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Abstract 

With the e xplosiv e gro wth of whole-genome datasets, accurate detection of orthologous synteny has become crucial for reconstructing e v olu- 
tionar y histor y. Ho w e v er, current methods f or identifying orthologous synten y f ace great limitations, particularly in scaling with varied polyploidy 
histories and accurately removing out-paralogous synteny. In this study, we developed a scalable and robust approach, based on the Orthology 
Index ( OI ), to effectively identify orthologous synteny. Our evaluation across a large-scale empirical dataset with diverse polyploidization e v ents 
demonstrated the high reliability and robustness of the OI method. Simulation-based benchmarks further validated the accuracy of our method, 
showing its superior performance against existing methods across a wide range of scenarios. Additionally, we explored its broad applications 
in reconstructing the e v olutionary histories of plant genomes, including the inference of polyploidy, identification of reticulation, and phyloge- 
nomics. In conclusion, OI offers a robust, interpretable, and scalable approach for identifying orthologous synteny, facilitating more accurate and 
efficient analyses in plant evolutionary genomics. 
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Introduction 

Synteny is commonly used to describe the conservation of the
order of genes on chromosomes or genomic regions inherited
from a common ancestor [ 1 , 2 ], although the original defini-
tion of synteny simply refers to the co-localization of gene loci
on the same chromosome within a genome [ 3 ]. Based on the
common usage, synteny may arise from speciation events or
originate via whole or segmental genome duplications. Syn-
teny can be orthologous or paralogous, which we define re-
spectively as arising from speciation, or arising from genome
duplication, following the definitions of orthology and par-
alogy [ 4 ]. Paralogous synteny can be further subdivided into
in-paralogous and out-paralogous categories, respectively re-
sulting from a genome duplication event that occurred after,
or before, a given speciation event [ 4 , 5 ]. 

Similar to orthology, orthologous synteny is highly use-
ful for reconstructing evolutionary histories. This is espe-
cially true for closely related lineages with conserved syn-
teny, as it helps establish reliable orthologous relationships
[ 6 ]. The reconstruction of evolutionary histories of organ-
isms, including inference of the tree / network of life, identifi-
cation of polyploidy events, and placement of these events on
the tree / network, typically relies on the orthologous relation-
ships at gene, chromosomal block, chromosome, subgenome,
and / or whole-genome scales. Confidence in the reconstruc-
tion generally increases with both the number and reliability
of orthologous genes or loci involved. Indeed, phylogenomic
reconstructions using genome-scale data have become the gold
standard for understanding the evolution of lineages across
the tree of life [ 7 ]. Orthologous synteny has been established
as a proxy to generate a maximum number of reliable or-
thologs, from the chromosomal to the subgenomic / genomic
scales, for example, in the reconstruction of evolutionary his-
tories for the octoploid strawberry [ 8 ] and the major an-
giosperm clades [ 9 ]. Identifying orthologous synteny is also
vital for other synteny-based analyses, such as pan-genome
construction, ancestral genome reconstruction, polyploidy in-
ference, and subgenome phasing [ 8 , 10–13 ]. However, accu-
rate identification of orthologous synteny remains challeng-
ing, especially in plants, where pervasive and recurrent whole-
genome duplication (WGD, also known as polyploidization)
events have produced abundant out-paralogous synteny. This
can significantly complicate the inference of orthologous rela-
tionships [ 7 , 14 ] and may mislead the reconstruction of evo-
lutionary history. For example, the overlooked orthologous
relationships in the synteny between two Papaver species re-
sulted in an incorrect interpretation of the polyploidy history
in these species [ 15–17 ]. 

To date, two main strategies have been employed to identify
orthologous synteny. The first strategy, termed the “criterion
strategy”, is to filter the detected synteny using certain criteria,
which are usually case-specific and thus challenging to scale
for large-scale datasets. One widely-used criterion is the num-
ber of synonymous substitutions per synonymous site ( K S ).
Since the WGD event (which produces paralogy) and speci-
ation event (which produces orthology) occurred at different
times in the past, K S values between syntenic gene pairs can
be used to differentiate the orthologous and paralogous syn-
teny [ 18 , 19 ]. However, such events occur at different times
in different lineages, and substitution rates also vary between
lineages [ 20 , 21 ], both of which cause K S values to vary case
by case. Consequently, K S -based methods are not always ef-
fective for distinguishing syntenic blocks (SBs) from differ- 
ent evolutionary events [ 22 ], and cannot be universally ap- 
plied to the large-scale automated identification of ortholo- 
gous synteny. Another criterion, homo , has been proposed for 
use with WGDI to extract the best homology (orthology) of 
SBs [ 12 ]. Unfortunately, this criterion relies on a parameter,
multiple , to define the top number of hits as best hits [ 12 ], but 
multiple cannot be universally applied to different cases with 

