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Summary

¢ Horizontal gene transfer (HGT) is a major driving force in the evolution of prokaryotic and
eukaryotic genomes. Despite recent advances in distribution and ecological importance, the
extensive pattern, especially in seed plants, and post-transfer adaptation of HGT-acquired
genes in land plants remain elusive.

e We systematically identified 1150 foreign genes in 522 land plant genomes that were likely
acquired via at least 322 distinct transfers from nonplant donors and confirmed that recent
HGT events were unevenly distributed between seedless and seed plants.

e HGT-acquired genes evolved to be more similar to native genes in terms of average intron
length due to intron gains, and HGT-acquired genes containing introns exhibited higher
expression levels than those lacking introns, suggesting that intron gains may be involved in
the post-transfer adaptation of HGT in land plants.

¢ Functional validation of bacteria-derived gene GuaD in mosses and gymnosperms revealed
that the invasion of foreign genes introduced a novel bypass of guanine degradation and
resulted in the loss of native pathway genes in some gymnosperms, eventually shaping three
major types of guanine metabolism in land plants. We conclude that HGT has played a critical
role in land plant evolution.

transfer adaptation.

Introduction

Land plants (embryophytes) originated in the Middle Paleozoic
(c. 470 million years ago), or possibly even earlier, in the Middle
Cambrian to Early Ordovician (Morris er al, 2018; Bow-
man, 2022; Harris er al., 2022). Major evolutionary transitions,
including the colonization of land and the origin of vascular tis-
sues, seeds, and flowers (Donoghue ez 4/, 2021), have resulted in
the diversification of land plants into > 370 000 extant species,
with profound and lasting impacts on Earth’s ecosystems and cli-
mate change (Berry ez al., 2010; Lenton ez al., 2016). Each transi-
tion was accompanied by gene innovation and loss in land plant
genomes (Bowles ez al., 2020). New genes may have been trans-
ferred from other species into land plant genomes via horizontal
gene transfer (HGT). These transferred genes could theoretically
be acquired from any foreign source, including other plants and
nonplant species. Foreign genes acquired from distantly related
species (e.g. bacteria and fungi) are often considered more impor-
tant for novel functions in land plants (Huang & Yue, 2013;
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Soucy et al., 2015). Previous studies have reported HGT from
nonplant species to early diverged land plants (e.g. Anthoceros
angustus, Physcomitrella patens, and Marchantia polymorpha; Yue
et al., 2012; Bowman et al., 2017; Li et al., 2020) and a few land
plants of interest (e.g. Ceratopteris richardii, Cycas panzhihuaensis,
Torreya  grandis, and  Thinopyrum  elongatum; H. Wang
et al, 2020; Liu et al, 2022; Marchant er al, 2022; Lou
et al., 2023). A recent comprehensive analysis of 40 representative
streptophytes (8 charophytes, 10 seedless plants, and 22 seed
plants) revealed two major episodes of historical HGT events in
land plant evolution, corresponding to the early evolution of
streptophytes (Episode 1) and the origin of land plants (Episode
2), and contrasting scales of relatively recent HGT events
between seedless and seed plants (Ma et al., 2022). An accelerat-
ing number of available genomes provides an opportunity to
uncover extensive patterns of HGT in land plants, especially in
seed plants, a lineage containing > 90% species of land plants
(Nic Lughadha ez a/, 2016; Shi ez al., 2023). In addition, a lim-
ited number of studies have addressed post-transfer adaptation of
HGT-acquired genes in land plants (Wang ez al., 2023). The for-
eign genes appear to gradually adapt to the recipient genomes
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over time (Husnik & McCutcheon, 2018; Fan ez al, 2020).
Nevertheless, post-transfer adaptation of HGT-acquired genes in
land plants remains unclear.

In this study, we systematically identified and characterized
horizontally acquired genes using a robust and conservative
phylogeny-based approach in 522 high-quality land plant gen-
omes (19 seedless plants and 503 seed plants) representing seven
major clades of land plants, and conducted a comprehensive ana-
lysis of HGT-acquired genes to test the extensive pattern of
HGT across major land plant clades, to explore post-transfer
adaptation of HGT-acquired genes in land plants, and to exam-
ine the impact of foreign genes on native genes in land plants.

Materials and Methods

Data sources

To collect the set of land plant genomes as of December 2022,
we used ‘plant genome’ as a search term in Web of Science
(https://www.webofscience.com/) to screen for relevant papers
and to obtain the basic information on species name, sequencing
platform, accession number, assembly level, and download link.
For species with multiple genomes sequenced, we only selected
the genome with publicly available annotation, the highest
assembly level, and the highest genome completeness (Table S1).

