned placeholder names
(Table ST). Our results (Fig. 2c) show that some pairs of phy-
la are more likely to cause shifts than others. Particularly,

simulations where ghosts originated from lineages
Fusobacteria, Armatimonadetes, Synergistetes, and several
ancestors of bacterial phyla like Ancestors AL, Al, AR, AT,
AB, AM (see Table S1) resulted in a higher proportion of
shifts when compared to other donor pairs, and are particu-
larly problematic when paired with each other. These
groups, entailing a higher risk to produce misleading infer-
ence when transfers originated from ghost lineages should
be taken into account for further analyses of gene flow dur-
ing eukaryogenesis. Nevertheless, these particular clades
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are not discussed as potential significant gene donors in
previous studies using the branch-length ratio method
(Pittis and Gabalddn 2016a; Vosseberg et al. 2021), which
reassure their conclusions.

Among the lineages discussed in these studies, the pair
Actinobacteria—Proteobacteria, possesses a higher than
average risk of shift (27.78%, Fig. 2c), but with a substan-
tial majority of simulated trees (>70%) still yielding the cor-
rect ordering. Additionally, within the 27.78% of trees
inducing shifts, 12.7% yield dates that are older than
FECA. Therefore, the actual fraction of confounding trees
would be around 24%. Consistent with our observations
for the ATPase tree, in the alternative LUCA tree we found
no conflictive clades among those that have been previous-
ly considered in the discussed eukaryogenesis studies (Fig.
S2¢). Of note, all these simulations contemplated the
worst-case scenario where all the transfer events originate
from ghost lineages.

To test the impact of the proportion of ghost donors, we
computed the fraction of shifted conclusions when the pro-
portion of ghost lineages was different from 1 (Fig. 2d). Our
results indicate that the number of inferred shifts increases
with higher proportions of ghosts, with a maximum plateau
reached when the proportion of ghosts is larger than 80%. It
can be expected for the overwhelming majority of lineages
alive during FECA-LECA to be extinct now, however the ex-
act percentage of inferred ghosts seems to not play a role in
the qualitative conclusions obtained in this analysis.

Discussion

The comparison of branch lengths across gene trees can
provide insights into the relative timing of past evolutionary
events. This principle forms the basis of the branch-length
ratio method, a technique that has been used to estimate
the relative chronology of events during eukaryogenesis
(Pittis and Gabaldon 2016a; Vosseberg et al. 2021).
However, the accurate inference of these events can be sig-
nificantly influenced by technical limitations, such as incom-
plete or unbalanced taxon sampling (Susko et al. 2021;
Steenwyk et al. 2023).

Identifying the timeline of gene transfers to the ancestor
of eukaryotes is particularly sensitive to the presence and
correct identification of donor lineages within sequence da-
tabases. Tricou et al. (2022) previously explored the poten-
tial impact of unsampled (ghost) lineages using generic tree
simulations, which were not specifically tailored to our cur-
rent understanding of the TOL. In this study, we enhance
this approach by using a dated TOL as the phylogenetic
backbone where ghost lineages and their transfers to the
lineage leading to LECA are simulated. Using this refined
framework, we evaluated the proportion of erroneous
inferences depending on the phylogenetic placement of
the ghost. Despite a non-negligible contribution of

“ghost-induced shifts” (averaging around 20%), our
findings indicate that a substantial majority of the gene
trees would still point to the correct relative ordering of
transfer events. This suggests that ghost lineages are un-
likely to significantly distort inferences regarding transfers
occurring during the FECA-LECA period. Moreover, our si-
mulations demonstrate that the proportion of shifts con-
verges toward the expected values (as inferred from the
simulations in Fig. 2a and b) as the proportion of ghost
lineages in the tree increases. The fact that the proportion
of shifts reaches a plateau and does not continue increasing
linearly with the proportion of ghosts, underscores the ro-
bustness of our inferred values and suggests they are not
merely artifacts of the modeling approach. This trend per-
sists even when an alternative TOL with less comprehensive
taxonomic coverage is used, although with a higher inci-
dence of ghost-induced shifts, suggesting an important
role of extensive and representative taxonomic sampling
in mitigating the effects of ghost lineages. A previous study
assessed the effect on the likelihood of shifts of different
extinction rates and number of species considered in simu-
lated species trees, concluding that correct inferences were
the majority across all conditions and increased with higher
extinction rates and larger number of species considered
(Bernabeu et al. 2024a). Combined, these studies highlight
the relevance of the underlying species tree topology on as-
sessing the impact of ghost lineages, but also underscore
that correct conclusions are more likely than incorrect
ones across a broad range of conditions.