different syntenic depth ratios. An additional tool, QUOTA- 
ALIGN [ 22 ], was developed to screen orthologous SBs un- 
der given constraints on syntenic depths (i.e. QUOTA ). How- 
ever, setting the QUOTA criterion requires prior knowledge of 
lineage-specific WGD histories, which varies across different 
species. For example, QUOTA needs to be set to 1:1 for Ara- 
bidopsis thaliana and Arabidopsis lyrata , but adjusted to 4:2 

for A. thaliana and poplar [ 22 ]. This variability makes it chal- 
lenging to apply QUOTA-ALIGN uniformly across large-scale 
datasets with multiple species pairs and diverse WGD scenar- 
ios. Similar issues arise when setting the multiple parameter in 

WGDI -c option. 
An alternative strategy, the “pre-inferred strategy”, uses 

pre-inferred orthologs to call synteny, with tools such as MC- 
ScanX_h [ 23 ]. This strategy is scalable for large-scale datasets.
However, hidden out-paralogs (i.e. false positives in ortholog 
inference) in the pre-inferred orthologs may result in out- 
paralogous synteny that need to be further removed using 
the aforementioned “criterion” strategy. For example, unde- 
sirable out-paralogous synteny was commonly observed in the 
synteny results from our previous work in Populus [ 18 ] and 

Salix [ 24 ] using this strategy. Moreover, the presence of hid- 
den orthologs (i.e. false negatives in ortholog inference) can 

reduce the efficiency of the subsequent detection of ortholo- 
gous synteny in practice. In addition, pre-inferred orthology 
and paralogy relationships can be corrected by the SCOR- 
PiOs tool, using synteny information and greater similarity of 
local gene retention patterns in orthologs relative to paralogs 
[ 25 ]. However, SCORPiOs relies on pre-inferred orthogroups,
which may be constrained by the accuracy of orthogroup clus- 
tering. Like QUOTA-ALIGN and WGDI -c, SCORPiOs also 

requires prior knowledge of WGD histories. 
To address these challenges and to identify orthologous 

synteny robustly for large-scale genomic datasets, we devel- 
oped a scalable approach called the Orthology Index ( OI ),
which describes the proportion of syntenic gene pairs that 
are pre-inferred as orthologs (see the ‘Materials and methods’ 
section). We evaluated the efficacy of OI using a large-scale 
dataset comprising 91 well-documented cases with diverse 
WGD and speciation events, as well as a simulated bench- 
marking dataset. Our results demonstrated the high robust- 
ness and accuracy of OI , which generally outperformed ex- 
isting methods. We further explored its broad applicability 
in evolutionary inference, including analyses of polyploidy,
reticulation, and phylogenomics. We finally integrated the in- 
dex into a toolkit (freely available from https://github.com/ 
zhangrengang/SOI ) to facilitate its use. 

Materials and methods 

Empirical data collection and pre-processing 

Genomic data were sourced from public databases or from the 
corresponding authors, as detailed in Supplementary Table S2 .
For each species pair, an all-versus-all sequence comparison 

https://github.com/zhangrengang/SOI
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data


Robust identification of orthologous synteny 3 

o  

O  

v  

t  

T  

“

D

W  

g
 

i  

t  

p  

r  

0  

w  

O  

o  

s  

p  

m  

t  

o

I

U  

a  

s  

i  

t  

o  

t  

m  

t  

‘  

t  

g  

t  

a  

r  

t  

O  

t  

i  

o  

M  

a  

w  

s  

[  

w  

[  

a
 

t  

M  

a  

S  

t  

o  

4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

f proteins was performed using DIAMOND v0.9.24 [ 26 ].
rthologous relationships were inferred using OrthoFinder

2.3.1 (parameters: -M msa) [ 27 ]. SBs were identified using
he “-icl” option of WGDI [ 12 ] v0.6.2 (default parameters).
he K S for homologous gene pairs was calculated using the
-ks” option of WGDI (default parameters). 

efinition of the OI 

e introduce an index, named the OI , to distinguish ortholo-
ous SBs from out-paralogous ones. The index is defined as: 

