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Summary
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o Lateral gene transfer (LGT) is the movement of DNA between organisms without sexual
reproduction. The acquired genes represent genetic novelties that have independently
evolved in the donor's genome. Phylogenetic methods have shown that LGT is widespread
across the entire grass family, although we know little about the underlying dynamics.

¢ We identify laterally acquired genes in five de novo reference genomes from the same grass
genus (four Alloteropsis semialata and one Alloteropsis angusta). Using additional resequen-
cing data for a further 40 Alloteropsis individuals, we place the acquisition of each gene onto
a phylogeny using stochastic character mapping, and then infer rates of gains and losses.

o We detect 168 laterally acquired genes in the five reference genomes (32-100 per gen-
ome). Exponential decay models indicate that the rate of LGT acquisitions (6-28 per Ma) and
subsequent losses (11-24% per Ma) varied significantly among lineages. Laterally acquired
genes were lost at a higher rate than vertically inherited loci (0.02-0.8% per Ma).

e This high turnover creates intraspecific gene content variation, with a preponderance of
them occurring as accessory genes in the Alloteropsis pangenome. This rapid turnover gener-
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ates standing variation that can ultimately fuel local adaptation.

Introduction

Genomes are dynamic, with continuous gene loss compensated by
gene duplication, and occasional de novo gene formaton (Puighd
et al., 2014; Schlotterer, 2015; Murat et al, 2017; Fernindez &
Gabaldén, 2020). Because these processes happen at the individual
level, they lead to intraspecific variation in gene content. In prokar-
yotes, this variation in gene content between individuals is dra-
matic, and its discovery led to the concept of the pangenome
(Tettelin ez al, 2005). In a pangenome, genes are either defined as
core, being present in all individuals of a species, or accessory and
only present in a subset of individuals. One of the main driving
forces for free-living prokaryote pangenome evolution is lateral
gene transfer (LGT). LGT is the acquisition of DNA without
sexual reproduction and this process continually adds genetic
novelty to a species gene pool (Puigbo e¢r al, 2014; Brockhurst
et al., 2019). Pangenomes were more recently established for several
groups of eukaryotes, where significant gene content variation was
also observed with important ramifications for adaptation (Gordon
et al., 2017; Golicz et al., 2020; Tao et al., 2021).

The occurrence of LGT in eukaryotes is now widely accepted
(Van Etten & Bhattacharya, 2020), and its relative contribution to
the pangenome has been studied in a few groups containing mainly
unicellular organisms. Less than 0.5% of the genes in the pangen-
ome of yeast (Saccharomyces cerevisiae) have been acquired through
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LGT (Soanes & Richards, 2014), with many of these genes appear-
ing as accessory loci (Han et 4, 2021). Similar proportions have
been observed in comparative genomic studies across phytoplankton
and within other algal groups where LGT accounts for 0.16-1.44%
of genes in the genome (Fan ez 4/, 2020). The distribution of later-
ally acquired genes in these groups also revealed continuous gene
transfers during their diversification (Dorrell ez al, 2021). LGT also
happens in some multicellular eukaryotes (Keeling & Palmer, 2008),
with unequivocal examples in fungi (Reynolds ez al, 2018), animals
(Xia e al, 2021) and plants (El Baidouri er al, 2014;
Li er al, 2014, 2018; Wang ez al, 2020; Wickell & Li, 20205
Ma ez al., 2022). In terms of plant-to-plant transfers, LGT is espe-
clally prevalent between parasites and their hosts (Yoshida
et al, 2010; Kado & Innan, 2018; Cai er 4/, 2021), and in some
nonparasitic groups, such as grasses (Poaceae; Mahelka ez al, 2017;
Dunning er al, 2019; Hibdige er al, 2021; Mahelka
et al., 2021; Wu et al., 2022). Some of the laterally acquired genes
received by plants have had drastic impacts on environmental adap-
tation (Li et al, 2014; Phansopa et al., 2020; Wang ez al., 2020),
but their temporal dynamics and contribution to the pangenome
remain understudied.

Among grasses, Alloteropsis semialara (Paniceae tribe of Pani-
coideae subfamily) represents one of the best study systems to
investigate grass-to-grass LGT as it has the highest number of lat-
erally acquired genes known for a diploid grass (Hibdige
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et al., 2021). Up to 59 laterally acquired genes were present in
the genome of a single Australian A. semialata accession, after rul-
ing out alternative hypotheses such as contamination, incomplete
lineages sorting, unrecognised paralogy, phylogenetic bias and
hybridisation (Table 1). These genes were acquired from at least
nine different donors separated by 20-40 Myr of evolution and
multiple speciation events that gave rise to thousands of descen-
dant species (Dunning ez al., 2019; Hibdige ez al., 2021). Alloter-
opsis semialata originated in tropical Africa, where divergent
genetic lineages and the sister species Alloteropsis angusta still
occur (Bianconi ez al., 2020). Previous analyses have identified
laterally acquired genes that are present in multiple Allozeropsis
species, that were either acquired before the divergence of the spe-
cies or that were subsequently introgressed after their speciation
(Olofsson ¢t al., 2016, 2019; Dunning er al., 2019). However,
the reliance on a single reference genome constrained previous
systematic detection efforts to laterally acquired genes present in
this sequenced individual. Quantifying the rate of LGT and its
contribution to the gene content of a species requires considering
multiple reference genomes for a diverse set of accessions, esti-
mating the ages of the transfer based on their distribution among
accessions and identifying any subsequent loss of the laterally
transferred genes.