Identification of HGTs in land plants

To detect horizontally acquired genes from nonplant species in
land plants, we followed a robust and
phylogeny-based method (Keeling & Palmer, 2008) used in
insects (Li er al., 2022; Supporting Information Fig. S1). Briefly,
to avoid potential spurious results arising from small genomic

conservative

fragments of contaminant organisms in the genome assemblies,
we only retained those genes that located in genomic contigs or
scaffolds that were > 100 kb. For protein sequence of each gene,
we evaluated whether it was horizontally acquired by a two-step
workflow. In Step 1, we first performed a BLAsTP search in DIa-
MOND v.2.0.15.153 (Buchfink et 4/, 2021) with an e-value cutoff
of 1e-10 against a custom database (Refseq+) consisting of the
reference protein sequences (Refseq) (last accessed on 10 June
2022) and 522 land plant protein sequences. HGTFINDER (v.1,
https://github.com/xingxingshen/HGTfinder) (Shen ez al., 2018)
was then used to: (1) assign taxonomic information to each
Brastp hit from NCBI Taxonomy database and (2) classify the
Braste hits into three different lineages (RECIPIENT: land
plants; GROUP: streptophytes excluding land plants; OUT-
GROUP: all species excluding streptophytes) based on their taxo-
nomic information to obtain three values: bbhO (BLAST bitscore
of the best hit in the OUTGROUP lineage), bbhG (bitscore of
the best hit in GROUP lineage but not in the RECIPIENT line-
age), and maxB (bitscore of the query to itself). Using these
values, we calculated: (1) the Alien Index: Al = (6640/
maxB) — (bbhGlmaxB) and (2) the percentage of species from
the OUTGROUP lineage (outg_pct) in the list of the top 1000

hits that have different taxonomic species names. Of the
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22 268 484 genes analyzed, 84 615 genes passed the cutoffs of
Al value > 0 and outg_pct > 80%. We also compared the num-
ber of candidate genes retained when outg_pct was set to 60%,
70%, and 80% to further justify the cutoff setting and found that
there was only a slight difference (Fig. S$2). In Step 2, we
extracted the 1000 most similar homologs from the Refseq+
database by SEQKIT v.2.1.0 (Shen ez al, 2016). Muldple
sequence alignments were performed by MArFFT v.7.310 (Katoh
et al., 2002) with ‘--auto’ parameter. We used TRIMAL (v.1.4)
(Capella-Gutiérrez et al., 2009) to trim poor alignment with the
‘-automated]’ parameter. IQ-TREE v.2.1.4 (Minh ez al, 2020)
was used to infer maximum likelihood (ML) trees with -B 1000’
parameters. Each ML tree was rooted at the midpoint using the
APE (Paradis et al, 2004) and PHANGORN (Schliep, 2011) R
packages and was visualized using the command version of ITOL
v.4 (Letunic & Bork, 2019). To further identify reliable
HGT-acquired genes, we conducted three additional analyses.
First, for candidate-acquired genes with > 90% identity to the
putative donors, we excluded those candidate-acquired genes for
which no orthologs were found in closely related species. Second,
we excluded candidate-acquired genes with homology to plastid
sequences. Third, by manual inspection, we further excluded
those ML trees for which nonplant species were not monophy-
letic due to donor sequence contamination. After inspection, we
identified 1150 putative HGT-acquired genes in 522 land plant
genomes.

Since HGT-acquired genes belonging to the same gene family
may be acquired from diverse donors, we considered both phylo-
genetic relationships and donor sources and identified 322 gene
families for 1150 HGT-acquired genes. These 322 gene families,
which were assumed to be at least 322 distinct HGT events, were
then divided into historical HGT events (with homologs in other
land plant clades or Zygnematophyceae) and recent HGT events
(with homologs only in the given clade) based on previous study
and the land plant clades in the gene families. Foreign genes
acquired by earlier ancestors of land plants (e.g. the last common
ancestors of Plantae or green plants) were not included in this
study. Considering that it is difficult to be absolutely certain
about the real donors, the transferred genes in putative donor
species were inferred as the best hits among the lineage of puta-
tive donors, using a monophyletic most similar homolog
approach (Fan ez al., 20205 Li ez al., 2022).