OI = 

n 
m 

, where m is the total number of syntenic gene pairs
n a block, and n is the number of pairs pre-inferred as or-
hologs. For instance, in a SB with 80 gene pairs, if 72 of these
airs are pre-inferred as orthologs, then m = 80 and n = 72,
esulting in an OI value of 72 / 80 = 0.9. The OI , ranging from
 to 1, thus represents the proportion of orthologous pairs
ithin a SB. Orthologous synteny is expected to result in high
I values (approaching 1 with perfect recall of pre-inferred

rthologs), whereas out-paralogous synteny is expected to re-
ult in relatively low OI values (approaching 0 with perfect
recision of pre-inferred orthologs). Based on our analysis of
any varied cases (Fig. 1 and Supplementary Figs S1 –S90 ),

he major peak with the highest OI typically corresponds to
rthologous synteny. 

mplementation of the OI 

sing this index as a foundation, we developed a user-friendly,
ll-in-one toolkit (called SOI) for visualization and down-
tream analyses. The subcommand ‘dotplot’ enables visual-
zation and evaluation of synteny, with the dots colored by
he OI or K S values. The subcommand ‘filter’ retrieves orthol-
gous synteny by discarding all SBs with an OI value below
he default threshold of 0.6. However, users can also apply
ore stringent criteria (higher OI and block length cutoffs)

o obtain longer, highly credible blocks. The subcommand
cluster’ groups orthologous syntenic genes into syntenic or-
hogroups (SOGs) by constructing an orthologous syntenic
raph and applying the Markov Cluster (MCL) algorithm [ 28 ]
o perform graph clustering. This process breaks weak links
nd bridges unexpectedly disrupted links. The clustering algo-
ithm is widely employed by popular tools of orthogroup clus-
ering, such as OrthoFinder2 [ 27 ], SonicParanoid2 [ 29 ], and
rthoMCL [ 30 ]. The subcommand ‘outgroup’ retrieves syn-

enic orthologs from outgroups that lack WGDs shared with
ngroups. The subcommand ‘phylo’ reconstructs multi-copy
r single-copy gene trees, by aligning protein sequences with
AFFT v7.481 [ 31 ], converting protein alignments to codon

lignments with PAL2NAL v14 [ 32 ], trimming alignments
ith trimAl v1.2 [ 33 ] (parameter: -automated1), and recon-

tructing maximum-likelihood trees with IQ-TREE v2.2.0.3
 34 ]. These gene trees serve as input to infer a species tree
ith the coalescence-based method ASTRAL-Pro v1.10.1.3

 35 ]. The default threshold for missing taxa is set to 40%,
ccording to an evaluation for this parameter [ 36 ]. 

This tool is implemented in Python3 and supports syn-
eny outputs from state-of-the-art synteny detectors, including

Cscan / JCVI [ 37 ], MCscanX [ 23 ] and WGDI [ 12 ], as well
s orthology outputs from OrthoFinder2 [ 27 ], Broccoli [ 38 ],
onicParanoid2 [ 29 ], Proteinortho6 [ 39 ], InParanoid [ 40 ], Or-
hoMCL [ 30 ], and other tools upon request. These orthol-
gy inference methods have competitive accuracy [ 29 , 38 ,
1 ] and thereby should produce similar OI values. The tool
can be easily installed using the conda environment or the
Apptainer / Singularity container system [ 42 ]. Since both syn-
teny and orthology analyses are generally standard procedures
in genomics projects, the OI tool can be seamlessly integrated
into these and their downstream pipelines. 

Simulation-based benchmarks 

To validate the feasibility and robustness of the OI , we
conducted simulation-based benchmarks. We simulated a
shared-WGD scenario similar to the Salicaceae case (Fig. 1 A)
using Zombi [ 43 ]. The input species tree was “(((A1:0.2,
B1:0.2): �T , (A2:0.2, B2:0.2): �T ):0.2, O: �T + 0.4):0.1”,
where the subgenomes of taxon A (A1 and A2) and taxon
B (B1 and B2) were each treated as pseudo-species, with O
as an outgroup species. The variable �T represents the time
lag between the shared WGD event and the subsequent speci-
ation event of taxa A and B, ranging from 0.01 to 1 substitu-
tion per site. This time lag is measured in terms of nucleotide
substitutions per site and reflects the evolutionary distance be-
tween these two events. For each simulation, 5000 coding se-
quences were generated with other parameters (e.g. those re-
garding substitutions and chromosomal rearrangements) kept
at default values (see https:// github.com/ AADavin/ Zombi/
tree/ master/ Parameters/ ). The simulated three-taxon genomic
data were then input into the aforementioned OrthoFinder2–
WGDI–SOI pipeline to calculate the K S and OI values and to
identify syntenic orthologs between taxa A and B. True posi-
tives (TP), false positives (FP), and false negatives (FN) were
counted from the results, and precision [ P = TP / (TP + FP)],
recall [ R = TP / (TP + FN)], and F1-score [2 × P × R / ( P + R )]
were calculated. The simulation was independently replicated
50 times for each �T condition. 