In this study, we generate complete reference genomes for three
accessions of A. semialata representing various African sublineages
and one for A. angusta, leading to five reference genomes for
diploid individuals with the inclusion of the original Australian
reference (Dunning ez al, 2019). We use phylogenetic approaches
to identify all protein-coding genes laterally acquired from other
grasses in each of the five genomes. We then use whole-genome
sequence data for 40 additional diploid Alloteropsis accessions to
(1) establish the distribution of all identified laterally acquired
genes across the diversity of the group and map their origins onto a
time-calibrated phylogeny, testing for the contributions of shared
history and close geographical proximity on the sorting of these
genes. The timing of the acquisition of each laterally acquired gene
is then fitted to an exponential decay model to (2) directly estimate
the rate of LGT gains and subsequent losses of the laterally

Table 1 Ruling out alternative hypotheses to lateral gene transfer.
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acquired genes in the line of ancestors leading to each of the five
reference genomes, and to contrast the latter with the rate of losses
of vertically inherited genes. Finally, (3) we compare the intraspeci-
fic variation in laterally acquired gene content to the amount of
variation of native genes to quantify the contribution of LGT to
the pangenome of the group.

Materials and Methods

Genome sequencing, assembly and annotation

This study uses five de novo assembled Alloteropsis genomes, four
of which were sequenced as part of this study. This includes three
A. semialata (R. Br.) Hitchc. assemblies that, together with the
previously sequenced genome from an Australian individual
(accession AUS1; Clade IV; Dunning ez al, 2019), encompass
the four main nuclear clades within this species (Fig. 1; Bianconi
et al., 2020): one individual from South Africa (accession RSA5-
3; Clade I), one from Tanzania (accession TAN1-04B; Clade II)
and one from Zambia (accession ZAM1505-10; Clade III). We
also generated an assembly for A. angusta Stapf from a Ugandan
accession (AANG_UGAA4).

DNA was extracted from live plants grown at The University
of Sheffield using the DNeasy Maxi Kit (Qiagen). Short-read
[llumina library preparation and sequencing (HiSeq 2500 or
3000) was undertaken at the Edinburgh Genomics Centre (see
Supporting Information Table S1 for per sample sequencing
details). Long-read PacBio sequencing was generated using the
SMRT PacBio platform at the Centre for Genomic Research at
the University of Liverpool (see Table S1 for per sample sequen-
cing details). Raw sequencing data were cleaned, assembled and
annotated using the same approach as Dunning ez /. (2019), full
details are provided in Methods S1.

Identification of laterally acquired genes

For each of the five reference genomes, we independently
detected all protein-coding laterally acquired genes using an

There are five main alternative explanations and we cite evidence that largely rules these out. This evidence comes from numerous grasses, including the

Australian Alloteropsis semialata used in this present study

(1) Contamination: The laterally acquired genes are present in multiple independent sequencing runs, including those generated by independent labs
(Hibdige et al., 2021), and long-read sequencing confirms the LGTs are integrated into the nuclear genome of A. semialata (Dunning et al., 2019)

(2) Incomplete lineage sorting: A majority of known grass-to-grass LGTs (79.4%) are inserted in addition to the native ortholog (Hibdige et al., 2021).
The appearance of both in the same gene tree precludes incomplete lineage sorting driving the observed patterns (as long as they are true orthologs, to

be described later)

(3) Unrecognised parology: By comparing the synteny of orthologs from multiple model species across the gene trees it was shown that 76.2% of model
grass orthologues were syntenic with the LGT recipients native copy (vertically inherited copy with an evolutionary history that tracks the species tree),
2.86% were syntenic to the laterally acquired gene, and 20.9% were syntenic to neither (Hibdige et al., 2021). The 2.86% could be a result of
misassembly or homologous replacement (Dunning et al., 2019; Hibdige et al., 2021). The synteny analyses confirm that our method identifies true

orthologues in most cases

(4) Phylogenetic bias (including convergent evolution): In addition to confirming the phylogenetic patterns with trees constructed on different data
partitions (Dunning et al., 2019; Hibdige et al., 2021) there is also extremely high similarity of noncoding intergenic DNA between donor and recipient,
something that would not be expected if the tree discordance was driven by convergent evolution or other phylogenetic biases. For example, a 45.7-kb
noncoding region in the Australian A. semialata reference genome is 97.2% identical with that of the putative donor species (Dunning et al., 2019)

(5) Hybridisation: The coexistence and lack of synteny between the native and laterally acquired genes in the recipient genome argues against
hybridisation through sexual reproduction and chromosomal recombination during the transfers (Dunning et al., 2019; Hibdige et al., 2021)
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Fig. 1 Phylogenetic distribution of laterally acquired genes in Alloteropsis. Phylogenetic relationships of the sample used in this study are shown on the left,
with each time-calibrated phylogenetic tree based on a different set of five nuclear genes. The sample names include a three-letter code denoting their
country of origin, reference genome individuals are in bold, and the species and nuclear clades within Alloteropsis semialata are indicated. On the right,
the presence of each laterally acquired gene in each accession is shown with a rectangle coloured according to the clade the sample belongs to. Each indivi-
dual laterally acquired gene is connected by a vertical line and they are ordered by their abundance across all groups.

approach we previously developed (Dunning er 4/, 2019; Hib-
dige et al., 2021), which identifies Alloteropsis genes nested in dis-
tantly related clades of grasses that are resolved in a coalescence
species tree analysis (Dunning ez a/., 2019). In brief, identifying
primary laterally acquired genes involves building phylogenetic
trees of increasing species representation (up to 135 species;
Table S2) and applying successive filters to verify that a scenario
of LGT is statistically supported (Fig. S1). Secondary candidates
are then identified as genes in close physical proximity to the pri-
mary candidates in the genome, and that have gene tree topolo-
gies supporting the same LGT scenario. The identification of
secondary laterally acquired genes effectively rescues loci dis-
carded by the stringent primary scan. All subsequent analyses
made no distinction between primary and secondary laterally
acquired genes. Full details of the method are provided in the
Methods S1.