Validation of HGT-acquired genes

To ensure the reliability of these 1150 HGT-acquired genes, we
first used CONTERMINATOR v.1.c74b5 (Steinegger & Salzberg,
2020) to detect potential contamination and found none for
these HGT-acquired genes. Second, we examined the distribu-
tion of sequence lengths of the 479 genomic contigs containing
HGT-acquired genes alongside the distribution of sequence
lengths of the 49 696 genomic contigs that not containing
HGT-acquired genes (Fig. S3a). We found that contigs contain-
ing the HGT-acquired genes were typically longer than
contigs without them. Third, we examined the distribution of
the proportions of HGT-acquired genes that reside in the 479
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contigs and found that none of the 479 contigs contained
HGT-acquired genes at a frequency > 9% (Fig. S3b). Fourth, we
examined the protein sequence similarity between HGT-acquired
genes in land plants and their closest homologs in nonplant
donors for HGT-acquired genes and found that the similarity
values ranged from 22% to 92%, with an average value of 51%
(Fig. S3c). Fifth, we checked the genomic location of 1150
HGT-acquired genes and calculated the ratio of their gene start
location to scaffold length (Fig. S3d). We found that
HGT-acquired genes were roughly evenly distributed across the
scaffolds. We then checked the donor source of HGT-acquired
genes with intron and found that HGT-acquired genes with
intron were mainly of bacterial/viral origin (64.0%; Fig. S3e).
Finally, we examined 58 randomly selected HGT-acquired genes
in the six land plant genomes representing five of the seven
clades, using polymerase chain reaction and Sanger sequencing
experiments. For each of the 58 HGT-acquired genes, two
separate polymerase chain reaction reactions were used to amplify
the upstream and downstream regions that flanked the foreign
gene (Table S2). The size of each polymerase chain reaction
target was ¢ 1500 bp (Fig. S4). We considered the
HGT-acquired gene to be successfully validated only if its
upstream and downstream regions were successfully amplified
and their Sanger sequencing were nearly identical (identity
> 98.0%) to the DNA sequences. Our results showed that the
percentage of successful validation ranged from 75.0% to 87.5%
across six land plants tested, with an average of 84.5% (Fig. S3f).
Given the impact of biological factors such as heterozygous
sequences, repetitive sequences, and polyploidy on polymerase
chain reaction and Sanger sequencing, this result remained accep-
table and similar to a recent study in insects (Li et al, 2022).
Taken together, these results indicate that the set of 1150
HGT-acquired genes present in the scaffolds with a length of
scaffolds > 100 kb is reliable.

Phylogenomic matrix construction

For concatenation-based ML tree inference,
sequences of 522 land plant genomes and seven outgroup gen-
omes were evaluated respectively in Benchmarking Universal
Single-Copy Orthologs (Busco v.5.4.7), and we used 1614
BUSCO genes from embryophyta_odb10 (2020-09-10) as a set
of reliable markers of diverse lineages (Manni ez al., 2021). After
screening, 1373 orthologous genes in at least 70% of 529 land

plant genomes were concatenated for subsequent analysis.

the protein

RNA extraction and real-time PCR

Total RNAs were extracted from different tissues of Ginkgo
biloba using a plant RNA isolation kit (Vazyme, Nanjing,
China). First-strand cDNA was synthesized from 1.0 pg of total
RNA using RevertAid Reverse Transcriptase (Thermo Scientific,
Waltham, MA, USA) with oligo (dT) primers. The genomic
DNAs were extracted from leaf of G. biloba using the modified
cetyltrimethylammonium bromide (CTAB). The primers used
here are listed in Table S2.

© 2024 The Author(s).
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Origins and feature of introns

To identify the origin of the 1972 introns, we first extracted and
masked the sequence of each intron using BEDTooLs v.2.30.0
(Quinlan & Hall, 2010) and performed a BLASTN search against a
custom database consisting of the Nucleotide (nt) database (last
accessed on 10 June 2022) and 522 land plant genomes with an
e-value cutoff of 1e-5 and the option “-task blastn-short’. Consid-
ering that intron sequences might be originated from different
regions of the same genome, we counted the total query length of
each subject sequence based on Brast hits and calculated the
total query coverage (total query length/intron length) for each
subject sequence. Only subject sequences with a total query cov-
erage > 50% were considered as the putative origin of the corre-
sponding intron. The features of the introns were characterized
using Extensive de novo TE Annotator (EDTA v.2.1.3; Ou
et al., 2019) with default settings.

RNA sequencing and transcriptome analysis

Three tissues (leaf, stem, and root) of G. biloba were collected
and frozen in liquid nitrogen with three biological replicates.
Library construction and sequencing were performed on the Illu-
mina HiSeq2000 platform to generate 150 bp pair-end reads.
For transcriptome analysis, raw data were filtered by TriMMO-
MATIC v.0.39 (Bolger ez al., 2014), and clean reads were mapped
to cDNA using SALMON v.0.13.0 to directly quantify gene expres-
sion levels (TPM) (Patro et al., 2017).

Plant material and cultivation

All mutant/transgenic lines are in the Arabidopsis thaliana eco-
type Columbia (Col-0) background. The Arabidopsis T-DNA
mutants gsda (GK432D08) (Kleinboelting et al, 2011) was
obtained from the GABI-Kat collection. The coding regions of
the G6GuaD were amplified using polymerase chain reaction and
respectively cloned into the expression vector pCAMBIA1300
promoting by a 35S promoter. Complementation lines were
obtained by transforming gsda with the Agrobacterium tumefaciens
strain GV3101 carrying the recombinant plasmids via the floral
dip method (Clough & Bent, 1998). Arabidopsis plants were
grown on soil under long-day conditions (22°C, 16 h: 8 h
light : dark) at 60% relative humidity. For dark stress treatment,
seedlings of Col-0, gsda mutants, and complementation lines
were covered for 6 d after 24 d of growth. Full rosettes of the
respective genotypes were harvested after 6 d dark treatment for
metabolite analysis (three pots per genotype as biological repli-
cates).