To assess the influence of chromosome evolution on the
identification of syntenic orthologs, we adjusted the parame-
ters for chromosomal rearrangements in Zombi (i.e. genome-
wide rates of DUPLICATION, TRANSFER, LOSS, INVER-
SION, TRANSPOSITION, and ORIGINATION) to 10, 100,
and 1000 times their default values. We also benchmarked
our method against existing tools for identifying ortholo-
gous synteny: QUOTA-ALIGN, WGDI v0.6.2 -c option, MC-
ScanX_h, and SCORPiOs v2.0.0. For QUOTA-ALIGN, pa-
rameters were set to ‘--Dm = 20 –min_size = 5 --quota = 1:1’
with DIAMOND results pre-filtered by ‘blast_to_raw.py --
tandem_Nmax = 10 --cscore = .5’ [ 22 ]. For WGDI -c, parame-
ters were configured as ‘multiple = 1 homo = 0.5,1 pvalue = 0.2
block_length = 5’ [ 11 , 12 ]. MCScanX_h used OrthoFinder2-
inferred orthologs with default parameters. For SCOR-
PiOs, codon alignments were constructed using the MAFFT–
PAL2NAL pipeline based on orthogroups inferred by Or-
thoFinder2, and parameters for the WGD event were set ac-
cordingly, with other parameters kept at default. The precision
and recall on identifying orthologs were used to assess the per-
formance of these methods as described above. 

Evaluation based on empirical data 

To evaluate the robustness of the OI method, we compiled
an empirical dataset comprising 91 well-documented plant
species pairs, each with at least one shared polyploidy event
( Supplementary Table S1 , Fig. 1 , and Supplementary Figs S1 –
S90 ). Given the known WGD history and consistent dif-
ferences in patterns of K S values, OI values, and fragmen-
tation extent, it is straightforward to visually distinguish

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://github.com/AADavin/Zombi/tree/master/Parameters/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
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Figure 1. Results from using the OI to identify orthologous synteny for the typical Salicaceae case. ( A ) Schematic representation of the e v olutionary 
history of the poplar and willow genomes, adapted from the literature [ 45–48 ]. ( B ) K S -colored dot plots sho wing synten y detected by WGDI (-icl), with an 
observable distinction between the three categories of SBs derived from three evolutionary events (three peaks: K S ≈ 1.5, K S ≈ 0.27, and K S ≈ 0.13). ( C ) 
K S -colored dot plots illustrating the orthology as inferred by OrthoFinder2, with an observable high proportion ( ∼15%) of hidden out-paralogs ( K S ≈ 0.27). 
( D ) OI -colored dot plots: integrating synteny (B) and orthology (C), showing polarized distinction of the three categories of SBs (three peaks: OI ≈ 0, 
OI ≈ 0.1, and OI ≈ 0.9). ( E ) K S -colored dot plots of synteny after applying an OI cutoff of 0.6, showing clean one-to-one orthology as expected from the 
e v olutionar y histor y. Panels (B)–(E) are plotted using the ‘dotplot’ subcommand with f our subplots: (a) dot plots colored b y K S or OI (x-axis and y -axis, 
chromosomes of the two genomes; a dot indicates a homologous gene pair between the two genomes); (b) histogram of K S or OI (x-axis, K S or OI ; 
y-axis, number of homologous gene pairs), using the same color map as the dot plots; and (c) and (d) synteny depth (indicative of relative ploidy) across 
50-gene windows (x-axis, synteny depth; y-axis, number of windows), relative to the genomes on the x-axis (c) or y-axis (d) of subplot a. Examples of the 
SBs from three e v olutionary e v ents [referred to as WGT-SBs ( K S ≈ 1.5, OI ≈ 0), WGD-SBs ( K S ≈ 0.27, OI ≈ 0.1), and S-SBs ( K S ≈ 0.13, OI ≈ 0.9)] are 
highlighted with dashed squares. These are associated with the evolutionary events and peaks of K S or OI , indicated by arrows, and labeled as 
‘Out-paralogy’ or ‘Orthology’. Additional cases illustrating other lineages can be found in Supplementary Figs S1 –S90 (summarized in 
Supplementary Table S1 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
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rthologous synteny from out-paralogous synteny with col-
red dot plots. Typically, orthologous synteny features the
owest K S peaks, the least fragmentation, and the highest OI
eaks, while out-paralogous synteny shows higher K S values,
reater fragmentation, and lower OI values (e.g. Fig. 1 ). In
articular, the OI value distribution shows a polarized pattern
s expected, facilitating easy identification of orthologous syn-
eny. Setting the OI cutoff between 0.5 and 0.6 allows us to
etrieve orthologous SBs for most cases. A higher cutoff leads
o a higher false negative rate, filtering out true orthologous
ynteny, while a lower cutoff results in a higher false posi-
ive rate, retaining out-paralogous synteny. To balance these
rade-offs in a few difficult cases, we selected a cutoff of 0.6
s the default. Under this criterion, the retrieved orthologous
ynteny aligns with the expected synteny depth based on the
nown WGD history and consistently matches the patterns of
I , K S , and fragmentation extent. However, because the true