Notably, a significant fraction of shift-inducing trees
(around 20%) would result in ages older than FECA and
would typically be disregarded as artifacts in eukaryogen-
esis studies, thereby further minimizing the impact of
shift-inducing ghosts. While the identification of branches
longer than FECA ideally requires dated trees, such
branches would likely appear as extreme outliers even in
undated trees. An interesting avenue for future research
would be to identify sets of genes inferred to have been ac-
quired from the same donor at similar relative times. The se-
lection of such consistent “modules” rather than individual
gene trees would minimize the risk of wrong inferences,
and allow discarding gene trees with outlier branch
lengths. A valuable insight from our simulation framework
is that it allows us to assess the likelihood of shifts depend-
ing on the phylogenetic position of the identified donor.
Importantly, the problematic lineages inducing the highest
proportions of shifts are outside the currently considered
bacterial donors in eukaryogenesis (Pittis and Gabaldon
2016a). Even the clades of interest with the highest esti-
mated shift risks (Proteobacteria and Actinobacteria) pre-
sent a probability of shifts well below 50% and only
slightly higher than the average. This suggests that a large
majority of gene trees would still yield correct inferences of
relative order.
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Altogether, our results suggest that the overall impact of
ghost lineages on the specific problem of gene flow during
eukaryogenesis is likely limited, supporting the conclusions
of earlier studies using the branch-length ratio method
(Pittis and Gabalddn 2016a; Vosseberg et al. 2021). In add-
ition, our analyses point toward potential control or miti-
gating strategies. Firstly, simulations can proactively
identify donor clades that are prone to generating mislead-
ing results, allowing for careful consideration during data
interpretation. Secondly, our findings suggest that discard-
ing gene trees with unusually long branches (as those
pointing to transfers before FECA in our simulations) and
selecting groups of genes exhibiting similar branch length
distributions may effectively reduce the potentially mislead-
ing effects of ghosts.

In conclusion, our proposed simulation approach pro-
vides greater clarity on the impact of ghost lineages on
the relative timing of gene transfer during eukaryogenesis,
lending further support to previous inferences. Moreover, it
offers strategies for identifying potential artifacts and miti-
gating the confounding effects of ghost lineages. Beyond
the specific study of eukaryotic origins, our approach can
be readily adapted to investigate other evolutionary
questions.

Methods

Phylogeny-aware Simulation Framework

In this simulation framework, we employ an empirical da-
ted species tree, which we populate with simulated ghost
lineages that branch out from any branch in the tree that
coexist with the relevant recipient lineage. We then simu-
late gene transfers from these simulated ghost lineages to
the recipient lineage. Then, for a given pair of simulated
ghost lineages we assess whether the relative ordering in-
ferred in the absence of ghost is reversed with respect to
the real order in which the events were simulated, a situ-
ation defined as a “shift".

More formally, this framework can be described as fol-
lows: given a dated (or ultrametric) species phylogeny and
an acceptor branch representing the lineage that received
the gene transfers, we simulate two ghost lineages in
each iteration. These two lineages originate from branches
in the species phylogeny that are different from the accept-
or branch but that overlap in time (i.e. coexist), at least par-
tially, with it, as they need to coexist in time in order to have
feasibly participated in HGT. Then, for each simulated ghost
we simulate a gene transfer to the acceptor branch at a ran-
domly chosen time at which both ghost and acceptor
branches exist. Assuming an inference is subsequently
done in the absence of the ghost, the expected inferred do-
nor lineage would correspond to the extant lineage that is
closest to the ghost, and the inferred length of the branch

corresponding to the transfer will correspond to the time
elapsed between the last common ancestor of the acceptor
branch and the inferred donor, and the end of the acceptor
branch. This allows us to assess differences between the
true and the inferred order of gene transfer events, de-
pending on the phylogenetic position of the putative ghost
donors. The procedure is repeated for the desired number
of iterations, and the species tree, the acceptor branch,
and the number of ghost lineages can be varied depending
on the scenario to test.