Protein purification and assay

The full-length coding sequence of G6GuaD was amplified by
polymerase chain reaction and cloned into the EcoRI and Xbal
sites of the pMAL-p2x expression vector containing the
N-terminal MBP tag. For functional expression, Escherichia coli
BL21 (DE3) cells were transformed with recombinant plasmids
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and the corresponding pMAL-p2x vectors without insert as con-
trols and grown in Luria-Bertani (LB) medium with
100 pg ml~" ampicillin at 37°C. A 1 : 100 dilution of the cul-
ture was chosen and expanded in 100 ml LB medium until the
optical density at 600 nm reached ¢ 0.5. Recombinant protein
expression was induced with 0.5 mM isopropyl 1-thio-fB-d-
galactopyranoside at 200 rpm, 15°C for 16 h. After incubation,
the cells were harvested by centrifugation (at 20 000 g, 4°C for
30 min). Lysis and protein purification were performed accord-
ing to the manufacturer’s protocol of Amylose Resin (New
England Biolabs, NEB). Protein concentration was measured by
the Bradford dye binding assay. The enzyme assay was performed
in a 5 ml reaction mixture at 37°C for 40 min containing
10 mM MgCl,, 0.1 mM guanine, and 40 pg GbGuaD protein.
Controls were run without GbGuaD protein. After centrifuga-
tion, the supernatant was filtered through the 0.22 pm aqueous
phase filtration membrane for metabolite analysis.

Metabolite analysis

For seedlings, the extraction method was adapted from Heine-
mann et al. (2021). After freeze-drying and weighing, the plant
material was ground with eight 2 mm steel beads at a frequency
of 30 Hz for 5 min. One milliliter of extraction buffer (10 mM
ammonium acetate, pH = 7.5) prewarmed to 60°C was used
and samples were immediately incubated at 95°C for 10 min.
After 5 min cooling on ice and 15 min centrifugation at
20 000 gat 4°C for the removal of beads and cell debris, 80% of
the supernatant was filtered through the 0.22 pm aqueous phase
filtration membrane. Following the filtration, 400 pl of the
supernatant was used for the subsequent analysis. Guanine and
guanosine were quantified by external standards (ESTDs, calibra-
tion curve) using an Agilent HPLC 1200 system with an Eclipse
XDB-C18 150 x 4.6 mm column (Agilent Technologies, Santa
Clara, CA, USA). For ESTDs, standard solutions of guanine (0,
0.1, 1, 5, 10, and 20 pg ml™") and guanosine (0, 0.2, 2, 10, and
20, 40 pg ml™") were added into the matrix. Ammonium acetate
(10 mM, pH = 7.5) and 100% methanol served as mobile phase
A and mobile phase B. The gradient on the column was as fol-
lows: 0 min, 5% B; 1.5 min, 5% B; 3.5 min, 15% B; 6 min,
100% B; 7 min, 100% B; 7.1 min, 5% B; and 13 min, 5% B.
The injection volume was 20 pl and the flow rate was
0.8 ml min~ . Signal-to-noise ratios < 10 were considered as
not detected. For protein assay, mobile phase A was 0.2% acetic
acid and mobile phase B was acetonitrile. The gradient was as fol-
lows: 0 min, 3% B; 8 min, 4% B; 18 min, 60% B; and 20 min,
3% B. Leaf Chl concentrations were measured by averaging the
SPAD values of four identical leaves during dark stress for each
sample in the SPAD-502 meter (Three samples per genotype as
biological replicates).

Subcellular localization

The subcellular localization of GbGuaD investigated by confocal
microscopy in the leaves of Nicotiana tabacum transiently expres-
sing the protein fused to N-terminal and C-terminal (Fig. S5a)
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mVenus-tag, was carried out as described previously (Deng
et al., 2022). A FluoView FV3000 confocal laser scanning micro-
scope (Olympus) was used for image acquisition, with mVenus
excited by 514 nm lasers and detected at 530—-630 nm.

Statistical analysis

Data are presented as mean £ SD in figures. The statistical ana-
lyses including testing the normality of data distribution were
performed in R v.4.2.2 and ORIGINPRO v.9.8.0.200 software.
The Pearson correlation coefficient was used to summarize the
strength of the linear relationship between two data sets. Statisti-
cal significance was determined by #test with two-sided, and
multiple comparisons was performed (ns, P2 > 0.05; *, P < 0.05;
*% P <0.01; *** P <0.001). Further details of number of
samples and replicates are provided above.