As the method was applied to each genome independently,
older laterally acquired genes shared among accessions would
potentially be detected in multiple scans. We therefore generated
a merged list ensuring the occurrence of each gene was only
counted once. Our method also counts recent duplicates (i.c.
defined as being part of the same monophyletic group in the phy-
logeny) as a single LGT. This negates the problem of having to
determine whether the gene duplicate arose prior or post lateral
transfer, or indeed whether the duplication is in fact an assembly
error (e.g. uncollapsed haplotypes). The function of the laterally

© 2023 The Authors
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acquired genes was investigated using a Gene Ontology (GO)
enrichment analysis (see Methods S1 for details).

Distribution of laterally acquired genes across Alloteropsis

Genome assemblies and annotations are seldom complete, and
there will often be missing loci. To reduce the effect of assembly
and annotation quality on our results, we decided to verify
whether each laterally acquired gene was present in the unas-
sembled sequencing reads using a phylogenetic approach. From
the five genomes, we selected a single loci to act as a representa-
tive for each laterally acquired gene (7= 177). The representative
was selected based on the original gene tree alignments, with a
preference for genes that yielded alignments with the most A/lo-
teropsis sequences present, had the most taxa and were the longest.
In all but two cases, a single reference gene was sufficient to
recover all loci in the laterally acquired clade, with two nonover-
lapping annotated sequences used as references where this was
not possible. We then determined the presence of each of these
representative genes in whole-genome short-read datasets belong-
ing to 45 diploid Alloteropsis accessions (including the five indivi-
duals with reference genomes; Bianconi er al, 2020), using a
combination of BLASTN searches (minimum alignment length
100 bp) and phylogenetic analyses. For each of the 45 datasets,
putative reads corresponding to each laterally acquired gene were
identified via a BLASTN analysis with default parameters. The 10
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top hits were retrieved, and each one was successively added to
the gene tree alignments using MAFFT v.7.427 (Katoh & Stand-
ley, 2013) with the ‘add fragments’ parameter. A phylogenetic
tree was then inferred with PHYML, with the best substitution
model identified using Smart Model Selection SMS v.1.8.1
(Lefort et al., 2017). Reads were considered as belonging to the
laterally acquired gene if they were sister to it in this phylogenetic
tree. Finally, the laterally acquired gene was considered as present
if it was supported by at least three such reads. For the two genes
with two nonoverlapping references, it was considered as present
if either of the reference fragments fulfilled the criteria.

Molecular dating of Alloteropsis

We generated 100 different dated species phylogenetic trees that
could be used to retrace the evolutionary history of each laterally
acquired gene. Each tree was inferred from five randomly selected
Benchmarking Universal Single-Copy Orthologs (BUSCO) gene
alignments and time-calibrated species phylogenetic trees were
inferred under a coalescence model, using Bayesian inference as
implemented in *Beast2 v.2.6.4 (Bouckaert er al, 2019).
Full details of the molecular dating methods are provided in

Methods S1.

Testing for an effect of history and geography on the
distribution of laterally acquired genes

For each pair of individuals, a similarity index was computed as
the number of shared laterally acquired genes present in their
genome. These similarities were first compared with their pair-
wise divergence times, using a Mantel test. The residuals of this
relationship, which represent the part of the similarity index not
explained by divergence times, were then tested for an effect of
pairwise geographical distance, using the partial Mantel test. For
each pair of individuals, the most recent divergence across the
100 phylogenetic trees was considered. The pairwise geographic
distance along the Earth’s surface was computed from GPS coor-
dinates, using the earth.dist function in the R package fossil (Vav-
rek, 2011). For the Mantel test, the observed Spearman
correlation coefficient was compared with those obtained with
9999 permutated matrices. The R* was extracted from a linear
model.

Inferring the rates that laterally acquired genes are gained
and lost

To estimate the origin, each laterally acquired gene was recoded
as a presence/absence character and mapped onto a time-
calibrated phylogenetic tree. These analyses were performed on a
per gene basis and not at the genomic block level because genes
can be independently lost and blocks in less contiguous genomes
will be more fragmented. To allow each gene to evolve along the
phylogenetic tree that best explained its history, the likelihood
was estimated using the ace function with an asymmetrical substi-
tution matrix (ARD model) in the APE package (Paradis &
Schliep, 2019) for all 100 phylogenetic trees, and the tree
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producing the highest likelihood was selected. Stochastic map-
ping was then performed to map the origin of each laterally
acquired gene using the make.simmap function in the PHYTOOLS
package (Revell, 2012). If more than one acquisition was inferred
along these branches, the history of gene was considered as
ambiguous and it not included in the rate analyses. For genes
where a single origin was identified, we extracted the date of
acquisition. This analysis was performed independently for each
of the five reference genomes, and the process was repeated 100
times, producing 100 sets of time of origin for each of the later-
ally acquired genes. These repeats represent pseudoreplicates.
Note that, for a given gene, the number of acquisitions can vary
among repeats of the stochastic mapping, so that it is considered
in some but not all repeats.