Testing Gene Flow in Eukaryogenesis

We adapted the above framework to specifically test the ef-
fect of ghosts on the scenario relevant for eukaryogenesis
(Pittis and Gabalddn 2016a; Vosseberg et al. 2021). For
this, we used as a species tree a recently inferred dated
phylogenetic TOL obtained from a concatenation of the
ribosomal markers for the ATPase distribution analysis
(Mahendrarajah et al. 2023) (the ATPase tree, Fig. 1a).
We removed the chloroplast and mitochondria clades to
obtain a reliable set of putative bacterial sisters for the
ghost donor. We set the acceptor branch to be the branch
connecting the last common ancestor of eukaryotes and
their closest Asgardarchaeota relatives (which, for simpli-
city, we here name the FECA, and the LECA, the FECA-
LECA lineage (Gabaldén 2021). We dated FECA and
LECA using the tree branches (i.e. the mean of the posterior
distribution of the node datings), obtaining a FECA-LECA
time frame of 2.42 to 1.89 Ga (Fig. 1b). Finally, we retrieved
the birth and death of the branches present in the inferred
FECA-LECA period, which we called the FECA-LECA
branch space (Fig. S4b). The simulated ghost lineages had
to comply with the following conditions: (i) they branch
out from a bacterial lineage (i.e. they are bacterial); (ii)
they must have branched out from a branch that coexisted
with the FECA-LECA branch; (iii) the transfer from the do-
nor ghost lineage had to have occurred during the FECA-
LECA period; (iv) the death of the ghost branch had to occur
after the transfer, at any point up to the present (Fig. 1¢).
Note that this last point is a formalism and does not take
part in the assessment of shifts. At the end of the simula-
tion, we calculated the proportion of iterations in which
the early/late donor classification (i.e. the relative ordering
of the transfers) is reversed if the lineages are unsampled,
that is, when there is a “shift” in the relative ordering of
the observed transfers. This process is agnostic to whether
the lineage is extinct (its death occurred in the past) or just
unsampled (data on its existence is still missing), therefore
covering the range of scenarios by which a lineage may
be a ghost.

To simulate transfers from ghost lineages to the proto-
eukaryote under the aforementioned premises, we used
the following process: (i) we randomly selected a branch
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from the FECA-LECA branch space (Fig. S4), which is then
considered the extant sister of the ghosts. (ii) The birth and
transfer events of the ghost lineage are inferred depending
on the birth and death of the selected (sister) branch: If the
branch exists during the whole FECA-LECA period, the
ghost birth is calculated between the birth and LECA, and
the ghost transfer to the FECA-LECA branch is inferred in
the period between the ghost birth and LECA, if the branch
originated before FECA and died in the FECA-LECA period,
the ghost birth is inferred from the birth and the death of
the branch, the transfer is then sampled in the segment
of the branch that falls in the FECA-LECA period; if the
ghost birth is inferred before FECA, we sampled the trans-
fer from FECA to LECA, whereas when the ghost birth is
sampled inside the FECA-LECA period, we inferred the
transfer in the period between the ghost birth and LECA,
and if the branch originated after FECA and died after
LECA, we inferred the ghost birth between the branch birth
and LECA, and the transfer between the ghost birth and
LECA.

Conclusion Shift Test

In a simulation round, we generated 1,000 pairs of trans-
fers from simulated ghosts, with each pair of transfers com-
prising an “early” and a “late” transfer, depending on their
relative distance to the LECA node. We then retrieved the
date of the birth of the extant sister clade from within the
simulated ghost branches, that is, the transfer date which
we would infer in the gene tree. Although this inferred
date does not correspond to the actual date of the transfer,
it is the only measurable branch length and the proxy used
in the branch-length ratio method to approximate the age
of the transfer, as done in previous studies. The birth dates
of the sisters were then also classified as “early” and “late”
with respect to the LECA node (indicating which event oc-
curred before and which after in the timeline of events),
and we, finally, assessed whether the births of the sister
clades and the actual transfers had the same order or,
otherwise, resulted in a shift, in the latter case, we called
a conclusion shift. This simulation round was then repeated
1,000 times (a total of 1,000,000 transfer pairs), allowing
us to get a distribution of the percentage of conclusion
shifts and the number of branch lengths that, once shifted,
result in distances longer than FECA (and that therefore
would be considered aberrant and discarded from analysis).