volutionary history of each gene is typically unknown, estab-
ishing a gene-level ground truth for the empirical evaluation
emains challenging [ 44 ]. 

To evaluate how genome assembly and annotation qual-
ty affect the robustness of the OI method, we used the Sali-
aceae syntenic ortholog data set (Fig. 1 ) as a benchmark. We
imulated varying levels of annotation completeness by ran-
omly subsampling 10%–90% of the genes from the Salix
enome, creating relative completeness values ranging from
.1 to 0.9. To prevent recall underestimation, the removed
enes were also excluded from the benchmark dataset for each
imulation. We also simulated variations in assembly continu-
ty by fragmenting the Salix genome’s chromosomes, produc-
ng relative N50 values ranging from 0.001 to 0.9. The rel-
tive N50 is the ratio of the post-fragmentation N50 to the
re-fragmentation N50. 

esults and discussion 

dentification of orthologous synteny using the OI 

e aimed to develop a robust and accurate method to dis-
inguish orthologous synteny from out-paralogous synteny in
enomes of any two species that shared a WGD event (pro-
ucing out-paralogous synteny) prior to their divergence (spe-
iation event, producing orthologous synteny). This method
hould allow users to generally avoid adjusting parameters
or varied scenarios, despite the presence of species-specific

GDs. To evaluate our approach, we compiled ninety well-
ocumented plant species pairs, each descended from a com-
on ancestor that had undergone at least one polyploidy

vent ( Supplementary Table S1 and Supplementary Figs S1 –
90 ), along with the typical poplar–willow (Salicaceae) case
Fig. 1 ). 

Fig. 1 shows an analysis for the Salicaceae case, represented
y Populus trichocarpa and Salix dunnii . The two genera spe-
iated ∼50 million years ago (Mya) [ 45 , 46 ], after a WGD
vent in their common ancestor ∼60 Mya [ 45–48 ] (Fig. 1 A).
he time lag between the shared WGD event and the subse-
uent speciation event is denoted as �T (Fig. 1 A), which we
onsidered a key factor that may influence the ability to dis-
inguish between these two sources of synteny . Additionally ,
oth genera also share a much older paleohexaploidization
vent (the γ event, whole-genome triplication or WGT) in the
ommon ancestor of core eudicots ∼120 Mya [ 49 ], making
hree detectable evolutionary events in total (Fig. 1 A). 
With the “criterion” strategy using the synteny detector
WGDI [ 12 ], SBs derived from these three evolutionary events
could be identified and distinguished visually using their dis-
tinct K S values and fragmentation extent (the more ancient
the event, the more fragmented the blocks or greater the
chromosomal rearrangements, and the higher the K S value)
(Fig. 1 B). These three categories of SBs were denoted WGT-
SBs ( K S ≈ 1.5, most fragmented, out-paralogous), WGD-SBs
( K S ≈ 0.27, moderately fragmented, out-paralogous), and S-
SBs ( K S ≈ 0.13, least fragmented, orthologous) (Fig. 1 B) ac-
cording to the evolutionary events (i.e. WGT, WGD, and spe-
ciation) (Fig. 1 A). However, the recent two K S peaks derived
from WGD-SBs (out-paralogy) and S-SBs (orthology) largely
overlapped (Fig. 1 B) and were difficult to neatly split with
a cutoff. This overlap is likely due to varied evolutionary
rates among genes, resulting in similar accumulated substi-
tutions for genes from different events. Indeed, of the other
empirical cases examined here, there were only a few (e.g.
Supplementary Figs S4 and S30 ) where a K S cutoff could
explicitly distinguish orthology and out-paralogy for syn-
teny. Moreover, for some extreme cases where �T was quite
small, K S peaks from two events (shared WGD and speci-
ation) overlapped completely, showing only one peak (e.g.
Supplementary Figs S1 , S8 , S16 , and S34 ) with no detectable
distinction between orthology and out-paralogy. 