Results

Distribution of HGT in land plants

To systematically identify putative HGT-acquired genes in land
plants, we selected 522 publicly available high-quality genomes
representing all seven clades of land plants (Table S1), including
hornworts (2), liverworts (7), mosses (2), clubmosses (3), ferns
(5), gymnosperms (7), and angiosperms (496). Using a robust
and conservative phylogeny-based method that we recently
applied to insects (Fig. S1; Li er al, 2022), ¢ 22 million
sequences of protein-coding genes present in the scaffolds with a
length of > 100 kb from 522 land plant genomes were screened
for putative HGT-acquired genes. We identified a total of 1150
genes (Table S3) that were transferred from nonplant sources into
64 land plants, likely via at least 322 distinct transfers (Fig. 1).

In terms of the average number of acquired gene families by
the number of included genomes from each clade, hornworts
acquired the highest average number of gene families (19.5 gene
families per species), followed by mosses (19.3 gene families per
species), clubmosses (17.3 gene families per species), liverworts
(13 gene families per species), ferns (6.6 gene families per spe-
cies), gymnosperms (3.3 gene families per species), and angios-
perms (0.4 gene families per species) (Fig. S6a). When evaluating
recent HGT events, the average number of recent HGT events
was 15.7, 14.5, 11.0, 10.0, 5.2, 0.6, and 0.4 in mosses, horn-
worts, clubmosses, liverworts, ferns, gymnosperms, and angios-
perms, respectively (Fig. S6a). Screening of putative donor
organisms for the 322 acquired gene families using approaches of
both BLAST and phylogeny (Table S4) suggested that bacteria
(50.3%) and fungi (41.6%) were the major donor sources, with
the bacterial phylum Proteobacteria (18.6%) and the fungal phy-
lum Ascomycota (21.4%) being the most common donor organ-
isms (Fig. 2¢).

Post-transfer adaptation of HGT in land plants

To explore the post-transfer adaptation of HGT-acquired genes
in land plant genomes, we examined the gene structure of 1150
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Distribution of 1150 putative HGT-acquired genes on the maximum likelihood phylogeny of 522 land plants
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HGT-acquired genes in both putative donor and recipient gen-  plants was similar to that of the putative recipient and donor spe-
omes, as well as native genes in land plant genomes. We found cies (Fig. 2e), while their average intron length was considerably
that the average exon length of HGT-acquired genes in land  longer than that of the putative donor species (average: 12.9 kb
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vs 0.1 kb) (Fig. 2d). In particular, the average intron length of
HGT-acquired genes in gymnosperms increased > 500-fold after
transfer from putative donor genomes (average: 82.9 vs 0.16 kb)
(Fig. 2f). Comparison of the introns of HGT-acquired genes in
putative HGT donor organisms and land plant recipients showed
that all 1972 introns present in the 683/1150 (59.4%) HGT-
acquired genes were gained after insertion into land plant gen-
omes. Among land plants, gymnosperms had the highest net
intron gain rate at 81.0%, while angiosperms had the lowest at
25.0% (Fig. 2g). Furthermore, we found that the 1098/1972
(55.7%) introns had the best hits from their native land plant
genomes (Fig. 2h). TE annotation revealed that these 1098
gained introns from native land plant genomes are repeat-rich
DNA sequences, including LTR transposons (33.0%), DNA
transposons (1.2%), and unclassified repeats (17.0%) (Fig. 2i).

To investigate whether intron gain events were involved in the
post-transfer adaptation of HGT-acquired genes in land plant
genomes, we conducted three separate analyses. We first com-
pared the identity between the HGT-acquired genes in land
plants and the transferred genes in the donor species. We found
that HGT-acquired genes with introns had lower identity than
those without introns compared to the transferred genes in the
donor species (Fig. 3a). This indicated that through intron gain
events, HGT-acquired genes would become increasingly diver-
gent from the transferred genes in the donor species. Second, we
compared the expression levels between HGT-acquired genes
with introns and those without introns, using 60 publicly
available transcriptome datasets from 20 land plants (Table S5).
Transcriptome analysis showed that 77.3% (573/741) of the
HGT-acquired genes had expression levels, compared with
72.3% of the native genes. Notably, of the 20 land plants ana-
lyzed, 15 (75%) had on average threefold higher gene expression
levels of HGT-acquired genes containing introns compared with
those lacking introns (Fig. 3c). This suggested that intron gains
can increase the expression levels of HGT-acquired genes in reci-
pient genomes, consistent with our recent finding in insects (Li
et al., 2022).