The number of LGT per million-year time slices was extracted
from the distribution of times of origin, up to 11 Ma, which repre-
sents the time to most recent common ancestor of the species of
Alloteropsis included here. For each time slice, the number of LGTs
averaged across the 100 replicates was used to estimate the rates of
gains (G) and subsequent losses (Z). For this purpose, an exponen-
tial decay equation was fitted using the nls function in R:
O=Gx(1-1) Eqn 1

O is the number of genes laterally acquired in each time slice
that were retained until the present and detected in the reference
genome, and ¢is the average age of the time window. The rates G
and L were estimated using the same approach independently for
each of the 100 pseudoreplicates of stochastic mapping, and the
0.025 and 0.975 quantiles of their distributions were used to
compute 95% confidence intervals.

Analyses of native genes

Native genes are those that have been vertically inherited follow-
ing the species tree and that do not have a LGT in their history
(at least since the origin of the grass family). From the initial 37-
taxa trees, we extracted gene trees that were unlikely to have
undergone LGT in their recent history. To be considered as such,
a gene had to be: present in at least the more distantly related
congeneric Alloteropsis Cimicina (L.) Stapf and one of A. angusta
and A. semialata; the Alloteropsis sequences had to be monophy-
letic; and they had to be placed in the phylogenetic tree within
Paniceae (the tribe that contains Alloteropsis), but outside of the
subtribes that do not contain Alloteropsis. Using this method, we
identified 6657 genes that existed in the common ancestor of
Alloteropsis and have then been transmitted to some of its descen-
dants. The presence of each of these genes in the five reference
genomes was established based on read analyses, as described
above for laterally acquired genes. We identified 227 out of these
6657 that were absent from at least one of the five reference gen-
omes, and the presence/absence of each of these 227 genes across
the 45 Alloteropsis individuals was again established using the
read-based analysis.

The rate of losses of these native genes was inferred by map-
ping their origins on the phylogenetic trees, as described for the
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laterally acquired genes. For each gene missing from a reference
genome, its loss in the lineage leading to this genome was
recorded. As before, if multiple losses were inferred along the
branches leading to the reference genome, the gene was not con-
sidered when calculating rates. The number of losses across the
100 mapping replicates was then computed per 1 Ma time win-
dow. Because losses are not expected to be frequently recovered,
the number of observed losses is not expected to decrease with
their age, and if the rate of losses is constant, the number of losses
per time window should not vary. We consequently computed
the rate of losses as the mean number of observed losses across
the eight most recent time windows, which represent the time
during which A. angusta and A. semialata evolved separately.

Results

Assembling multiple Alloteropsis reference genomes

The size of the A. semialata assemblies ranged between 0.62 and
0.86 Gb, which reflects differences in the genome size estimates
based on flow cytometry for these diploid accessions (Bianconi
et al., 2020), although the mean assembly size was 27% (range
20-32%) smaller than the flow cytometry estimates (Table S3).
Accessions RSA5, TAN1 and AUS1 (before super-scaffolding
using Dovetail Genomics Chicago and Hi-C data) had similar
assembly statistics: mean N50 = 0.18 Mb (SD = 0.01 Mb); mean
number of scaffolds=7059 (SD=1018); and mean longest
scaffold = 1.07 Mb (SD = 0.08 Mb; Table S3). The ZAM1505-
10 accession was generally more fragmented than the other three
A. semialata reference genomes: N50=0.07 Mb; number of
scaffolds =19 813; longest scaffold =0.60 Mb (Table S3).
BUSCO analyses indicated that all four A. semialata genomes
were comparably complete (mean=289.3%; SD =2.3%),
although the ZAM1505-10 assembly had higher levels of dupli-
cation (25.5%) compared with the other three (mean =7.3%;
SD = 1.8%; Table S3). This same pattern was repeated when the
BUSCO analysis was performed solely on the genome annota-
tions (Table S3). The increased annotation duplication in
ZAM1505-10 is accounted for by our downstream LGT identifi-
cation pipeline as monophyletic groups of recent duplicates and/
or uncollapsed haplotypes are only counted as a single event in
the gene tree analyses.

The AANG_UGA4 A. angusta assembly was more fragmented
and less complete than the four A. semialata references, largely
owing to the lack of long-read PacBio data for this accession
(Table S3). According to the BUSCO analysis, the AAN-
G_UGA4 assembly was only 77.1% complete, and this value
decreased to 67.4% when considering the genome annotation.
Despite the lower quality of this assembly, it is unlikely to bias
our results as it effectively acts as an outgroup to the A. semialata
accessions.

Widespread lateral gene transfer in Alloteropsis

Our phylogenetic pipeline identified an inidal 177 laterally
acquired genes (both primary (Table S4) and secondary

© 2023 The Authors
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candidates sensu Dunning et al., 2019) across the five Alloteropsis
genomes (Notes S1; Table S5). For 11 of these genes, individual
reads could not be reliably assigned to specific gene copies, and
these loci were not considered further in this study. For two of
the remaining genes, in depth phylogenetic analyses indicated
that they had been transferred twice independently to different
accessions of A. semialata (Figs S2, S3; Notes S1), and the genes
resulting from each of these events were considered as indepen-
dent, leading to a final total of 168 laterally acquired genes (range
of 32-100 per genome; Table S5). These genes were acquired
from three different subfamilies: 92.2% Panicoideae, 4.8%
Chloridoideae and 3.0% Danthonioideae (Fig. 2; Table S6).
Within the Panicoideae, the main donors were Cenchrinae
(n=88 LGT), Andropogoneae (n=54) and Melinidinae
(n=7). For comparison of the laterally acquired genes identified
in this and previous studies, see Notes S1 and Table S7.