With the “pre-inferred” strategy using the orthology in-
ference method OrthoFinder2 [ 27 ], the peak ( K S ≈ 0.27) of
out-paralogs from WGD-SBs was significantly reduced, while
out-paralogs from the older WGT event (WGT-SBs, K S ≈ 1.5)
were almost entirely eliminated (Fig. 1 C). This suggests that
OrthoFinder2 has relatively high accuracy in orthology infer-
ence ( ∼85% orthologs located in the orthologous chromoso-
mal segments for the Salicaceae case). However, a substantial
number of the inferred “orthologous” genes ( ∼15%) exhib-
ited synteny in out-paralogous blocks ( K S ≈ 0.27; Fig. 1 C),
suggesting that they are hidden paralogs and would introduce
out-paralogous synteny if they were imported into synteny
detectors such as MCScanX_h [ 23 ]. This problem was also
observed in numerous cases where the �T was not substan-
tial (e.g. Supplementary Figs S1 , S5 , S6 , S8 , and S10 ), which
could be attributed to systematic errors or biased gene loss,
and could have a confounding effect on downstream analy-
ses, such as phylogenomics [ 7 ]. 

Consequently, we introduced a straightforward index,
named the OI to determine the orthology of a SB, combining
the algorithmic advances of the two methods described above.
OI represents the proportion of gene pairs pre-inferred to be
orthologs within a SB. Thus, orthologous and out-paralogous
synteny predict OI values of 1 and 0 respectively, i.e. with all
syntenic gene pairs are inferred to be orthologs, or none, re-
spectively. However, for real datasets, due to the limited recall
and precision of orthology inference methods, the OI distri-
bution could deviate from the expectations. For the Salicaceae
case, the WGT-SBs and WGD-SBs (both out-paralogous but
of different ages) exhibited an OI of ∼0 and 0.1, respectively,
whereas the S-SBs (orthologous) produced an OI peak of ∼0.9
(Fig. 1 D), close to the expectations. In this case the OI dis-
tribution reflected the same orthologous and out-paralogous
relationships as K S, but was better able to distinguish between
them (Fig. 1 B and D). Remarkably, the OI peaks derived from
orthology and out-paralogy did not overlap, but showed a
polarized pattern with a very clear, wide dividing range ( OI
= ∼0.3–0.7) between the orthology and out-paralogy peaks

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
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(Fig. 1 D). Therefore, in this case, the OI was easily able to dis-
tinguish orthology from out-paralogy, with a cutoff between
0.3 and 0.7 (Fig. 1 D). 

We next applied the index analysis to ninety study
cases with diverse polyploidy histories and varying �T
( Supplementary Table S1 and Supplementary Figs S1 –S90 ). In
nearly all instances (85 out of 90), there were also clear di-
vides around OI = ∼0.5–0.6 (although minor noise around
OI = ∼0.5–0.6 can be observed in some cases) (Fig. 2 A and
B, and Supplementary Figs S1 –S90 D), suggesting a poten-
tially unified OI criterion for identifying orthologous syn-
teny. We empirically set the OI cutoff to 0.6 according to
the OI distributions in these cases (Figs 1 D and 2 A, and
Supplementary Figs S1 –S90 D), in order to balance the visible
false positives (out-paralogy mis-identified as orthology) and
false negatives (excessive removal of true orthologous syn-
teny). With this cutoff, the OI method performed exception-
ally and consistently well in identifying orthologous synteny
across all these instances (Fig. 1 E and Supplementary Figs S1 –
S90 E). For example, in the Salicaceae case, an OI cutoff of
0.6 resulted in a clean 1:1 orthology relationship without vis-
ible false positives or false negatives (Fig. 1 E), as expected. In
this case, 12.2% of the SBs and 47.6% of the syntenic pairs
were retained. Of the retained syntenic gene pairs, 90.4% were
pre-inferred as orthologs by OrthoFinder2, while the remain-
ing 9.6% were presumed to be orthologs but not identified
by OrthoFinder2. Moreover, although some visible false pos-
itives or false negatives were observed in a few study cases,
there were far fewer false positives than when using the above
two strategies ( Supplementary Figs S50 , S68 , S74 , and S86 ).
The method also showed robustness against variations in
genome assembly continuity and gene annotation complete-
ness ( Supplementary Fig. S91 ). These findings highlight the
efficiency and robustness of OI as a unified criterion for iden-
tifying orthologous synteny. 