Impact of the Proportion of Ghost Lineages

To assess the impact of the proportion of ghost lineages in
the tree, we simulated pairs of transfers in which we as-
signed them to be ghosts or not. For each transfer pair,
we computed an observed age for the transfer. We first de-
termined whether the donor clade is extant or a ghost fol-
lowing a Bernoulli distribution with a given probability (the

proportion of ghost lineages). The observed age is assigned
to the transfer age (if the donor is inferred to be alive) or to
the ghost birth age (in the case of a ghost donor). Each
transfer event is treated as independent, opening the pos-
sibility to obtain combinations of nonghost and ghost do-
nors, which are of interest, as they can provide larger
differences between observed distances. We then com-
pared the early—late conclusion in both the observed ages
and the transfer ages to test whether the conclusions
shifted.

We implemented this simulation procedure in R, the
code for these functions is stored in the GitHub repository
for the project https:/github.com/Gabaldonlab/ghost_
transfers.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.

Acknowledgments

The authors acknowledge support from the Spanish
Ministry of Science and Innovation (grant numbers PID2021-
126067NB-100, CPP2021-008552, PCI2022-135066-2, and
PDC2022-133266-100), cofounded by ERDF “A way of
making Europe”, as well as support from the Catalan
Research Agency (AGAUR) (grant number SGR01551),
European Union's Horizon 2020 research and innovation
program (grant number ERC-2016-724173); Gordon and
Betty Moore Foundation (grant number GBMF9742); “La
Caixa" foundation (grant number LCF/PR/HR21/00737),
and Instituto de Salud Carlos Il (IMPACT grant IMP/00019
and CIBERINFEC CB21/13/00061- ISCIII-SGEFI/ERDF).

Data Availability

This study has not generated new data, the code to obtain
the simulations is available in https:/github.com/
Gabaldonlab/ghost_transfers. The reference trees are de-
posited in the respective repositories of the papers: 10.
5281/zenodo.10012837 for the ATP-synthase tree, and
10.6084/m9.figshare.24428659 for the LUCA tree.

Literature Cited

Bernabeu M, Manzano-Morales S, Gabaldén T. On the impact of in-
complete taxon sampling on the relative timing of gene transfer
events. PLoS Biol. 2024a:22:e3002460. https:/doi.org/10.1371/
journal.pbio.3002460.

Bernabeu M, Manzano-Morales S, Marcet-Houben M, Gabaldén T.
2024b Oct 16. Diverse ancestries reveal complex symbiotic interac-
tions during eukaryogenesis. [preprint]. bioRxiv. https:/doi.org/10.
1101/2024.10.14.618062

Davin AA, et al. A geological timescale for bacterial evolution and oxy-
gen adaptation. Science. 2025:388:eadp1853. https:/doi.org/10.
1126/science.adp1853.

8 Genome Biol. Evol. 17(11)  https://doi.org/10.1093/gbe/evaf190  Advance Access publication 9 October 2025


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf190#supplementary-data
https://github.com/Gabaldonlab/ghost_transfers
https://github.com/Gabaldonlab/ghost_transfers
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf190#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf190#supplementary-data
https://github.com/Gabaldonlab/ghost_transfers
https://github.com/Gabaldonlab/ghost_transfers
https://doi.org/10.5281/zenodo.10012837
https://doi.org/10.5281/zenodo.10012837
https://doi.org/10.6084/m9.figshare.24428659
https://doi.org/10.1371/journal.pbio.3002460
https://doi.org/10.1371/journal.pbio.3002460
https://doi.org/10.1101/2024.10.14.618062
https://doi.org/10.1101/2024.10.14.618062
https://doi.org/10.1126/science.adp1853
https://doi.org/10.1126/science.adp1853

Low Impact of Unsampled Lineages in Inferring Gene Flow During Eukaryogenesis

Gabaldon T. Origin and early evolution of the eukaryotic cell. Annu Rev
Microbiol. 2021:75:631-647. https:/doi.org/10.1146/annurev-
micro-090817-062213.

Mahendrarajah TA, et al. ATP synthase evolution on a cross-braced da-
ted tree of life. Nat Commun. 2023:14. https://doi.org/10.1038/
s41467-023-42924-w.