Genes were acquired as part of fragments of various sizes

Distinct protein-coding laterally acquired genes were assigned to
the same genome block if they were adjacent in any of the five
reference genomes (Tables S6, S8). In total, the 168 loci could be
assigned to 82 different genomic blocks, with the most gene-rich
fragment containing 12 distinct genes that spanned over 137 kb
in the ZAM1505-10 genome (block 68; Fig. S4; Table S6). A
total of 45 laterally acquired genes appeared on their own in the
assembled genomes (Table S6). All genes from the same frag-
ments were assigned to the same donor, with one exception
(Fig. S5; Table S6). Block 63 contains three genes, and the first
two are assigned to Cenchrinae while the last one is assigned to
Andropogoneae and is present in more Alloteropsis accessions
(Figs S5, S6). The third gene is present in three distinct contigs
in the assembled genome of TAN1-04B that likely represent
post-transfer duplicates, and only one of them is joined with the
two other laterally acquired genes (Tables S6, S8). These patterns
might result either from a misassembly or from distinct LGT
clustering in the genome after independent transfers, as pre-
viously suggested in Hordeum (Mahelka ez al., 2021).

History and geography both explain the distribution of
laterally acquired genes

Using a sequencing read analysis, the distribution of each of the
168 laterally acquired genes was established among 40 additional
accessions of Alloteropsis, including numerous A. semialata and A.
angusta individuals, as well as the outgroup A. cimicina (Fig. 1).
Together with the five reference genomes, these 45 accessions
cover the known geographical and genetic diversity of the genus,
with divergence times spanning > 11 Myr (Figs 1, 2). No later-
ally acquired gene was found in all 45 accessions used in this
study. Two were detected in 44 accessions and thus likely
acquired before the diversification of Alloteropsis, with few other
loci shared across species (Fig. 1). A majority of the genes were
restricted to phylogenetic subgroups, with five only present in a
single individual (ZAM1505-10; Fig. 1; Table S6), suggesting

very recent acquisitions. The number shared among pairs
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Fig. 2 Phylogenetic evidence and geographical distribution of two exemplar laterally acquired genes. Two examples were selected to represent a laterally
acquired gene present in (a) most individuals (LGT-001, reference gene ASEM_ZAM1505-10_31837) and (b) one restricted to a few individuals (LGT-103,
reference gene ASEM_TAN1_34267). For each of them, a simplified phylogenetic tree at the top shows the positions of the laterally acquired genes
(marked ‘'LGT') and the native ortholog whose inheritance tracks the species tree. In both groups, the position of the genes extracted from Alloteropsis
cimicina and the five reference genomes of Alloteropsis semialata and Alloteropsis angusta is indicated with colours matching (Fig. 1; magenta, AAN-
G_UGA4; blue, RSA5-3; green, TAN1-04B; yellow, ZAM1505-10; red, AUS1). The scale represents the number of substitutions per site, and grass subfami-
lies of interest are shown, and some further divisions within Panicoideae are also shown. For (a) we added synteny information from other model grasses
onto the phylogeny that were extracted from a previous analysis of the chromosomal scale AUS1 A. semialata genome (Hibdige et al., 2021). Most of the
genes in the other model species are syntenic with the native A. semialata copy (none are with the laterally acquired gene), confirming that unrecognised
parology is not driving the observed phylogenetic patterns. For each laterally acquired gene, the geographical position of accessions bearing them are
shown on maps, squares for the reference genomes and circles for resequenced genomes, both coloured by phylogenetic groups as in Fig. 1 (magenta, A.
angusta; A. semialata: blue, Clade | = RSA5-3; green, Clade Il = TAN1-04B; yellow, Clade IlI; red, Clade 1V). The grey shading represents the known distri-
bution of A. semialata.

New Phytologist (2023) © 2023 The Authors
www.newphytologist.com New Phytologist © 2023 New Phytologist Foundation

9suRdIT suowwo)) aanear) ajqeorjdde ay) £q pauraa0d are s[oNIE YO oSN Jo so[ni 10j KIeIqi AuIUQ A[IA\ UO (SUONIPUOI-PUB-SULI)/ WO K[Im " ATeIqI[auruo//:sdny) suonipuo) pue SwL ], oy 38 *[£202/01/60] uo Kreiqi auruQ £[1p 89 £q 72261 udu/ 11 1°01/10p/wod Kapim: Krerqipaurjuo-yduy/:sdny woiy papeojumo( ‘0 ‘L€ 1869t 1



New
Phytologist

of individuals decreased with divergence time (Mantel test,
£<0.0001, R =0.53; Fig. S7), which supports a gradual accu-
mulation of laterally acquired genes during the diversification of
the genus. We conclude that history largely explains the patterns
of the distribution of laterally acquired genes within and among
Alloteropsis species.

Although evolutionary history appears to be the main driver of
the present-day distribution of laterally acquired genes, geogra-
phy also appears to play a role. Some genes present a patchy dis-
tribution across the Alloteropsis phylogeny, being found in a few
accessions belonging to different phylogenetic groups (Fig. 1).
These patterns could result from repeated losses following ancient
acquisitions, but in some cases likely result from introgression of
recently acquired genes. Indeed, some of these laterally acquire
genes with a patchy distribution are shared among distantly
related accessions, sometimes from different Alloteropsis species,
which cluster geographically (Fig. 2; Notes S1). Once divergence
times were accounted for, the number of laterally acquired loci
shared by pairs of accessions decreased with geographical dis-
tances (partial Mantel test, p=0.0006, R =0.08; Fig. §7),
showing that history and geography both contributed to the
present-day distribution of these genes.