To validate the feasibility and robustness of OI , we further
performed benchmarking by simulating a shared-WGD sce-
nario similar to that of the Salicaceae case (Fig. 1 A). �T was
correlated to the unexpected noises around OI = 0.5 in the
empirical datasets (Fig. 2 B), and was thus considered a key
parameter affecting the accuracy of identifying orthologous
synteny. With varied �T settings ( �T ε {0.01, 0.02, 0.05, 0.1,
0.2, 0.5, 1}, measured in unit of nucleotide substitutions per
site), OI consistently outperformed K S in distinguishing or-
thology from out-paralogy (Fig. 2 C). Specifically, when �T
was between 0.01 and 0.1, K S values from both orthologous
and out-paralogous synteny showed a single peak without any
observable distinction. Even when �T reached 0.2, the two K S

peaks still overlapped significantly and could not be efficiently
distinguished. In striking contrast, OI showed clear dividing
ranges around OI = 0.5–0.6 for all tested �T values (Fig.
2 C). By applying an OI cutoff of either 0.5 or 0.6, both preci-
sion and recall consistently approached 1.0 across various �T
values (Fig. 2 D). Moreover, when �T was between 0.01 and
0.05, where OrthoFinder2 showed a relatively low accuracy
in ortholog inference (precision = 0.62–0.85, recall = 0.66–
0.83, and F1 score = 0.64–0.84), the OI method with a cut-
off of 0.5 or 0.6 significantly improved both the precision
(0.992–1.0) and recall (0.992–1.0) of ortholog detection (Fig.
2 E). This suggests that OI could significantly improve or-
tholog inference under these conditions and could therefore
facilitate ortholog-based analyses such as phylogenomics and
pangenomics. 
Chromosome evolution can disrupt synteny and thus neg- 
atively impact synteny-based methods. To assess this im- 
pact, we increased the levels of chromosomal rearrangements 
to 10, 100, and 1000 times the default values (denoted as 
fold = 10, 100, and 1000) in our simulations. We also com- 
pared our method with existing tools, including QUOTA- 
ALIGN [ 22 ], WGDI -c option [ 12 ], MCScanX_h [ 23 ], and 

SCORPiOs [ 25 ]. When chromosomal rearrangements were 
extensive ( fold = 1000) with a mean size of SBs around 10 

genes, the recall of these synteny-based methods decreased 

sharply, while the precision of OI method remained high (pre- 
cision > 0.95 when �T ≥ 0.05; Fig. 2 F). This suggests that OI 
can reliably identify orthologous synteny even under exten- 
sive chromosomal rearrangements. Furthermore, our method 

outperformed or matched the existing tools across nearly 
all tested conditions (Fig. 2 F and Supplementary Fig. S92 ).
SCORPiOs showed an obvious advantage in F1 score only 
when �T was small ( �T ≤ 0.05) and fold was very large 
( fold = 1000), but typically performed worse under other 
conditions (Fig. 2 F and Supplementary Fig. S92 ). QUOTA- 
ALIGN and WGDI -c were competitive with the OI method in 

most conditions (Fig. 2 F and Supplementary Fig. S92 ), yet re- 
quire parameter adjustments based on lineage-specific WGD 

histories to achieve optimal performance, diminishing their 
scalability and robustness. The OI method and MCScanX_h 

are both scalable, but MCScanX_h performed poorly when 

�T < 0.1 (Fig. 2 F and Supplementary Fig. S92 ). These re- 
sults also support the robustness of the OI method, which 

maintained consistent performance across varied �T condi- 
tions (Fig. 2 F). 

Overall, the simulation-based benchmarking results were 
highly consistent with those above based on empirical 
datasets, demonstrating that the OI method generally out- 
performs the existing methods and is able to produce accu- 
rate results for identifying orthologous synteny. OI can there- 
fore be applied in automated pipelines for large-scale datasets 
(ranging from dozens to hundreds of genomes at present) 
with a unified threshold of OI . We integrated the OI method 

into a toolkit ( https:// github.com/ zhangrengang/ SOI ) to iden- 
tify orthologous synteny and to facilitate downstream ap- 
plications. The toolkit can output orthologous synteny (SBs 
that are identified as orthologous), syntenic orthologs (gene 
pairs within the orthologous SBs), and SOGs (gene fam- 
ilies grouped from syntenic orthologs), providing substan- 
tial flexibility for downstream synteny-based analyses and 

ortholog / orthogroup-based analyses. 