Lastly, to further reveal whether the HGT-acquired genes con-
taining introns shared a similar evolution with the native genes,
we calculated the ratio of total intron/exon length of HGT-
acquired genes containing introns and native genes and compared
it with genome size. We found that the ratio of total intron/exon
length in HGT-acquired genes (r=0.74, P= 3.6 x 107%)
(Fig. 3b) had a higher correlation with the genome size than
native genes (» = 0.48, P = 0.0018) (Fig. S6b), illustrating that,
as with native genes in land plant genomes (Niu ez a/., 2022), the
genome expansion also occurred in the intergenic and genic

regions of HGT-acquired genes.

Foreign gene GuaD acquired from bacteria introduce a
novel bypass for guanine degradation

KEGG pathway analysis of the 1150 HGT-acquired genes by
eggnog-mapper (Cantalapiedra et al., 2021) showed that most of
them were associated with metabolic pathway (Fig. S7a). We
found a wide range of metabolic functions brought by

© 2024 The Author(s).
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HGT-acquired genes in land plants, including but not limited
to secondary metabolism, xenobiotics biodegradation, amino
acid metabolism, carbohydrate metabolism, lipid metabolism,
nucleotide metabolism, and energy metabolism (Fig. S7b). Sev-
eral functional foreign genes involved in metabolic pathway in
land plants have been reported (Yang er al, 2015; Q. Wang
et al., 2022; Kfoury et al, 2024), but little attention has been
paid to the impact of HGT-acquired genes on native pathway
gene. Thus, we explored the function of bacterially derived gene
GBM 104943 enriched in nucleotide metabolism, which had a
well-established research background of related pathway genes
(Witte & Herde, 2019). Previous studies inferred its bacterial ori-
gin and potential function based on the incomplete protein
sequence (93 aa/434 aa) of GBM104943 (Ma et al., 2022), but
more functional evidence was needed for its role after HGT. Phy-
logenetic analysis revealed that GBM 104943 and other homolo-
gous genes in mosses and gymnosperms were embedded in the
bacterial gene cluster (Fig. 4b). The homolog of GBM 104943 in
the bacterial donors encodes the enzyme guanine deaminase
(GuaD), which catalyzes the hydrolytic deamination of guanine
to produce xanthine and ammonia. In contrast to that in bacteria,
the current model of purine metabolism in plants suggests that
guanine cannot be directly degraded. The degradation of guanine
in plants is thought to be first catalyzed by a hypoxanthine-
guanine phosphoribosyl transferase (HGPRT) and a hitherto
unknown GMP phosphatase (GMPP) to form guanosine. Gua-
nosine is then deaminated to xanthosine by a guanosine deami-
nase (GSDA) (Fig. 4a; Witte & Herde, 2019). The acquisition of
GuaD in mosses and gymnosperms may confer a direct guanine-
degrading function to these land plants.

To investigate the role of GBM104943, which we called
GuaD-Like in plant physiological and developmental processes,
we first examined the gene structure of G6GuaD, and compared
the expression in different tissues using transcriptome data from
G. biloba, one of the early diverged groups of gymnosperms. The
foreign gene GbGuaD in G. biloba exhibited the same gene
length as the putative bacterial donor, and neither contained
introns (Fig. 4c). Quantification of the transcriptome showed
that GbGuaD was expressed in multiple tissues (Fig. 4d), which
was consistent with the reverse transcription polymerase chain
reaction results (Fig. S5b). Our subcellular localization analysis
showed that G6GuaD was present in the cytosol and nucleus
(Fig. 4e), which is consistent with other enzymes involved in gua-
nine metabolism, such as GSDA (Dahncke & Witte, 2013) and
the nucleoside hydrolase heterocomplex NSH1/NSH2 (Riegler
etal,2011).

To evaluate the guanine deaminase activity of G6GuaD, the pro-
tein was fused to an MBP tag at its N-terminus, affinity purified,
and assayed with guanine as substrate. We found that G6GuaD
could effectively catalyze the deamination of guanine to xanthine in
vitro (Fig. 5a). To further explore the role of G6GuaD in guanine
catabolism 77 planta, we tested whether guanine degradation could
be restored by exogenously introducing G6GuaD into an Arabidop-
sis gsda mutant, which is sensitive to long-term darkness due to the
toxic effects of excessive guanosine accumulation (Schroeder
et al., 2018). To this end, we generated two complementation lines
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Fig. 3 Repeat-rich intron gains from native land plant genomes were likely involved in horizontal gene transfer (HGT) adaptation. (a) Comparisons of
identity between transferred genes in donor species and foreign genes in recipient species with no intron (n = 467), with one intron (n = 295), and with
two or more introns (n = 388). The horizontal lines represent the medians, and the whiskers extend from the hinges to the smallest or largest values within
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by transforming a gsda mutant with the full-length ¢cDNA of
GbGuaD driven by the CaMV-35s promoter. Compared to wild-
type (WT) Col-0, the gsda mutant showed a chlorotic phenotype
(Fig. 5b) and a significant reduction in Chl content after 6 d of
darkness (Fig. S5¢). Interestingly, expression of GbGuaD in the
gsda mutant partially restored the WT-like green leaf phenotype
(Fig. 5b). Furthermore, metabolite analysis of rosette leaves showed
that the dark-induced accumulation of guanosine (Fig. 5¢) and
guanine (Fig. 5d) in gsda was significantly reduced by expression of
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GbGuaD, demonstrating that in the absence of guanosine degrada-
tion, GbGuaD can directly degrade guanine and reduce the amount
of guanine salvaged to guanosine 77 vivo. Collectively, these results
indicate that the foreign gene GbGuaD, acquired from bacteria, has
introduced a novel bypass for guanine metabolism in G. biloba and
most likely other gymnosperms and mosses by directly degrading
guanine to xanthine.