The rate of LGT varies among lineages

The transfer and potential loss of each of the 168 laterally
acquired genes were individually inferred along one of a hundred
time-calibrated phylogenetic trees that best explained the LGT
history, using stochastic mapping with 100 pseudoreplicates. The
timing of each LGT was then retrieved for the line of ancestors
leading to each of the five reference genomes containing it. When
more than one transfer was inferred by the stochastic mapping,
the gene was discarded (ranging from 25% to 56% of laterally
acquired genes; Table S5). The inference of multiple origins
might result from repeated losses of older genes or spread of
recent ones via introgression, but in both cases, their patchy dis-
tribution across the phylogeny means that the LGT event cannot
be confidently assigned to a single time point.

As expected, given the random nature of the stochastic map-
ping approach, the inferred ages of origin varied among the 100
replicates, but there was a consistent increase in observed LGT
events towards the present leading to the ZAM1505-10 gen-
ome, and to a lesser extent to some of the others (Fig. S8).
When considering the average across pseudoreplicates, the num-
ber of observed LGTs increased strongly towards the present in
RSA5, AUS1 and especially ZAM1505-10, where it fitted clo-
sely to an exponential distribution (Fig. 3). Based on fitted
exponential decay models, the rates of gains were estimated
between 2.66 and 15.74 LGT per Ma for the five genomes.
The highest value was observed in ZAM1505-10, with a rate of
gains significantly higher than the others, which all had overlap-
ping confidence intervals for this parameter (Fig. 3). If the
LGTs for which ages could not be reliably estimated follow the
same distribution as the others, the rate of gains would be
inflated to between 3.54 and 28.1 LGT per Ma (in ZAM1505-
10; Fig. 3).
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The rate of losses of LGT per Ma in A. angusta was estimated
to be 4%, mirroring the weak increase in LGT towards the pre-
sent (Fig. 3). The modelled relationships indicated that between
11% and 16% of LGTs were lost each Ma in the lineages leading
to most A semialata, while 24% were lost in the lineage
leading to ZAM1505-10, although the confidence intervals of
the latter overlap with those of some others (Fig. 3). The high
number of laterally acquired genes present in the genome of
ZAM1505-10 therefore results from a higher rate of gains,
despite a potentially higher rate of losses (Fig. 3). Overall, these
analyses indicate that the genomes of Alloteropsis undergo a high
turnover of LGT, with repeated gains throughout their history
followed by relatively rapid losses. The rates of gains and losses,
however, vary among sublineages, creating important variation in
laterally acquired gene content, especially within A. semialata.

Laterally acquired genes are lost faster than native
counterparts

To compare the rate that laterally acquired genes are lost to those
that trace the species tree (referred to as native genes), we used a
dataset of 6657 relatively conserved genes that were present as
a single copy in the common ancestor of Alloteropsis and other
Paniceae, and that did not have a signal of being acquired
through LGT. Using the same sequencing read analyses as for the
laterally acquired genes, we estimated the number of native genes
lost every Ma, for the lineages leading to each of the five reference
genomes. Assuming that the losses whose age could not be esti-
mated are proportionally distributed among the time windows,
the fraction of the 6657 genes lost every Ma ranges from 0.25%
in A. angusta to 0.04-0.06% in the four A. semialara individuals
(see Notes S1). We conclude that laterally acquired genes are lost
up to 500 times faster than native components of the genome of
A. semialata.

LGT overly contributes to gene presence/absence variation

We evaluated the pangenome variation focusing on the five refer-
ence genomes, as genes specific to other accessions cannot be
identified based on the data available. Out of 168 laterally
acquired genes, only two are present in the five A. semialata and
A. angusta reference genomes and can thus be considered as core
genes, with the vast majority (166 genes; 98.8%) appearing as
accessory genes. Of the 166 polymorphic laterally acquire genes,
21 are specific to A. angusta, while 136 are specific to A. semia-
lata, with the other nine shared by some accessions of the two
groups (Fig. 4). Of the loci specific to A. semialata, 130 vary
within A. semialata, and most of the pangenome variation was
generated by laterally acquired genes restricted to ZAM1505 and
to a lesser extent AUS1 (Fig. 4). These results show that recent
LGT and subsequent losses create important pangenome varia-
tion, within A. semialata and among the two sister species. In
contrast to genes acquired through LGT, only 3.4% of the 6657
native genes investigated above appear as accessory, and this is
mainly due to numerous losses in the A. angusta lineages, which
contributes in excess to the native pangenome (Fig. 4). This
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Fig. 3 Rates of lateral gene transfer and subsequent loss of laterally acquired genes. (a) Numbers of lateral gene transfers (LGT) assigned to different 1 Ma
time slices. For each of the five Alloteropsis reference genomes, named at the top, the points indicate the mean and the bars the 95% intervals across 100
pseudoreplicates. The red curves show the fitted exponential decay model. The inferred rates of LGT and the subsequent loss of the laterally acquire genes
per Ma are indicated, with 95% confidence intervals in square brackets. (b) The number of LGT observed in the genome of each of the five reference
genomes is indicated. (c) The inferred rate of LGT gains per Ma is shown with closed circles for the five references genomes, with bars showing the 95%
intervals across replicates. The open circles show the estimates obtained assuming that laterally acquire genes for which a single time of origin could not be
estimated are distributed through time proportionally to those with estimated ages. (d) The inferred rate of laterally acquired gene loss per Ma is indicated
for the five reference genomes. The points show the mean and the bars the 95% intervals across 100 pseudoreplicates.

result is not due to the more fragmented and incomplete nature
of the A. angusta reference genome as this analysis was performed
on the unassembled reads. Within A. semialata, the four acces-
sions contribute in similar proportions to the native pangenome
variation, which stands in stark contrast to the laterally acquired
gene pangenome contributions (Fig. 4).