Martin WF, et al. Late Mitochondrial origin is an artefact. Genome Biol
Evol. 2017:9:373-379. https://doi.org/10.1093/gbe/evx027.

Moody ERR, et al. The nature of the last universal common ancestor
and its impact on the early earth system. Nat Ecol Evol. 2024:8:
1654-1666. https:/doi.org/10.1038/541559-024-02461-1.

Pittis AA, Gabalddn T. Late acquisition of mitochondria by a host with
chimaeric prokaryotic ancestry. Nature. 2016a:531:101-104.
https:/doi.org/10.1038/nature16941.

Pittis AA, Gabaldén T. 2016b Aug. On phylogenetic branch lengths
distribution and the late acquistion of mitochondria [preprint].
bioRxiv. https:/doi.org/10.1101/064873

Steenwyk JL, Li'Y, Zhou X, Shen X-X, Rokas A. Incongruence in the phy-
logenomics era. Nat Rev Genet. 2023:24:834-850. https:/doi.org/
10.1038/541576-023-00620-x.

Strassert JFH, Irisarri I, Williams TA, Burki F. A molecular timescale
for eukaryote evolution with implications for the origin of red

algal-derived plastids. Nat Commun. 2021:12:1879. https:/doi.
0rg/10.1038/541467-021-22044-z.

Susko E, Steel M, Roger AJ. Conditions under which distributions of
edge length ratios on phylogenetic trees can be used to order evo-
lutionary events. J Theor Biol. 2021:526:110788. https:/doi.org/
10.1016/}.jtbi.2021.110788.

Tricou T, Tannier E, de Vienne DM. Ghost lineages can invalidate
or even reverse findings regarding gene flow. PLoS
Biol. 2022:20:e3001776. https:/doi.org/10.1371/journal.pbio.
3001776.

Tricou T, Tannier E, de Vienne DM. Response to ‘on the impact of in-
complete taxon sampling on the relative timing of gene transfer
events.’. PLoS Biol. 2024:22:e3002557. https:/doi.org/10.1371/
journal.pbio.3002557.

Vosseberg J, et al. Timing the origin of eukaryotic cellular complexity
with ancient duplications. Nat Ecol Evol. 2021:5:95-100. https:/
doi.org/10.1038/541559-020-01320-z.

Zuckerkand! E, Pauling L. Molecules as documents of evolutionary his-
tory. J Theor Biol. 1965:8:357-366. https:/doi.org/10.1016/0022-
5193(65)90083-4.

Associate editor: Laura Eme

Genome Biol. Evol. 17(11)  https://doi.org/10.1093/gbe/evaf190 Advance Access publication 9 October 2025 9


https://doi.org/10.1146/annurev-micro-090817-062213
https://doi.org/10.1146/annurev-micro-090817-062213
https://doi.org/10.1038/s41467-023-42924-w
https://doi.org/10.1038/s41467-023-42924-w
https://doi.org/10.1093/gbe/evx027
https://doi.org/10.1038/s41559-024-02461-1
https://doi.org/10.1038/nature16941
https://doi.org/10.1101/064873
https://doi.org/10.1038/s41576-023-00620-x
https://doi.org/10.1038/s41576-023-00620-x
https://doi.org/10.1038/s41467-021-22044-z
https://doi.org/10.1038/s41467-021-22044-z
https://doi.org/10.1016/j.jtbi.2021.110788
https://doi.org/10.1016/j.jtbi.2021.110788
https://doi.org/10.1371/journal.pbio.3001776
https://doi.org/10.1371/journal.pbio.3001776
https://doi.org/10.1371/journal.pbio.3002557
https://doi.org/10.1371/journal.pbio.3002557
https://doi.org/10.1038/s41559-020-01320-z
https://doi.org/10.1038/s41559-020-01320-z
https://doi.org/10.1016/0022-5193(65)90083-4
https://doi.org/10.1016/0022-5193(65)90083-4

	Phylogeny-aware Simulations Suggest a Low Impact of Unsampled Lineages in the Inference of Gene Flow During Eukaryogenesis
	Introduction
	Results
	Discussion
	Methods
	Phylogeny-aware Simulation Framework
	Testing Gene Flow in Eukaryogenesis
	Conclusion Shift Test
	Impact of the Proportion of Ghost Lineages

	Supplementary Material
	Acknowledgments
	Data Availability
	Literature Cited