Nucleosides can be converted to nucleotides, a process called
salvage. Alternatively, they can be completely degraded and
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samples per genotype were used as biological replicates. (e) Three major types of guanine metabolism in land plants. There were three major types of
guanine metabolism: primarily salvage-based (Type I), solely direct degradation (Type II), and a combination of salvage and direct degradation in land
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*** P<0.001.

enzyme GuaD in 522 land plant genomes. Our results showed
that only mosses retained both HGPRT and GuaD in guanine
metabolism. However, the native guanine salvage enzyme
HGPRT was lost with the acquisition of GuaD via HGT in four
of five clades of gymnosperms, including Ginkgoidae, Cupressi-
dae, Gnetidae, and Pinidae. Conversely, in the Cycadidae clade
of gymnosperms, GuaD was lost while HGPRT was retained.
Overall, there are three major types of guanine metabolism in
land plants: primarily salvage-based, solely direct degradation,
and a combination of salvage and direct degradation (Fig. Se).
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Discussion

HGT is unevenly distributed in land plants

A recent analysis of HGTs in 40 green plants (8 charophytes, 10
seedless plants, and 22 seed plants) reported that there were con-
trasting scales of relatively recent HGT events between seedless
and seed plants (Ma ez al., 2022). Using a broad and representa-
tive taxonomic sampling approach (especially among seed
plants), our systematic identification of 1150 HGT-acquired

© 2024 The Author(s).

New Phytologist © 2024 New Phytologist Foundation.

85UB017 SUOWILLIOD BAIFER1D) 3|l dde au Aq pauRA0h 88 S3[o e WO ‘88N JO S3NJ 0 A%21q 1T 8UIIUO AB] 1M UO (SUORIPUOD-PLE-SLUSY/W0D A8 | IMAleIq 1[ou 1 UO//Stiy) SUORIPUOD PUe swie | 8U3 S *[20e/80/G2] uo Ariqiiaulluo Ao jim Aisieaun Bueibyz Aq 0v00z Udu/TTTT OT/I0p/L0o A8 M ARiq Ul U0 ydu//sdny woly papeojumoq ‘0 ‘LET869FT



New
Phytologist

genes in 522 high-quality land plants also showed that the aver-
age number of recent HGT events occurring in seedless plants
was also remarkably higher than in seed plants (Fig. 2a). Our
results are congruent with previous study (Ma ez al., 2022), but
offer a finer resolution on seed plants. We found that there were
a considerable number of acquired gene families retained in gym-
nosperms, a group of early diverging seed plants (Yang
et al., 2022; Fig. 2b). Of these, 17 gene families may be the rem-
nants of Episode 2, and the remaining six were likely acquired by
the last common ancestor of vascular plants or gymnosperms
(Table S4). These retained gene families often comprise multiple
copies in gymnosperms, and are directly or indirectly involved in
plant adaptation to challenging environments. For example, the
cyanamide hydratase genes transferred from fungi to the last
common ancestor of vascular plants may directly contribute to
the biodegradation and utilization of nitriles, which are widely
distributed in the environment and toxic to higher eukaryotes (Li
et al., 2015). Notably, the HGT-acquired genes encoding the
glutathione-dependent formaldehyde-activating enzyme (GFA),
acquired from bacteria by the last common ancestor of land
plants, may indirectly enhance UV-B resistance by accelerating
the degradation of formaldehyde induced by UV-B (Goenrich
et al., 2002; Y. Wang et al., 2022). In addition, we also identified
some previously unreported recent HGT events in certain clades
of flowering plants (Table S4). For example, HGT of cold shock
protein (CSP) from bacteria may improve the ability of triticeae
plants to adapt to cold and dry habitats (Yu ez 4/, 2017; Kim
et al., 2021). This suggests that, although relatively rare in flower-
ing plants, recent HGT events that facilitate adaptation to a
changing environment are constantly occurring (Huang, 2013).