Our analysis of native genes was conservative, and we
consequently captured as few as one-tenth of all annotated
protein-coding genes (Table S1). If the proportion of
variable genes was maintained, we would thus expect up to 2270
accessory native genes. This is a lot lower than the number of
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accessory genes identified in other grass pangenomes, such as
maize where 69% are variable (Hufford ez 2/, 2021). However, a
majority of these variable genes are only found in maize (Hufford
et al., 2021), meaning they would not be included in our conser-
vative phylogenetic approach. It is also worth noting that our
analyses are based on read presence/absence and not gene annota-
tion presence/absence. This means that our approach is again
conservative as it is not as affected by genome assembly and anno-
tation quality, and it also counts pseudogenes still present in the
genome. While these methodological and data volume differ-
ences (> 5X fewer Alloteropsis than maize assemblies) result in a
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Fig. 4 Contribution to pangenome variation
in Alloteropsis. Pie charts at the top show the
proportion of accessory (presence variable)
and core (presence fixed) genes for native
loci inherited vertically from the ancestors of
Alloteropsis, and those resulting from lateral
gene transfer. The bar charts below indicate
the number of reference genomes each
accessory gene is found in, and the pie charts
below that show the proportions found in
each reference genome.
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fewer number of variable genes in Alloteropsis compared with
other species, our pipelines to trace the evolutionary history of
laterally acquired and native genes is equally conservative and is
therefore comparable.

In total, 99% of detected LGT in Alloteropsis are variable,
which equates to 166 genes in total. The number of laterally
acquired genes identified is also likely to be underestimated, but
they still represent at least 7% of the variable genes, despite
accounting for < 0.5% of all protein-coding genes. Overall, these
patterns indicate that, despite their low relative numbers, the lat-
erally acquired genes disproportionately contribute to the variable
portion of the Alloteropsis pangenome, and that this excess contri-
bution stems from both a high rate of LGT and secondary losses.

Functions of the laterally acquire genes

The final list of 168 laterally acquired genes was annotated
against the SwissProt database, revealing a diverse set of func-
tions, including genes associated with C4 photosynthesis, disease
resistance and abiotic stress tolerance (Table S9). A subsequent
GO enrichment analysis identified four significantly (adjusted
P < 0.05) overrepresented categories: cellulose biosynthetic pro-
cess, cellulose synthase (UDP-forming) activity, pre-mRNA 3'-
splice site binding and ribonuclease P activity (Table S10). It is
unsurprising that there are relatively few enriched categories
when all are considered at once, as they include both the genes
that were potentially selected for in addition to adjacent loci that
hitchhiked along as part of the same fragment of DNA (Olofsson
et al., 2019). Further work to disentangle the two may provide
clarity as to whether genes with certain functions are preferen-
tially retained after the initial transfer.

© 2023 The Authors
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Discussion

Continual birth and death of laterally acquired genes

We can only detect laterally acquired genes that are retained until
the present. Those detected therefore likely represent the tip of
the iceberg of a much higher background rate of transfer and sub-
sequent loss through drift or negative selection. Comparison of
the laterally acquired gene content among multiple accessions
of the same group can help infer the dynamics of gene transfers
through time. For instance, those restricted to accessions of
A. semialata from Australia presenting a high similarity with
populations of the donor species from the same region must have
been acquired after the colonization of Australia, inferred in the
last 0.5 Ma (Olofsson ez al., 2019). Conversely, genes present in
all Alloteropsis species which accumulated substitutions after the
transfer (Fig. 2) were likely acquired before the diversification of
the genus some 11 Ma. The exact timing of a majority of LGTSs
is difficult to precisely date, but their distribution among acces-
sions can be used to model the temporal spread of acquisitions,
but also of subsequent losses.

The laterally acquired genes present in a given genome repre-
sent those that were gained and persisted minus the proportion
that have been lost. Assuming that the rate of gain, corresponding
to the rate of integration of foreign genes in the genome of
A. semialata, and the rate of subsequent losses are constant
through time, the number of genes persisting at present should
decrease with their age, following an exponential decay model.
Such patterns were indeed observed for those found in the gen-
omes of the A. semialata accessions (Fig. 3). These analyses bring
direct support for the accumulation of laterally acquired genes in
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the genomes of plants and also indicate that between 6 and 28
loci entered the genomic lineages of the four A. semialata ana-
lysed here every million years (Fig. 3). However, between 11%
and 24% of those that were originally integrated are lost every
million years, a proportion that vastly exceeds the fraction of
native genes lost every million years (0.04—0.06% for A. semia-
lata; Fig. S9). These numbers indicate a high turnover rate of lat-
erally acquired genes, with potentially >20 foreign genes
entering the recipient gene pool every million years, but half of
those being lost after 3-6 Ma. Why some genes are retained for
long periods and others are rapidly lost is presently unknown,
although it is likely to reflect whether the selection pressure to
retain these loci is temporal or sustained. For example, laterally
acquired genes associated with disease resistance could rapidly
spread through a population during an epidemic, but then be lost
through drift as chances of infection subside. Conversely, genes
incorporated into key pathways may be retained over the long
term, such as copies of core C4 photosynthetic genes acquired by
A. semialata that have functionally replaced the native versions
that have become pseudogenes (Phansopa ez al., 2020).

Lineage-specific dynamics

While our models assume constant rates of LGT gains and subse-
quent losses through time, this assumption is likely violated.
First, the raw number of DNA transfers is likely to vary as trans-
fer opportunities fluctuate. Such variation might represent
changes in the phenotype of the recipient. For instance, high
levels of selfing would be expected to reduce LGT via illegitimate
pollination, whereas increased vegetative propagation would pro-
vide more opportunities for LGT through root inosculation. In
addition, the probability of DNA transfers likely depends on the
presence of potential donors in close contact, which can vary as
species migrate. Second, the probability that transferred DNA
persists over generations depends on the demography of the reci-
pient species. Large effective population sizes would increase the
chance of advantageous laterally acquired genes spreading under
selection, while increased drift in small populations would
increase the retention of neutral loci. The causal factors are difh-
cult to identify, but such variation is likely responsible for both
deviations from the models within each lineage and differences
among them. It is also worth noting that the rates we present are
almost certainly underestimated due to technical limitations.
This includes missing genes that were not assembled/annotated
in the reference genomes (c. 10% of loci in each A. semialata
reference genome based on the BUSCO analysis), in addition to
our conservative detection pipeline which excludes genes which
are not present in enough species to infer robust phylogenetic
trees (Hibdige ez al., 2021). However, what is important is that
these issues are not restricted to any particular A. semilata lineage
meaning the inferred rates can be compared.

The most striking difference concerns the lineage of
ZAM1505, which accumulated significantly more laterally
acquired genes than the other lineages (Fig. 3). This accession
comes from a region of Zambia where A. semialata was often
found forming multispecies clumps with some known donors
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(Fig. S10), potentially providing increased opportunities for
LGT. In addition, this accession is located near the inferred cen-
tre of origin of the species (Bianconi ez al., 2020), and constant
and large population sizes might have favoured the integration of
beneficial genes, as well as physically linked neutral loci as
reported in Australia (Olofsson et al, 2019). These scenarios
remain speculative, but the patterns reported here show that
some lineages overly contribute to the laterally acquired gene
content of a species.

The precise mechanism behind the transfers is currently
unknown, although many have been proposed (Dunning
et al., 2019; Christin ez al., 2012; Hibdige er al., 2021). Based on
current evidence, the most mechanisms likely involve reproduc-
tive contamination through illegitimate pollination (Christin
et al., 2012; Pereira et al., 2022). This would potentially mirror
plant transformation techniques such as repeated pollination
(Shan et al., 2005) or pollen tube pathway-mediated transforma-
tion (Ali er al., 2015) where the reproductive process is effectively
contaminated with DNA from a third individual. These transfor-
mation methods require minimal human intervention and could
therefore occur naturally in wind-pollinated species, driving the
observed grass-to-grass LGT through reproductive contamina-
tion (Pereira et al., 2022).

LGT excessively contributes to pangenome variation

We show here that LGT, which is responsible for the acquisition
of < 1% of all genes present in a given accession of Alloteropsis,
excessively contribute to both the pangenome of A. semialata and
the joint pangenome of A. semialata and A. angusta (Fig. 4).
Because they are continuously acquired and then lost more
rapidly than native genes (Figs 3, S8), most laterally acquired
genes are indeed variable, within the species and even within
some populations (Fig. S6; Olofsson et al, 2016). Our results
moreover show that even if genes are preferentially acquired by a
given sublineage, such as ZAM1505, they can greatly contribute
to the species-level pangenome (Fig. 4) and might later be intro-
gressed to other populations (Fig. 1; Olofsson er al, 2016).
Indeed, the different sublineages of A. semialata and even the two
sister species A. angusta and A. cimicina occasionally undergo
gene flow (Olofsson ez al., 2016; Curran et al., 2022) so that the
standing variation created by LGT has the potential to fuel adap-
tation throughout the group.

Unlike duplicates of native genes, genes acquired through
LGT have diverged from the other genes in the genome for at
least as long as the divergence time between the donor and the
recipient, which in the case of examples reported here extends
to >40Ma (Christin ez al, 2008). These laterally acquired
genes consequently add diversity to the recipient genomes, both
in terms of expression patterns (Dunning et 2/, 2019) and cod-
ing sequences affecting the catalytic properties of the encoded
enzymes (Phansopa er al, 2020). We therefore conclude that
the high turnover of laterally acquired genes revealed here cre-
ates important pangenome variation and therefore impacts the
evolutionary potential of species undergoing such DNA
exchanges.
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Grasses appear to frequently undergo lateral gene transfer. Here,
we detect laterally acquired genes in five de novo reference gen-
omes belonging to genetically divergent sublineages within the
grass A. semialata and its sister species A. angusta. We identify a
total of 168 laterally acquired genes, but only two are shared by
all five genomes, and the distribution of these loci among 45 Allo-
teropsis individuals suggests a few old acquisitions and many
recent ones that are restricted to sublineages. Analyses of their
distribution among individuals in a phylogenetic context allowed
estimates of the rates of gains and subsequent losses, using an
exponential decay model. We estimated that up to 28 LGT per
Ma were accumulated by one lineage of A. semialata, with up to
one-quarter of the acquired genes subsequently lost every million
years. The rate of LGT varied drastically among the five acces-
sions, potentially reflecting differences in opportunities for trans-
fers to occur. This high turnover created important inter- and
intraspecific variation in laterally acquired gene content, with
almost all of them being polymorphic, compared with only 3.4%
of native genes. LGT therefore excessively contributes to the pan-
genome variation in this group. Because the laterally acquired
genes provide novelty to the recipient genomes and can be subse-
quently introgressed among related species, the standing variation
revealed here has the potential to fuel rapid adaptation in these
grasses.
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