Contributor to the adaptation of foreign genes in land
plants

In general, many studies focus on the fundamental innovations
that HGTs bring to land plants (Yue er al, 2012; Bowman
et al., 2017; H. Wang er al., 2020; S. Wang ez al., 2020; Chen
et al., 2022; Liu et al., 2022; Marchant et al., 2022; Lou et 4l.,
2023; Zhang et al., 2024), but the factors that contribute to the
post-transfer adaptation of these foreign genes in land plant gen-
omes are still poorly understood. Some studies discussed that for-
eign genes that maintained in eukaryotic genomes for a long time
could acquire eukaryotic features, and intron gains could increase
the expression of foreign genes (Husnik & McCutcheon, 2018;
Fan et al., 2020). A recent study showed that intron gains enabled
HGT-acquired genes to increase their length toward the average
length of native genes in insect genomes, and HGT-acquired
genes with introns had higher expression levels than HGT-
acquired genes without introns (Li ez 4/, 2022). In our study, we
found that 683/1150 HGT-acquired genes contain repeat-rich
introns, which were likely gained from the native land plant gen-
ome after the initial gene transfers (Fig. 2). Furthermore, a com-
parison of gene structure shows that intron gain events brought
HGT-acquired genes closer to native genes in terms of average
intron length. More importantly, HGT-acquired genes contain-
ing introns also exhibited higher expression levels than those

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

ESGQH

Research"11™

lacking intron in land plants (Fig. 3). This indicates that intron
gains can increase expression levels, which is consistent with pre-
vious studies (Husnik et 4/, 2013; Blondel ez al, 2020; Rossi
et al., 2020; Li et al,, 2022; Niu et al., 2022). Overall, our results
suggest that repeat-rich introns gained from the native land plant
genome may have contributed to the adaptation of HGT-
acquired genes in land plant genomes.

Impact of foreign genes on conserved primary metabolism
in land plants

Previous studies have evidenced the contribution of HGT-
acquired genes to key traits in land plants (Chen ez 4/, 2021; Ma
et al., 2022; Prasad er al., 2022; Wang et al., 2023). Due to the
challenges of genetic manipulation in nonmodel plants, only a
few of these previously reported HGT-acquired genes have been
well studied (H. Wang ez al, 2020; S. Wang er al., 2020; Q.
Wang et al., 2022; Chen et al., 2022; Liu ez al., 2022; Marchant
et al, 2022; Naumann et al, 2022; Guan et al, 2023; Lou
et al., 2023). Based on the available functional annotations and
pathway analysis, we found that most of the HGT-acquired genes
were enriched in the metabolism pathway, particularly primary
metabolism, which is consistent with previous study (Yue
et al., 2012; Ma et al., 2022). Primary metabolites generally play
an important role in maintaining the basic life activities of plants,
while a large number of secondary metabolites with complex
structures are used to respond to changes in the shifting environ-
ment (Neilson et /., 2013; Erb & Kliebenstein, 2020). Accord-
ingly, primary metabolism was commonly assumed to be more
evolutionarily conserved than secondary metabolism, which may
make it more challenging for foreign genes involved in primary
metabolism to maintain gene function or persist in the recipient
genomes over time (Maeda & Fernie, 2021; S. Wang
et al., 2022). Interestingly, the results of our functional verifica-
tion showed that the foreign gene GuaD, acquired from bacteria
by mosses and gymnosperms, not only maintained its original
function and plugged into the conserved primary metabolism,
but also led to the loss of the native pathway gene HGPRT in four
clades of gymnosperms (Fig. 5). The dynamic process of foreign
gene transfer and loss of the original pathway gene or the HGT-
acquired gene together shaped three major types of guanine meta-
bolism (Fig. 5¢). The diversification of guanine metabolism may
reflect the adaptive evolution of land plants to heterogeneous
habitats. Additionally, a recent study had also identified a guanine
deaminase enzyme (OsGDALI) in rice (Gotarkar ez al, 2021).
However, significant differences in homology (. 21%) and struc-
ture of GbGuaD and OsGDAI implied that they were isoen-
zymes with the same chemical reaction but different evolutionary
origins (Fig. S5d). Accordingly, other potential types of guanine
metabolism in land plants deserve further explorations.

To summarize, the uneven distribution pattern of recent HGT
events was confirmed between seedless and seed plants (12 vs 0.5
per species) based on the most extensive sampling strategy. In
seed plants, gymnosperms retained more foreign gene families
than angiosperms (3.3 vs 0.4 per species). HGT-acquired genes

evolved to be more structurally similar to native genes due to
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intron gains which may also be involved in post-transfer adapta-
tion. The bacteria-derived gene, G6GuaD, introduced a novel
bypass for guanine degradation and resulted in the loss of the
native pathway gene in some gymnosperms, shaping the diversi-
fied pathways of guanine metabolism in land plants.
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