Applications in polyploidy inference 

Polyploidization (or WGD) has been identified as a critical 
mechanism in eukaryotic evolution and is pervasive in both 

ancient and recent plant lineages [ 50 ]. Both synteny and K S - 
based methods have been widely used for inferring polyploidy,
including identifying the occurrence of WGDs, their result- 
ing ploidy levels, and the phylogenetic placement of these 
events [ 12 , 51 ]. However, inter-species orthologous synteny 
patterns have been previously overlooked in polyploidy infer- 
ence, potentially leading to misunderstandings regarding the 
evolutionary history of WGD events (see discussions in [ 52 ]).
We argue that distinguishing orthologous synteny from out- 
paralogous synteny is not only straightforward but also vi- 
tal for accurately inferring the evolutionary history of poly- 
ploidy. We illustrate a straightforward model to explain the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
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Figure 2. The performance of the OI in identifying orthologous synteny in empirical and simulated datasets. ( A ) Summary of OI distributions in the 91 
empirical test cases. The black line and gray shadow represent the median and percentile-based 95% confidence interval (CI) values, respectively. ( B ) 
The correlation between �T and the noise around OI = 0.5 in the empirical datasets. The �T values of empirical datasets were estimated from K S peak 
values of shared WGD and speciation events. The noise is defined as the cumulative proportion of syntenic gene pairs falling within the OI intervals of 
0.3–0.4, 0.4–0.5, 0.5–0.6, and 0.6–0.7. These putative noises are generally unexpected and likely arise from false orthology inference. R is the P earson ’s 
correlation coefficient. ( C ) Comparisons of inter-genomic K S and OI distributions in the simulated datasets at different �T settings ( �T ε {0.01, 0.02, 
0.05, 0.1, 0.2, 0.5, 1}, measured in substitutions per site). The line / point and shadow represent the median and 95% CI values from 50 repeated 
simulations, respectively. ( D ) Comparisons of precision, recall and F1 scores of orthology identification using different OI cutoffs (0.05–0.95) in simulated 
benchmarks. The line / point and shadow represent the median and 95% CI values from 50 repeated simulations, respectively. ( E ) Comparisons of 
precision, recall and F1 score of orthology identification using WGDI (-icl option), OrthoFinder2 and OI with cutoffs of 0.5 and 0.6, based on the 
simulated benchmarks. The boxplot represents the values from 50 repeated simulations. ns, P > .05; *** P ≤ .001; **** P ≤ .0001; Kruskal-Wallis test. 
( F ) Comparisons of OI and other tools for identifying orthologous synteny, based on the simulated benchmarks on varied levels of �T (0.0 1 –1) and 
chromosome e v olution parameters ( f old ε {1, 1 0, 1 00, 1 0 0 0}). T he line and point represent the median v alues of precision, recall or F1 score, and the 
error bar indicates the 95% CI from 50 repeated simulations. See also Supplementary Fig. S92 for additional information. 
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process of polyploidy inference using the patterns of ortholo-
gous synteny (Fig. 3 A). When two genomes exhibit a 2:2 ratio
of synteny depth, there are two main hypotheses to consider:
either the genomes share a tetraploidization event that oc-
curred in their common ancestor (the ‘shared-WGD’ hypoth-
esis), or they each underwent a lineage-specific tetraploidiza-
tion event independently after they diverged (the ‘specific-
WGDs’ hypothesis) (Fig. 3 A). The OI offers a straightforward
and visual method to test these two hypotheses by separat-
ing orthologous and out-paralogous synteny. If the genomes
display a clear 1:1 orthology + 1:1 out-paralogy, similar to
the Salicaceae case (Fig. 1 D; ignoring the very ancient out-
paralogy from the γ event), the shared-WGD hypothesis is
supported (Fig. 3 A, left panel). In contrast, if they exhibit a
2:2 orthology, then the specific-WGDs hypothesis is supported
(Fig. 3 A, right panel). Applying this method to 90 known cases
( Supplementary Figs S1 –S90 ) suggests that these inferences of
polyploidy history based on orthologous synteny patterns are
reasonable and accurate. 

Apiaceae and Araliaceae (both within Apiales) provide an
ideal test case for this. Previous synteny and K S - based analy-
sis suggested either a shared WGD event in their common an-
cestor [ 53 ], or independent WGD events in the two families
[ 54–56 ]. Therefore, we re-examined the polyploidy of avail-
able genomes from these two families using the newly devel-
oped OI method. 

We first determined the occurrence of polyploidization and
the resulting ploidy using orthologous synteny patterns and a
summarized term, relative ploidy ( p , i.e. the overall ortholo-
gous synteny depth relative to a given reference genome), for
the Apiales genomes, referring to the Vitis vinifera (Vitaceae)
genome, which has not undergone lineage-specific polyploidy
since the paleohexaploidy γ event shared by core eudicots
[ 49 ]. Specifically, p > 1 indicates one or more independent
polyploidization events since the divergence from the refer-
ence genome, which resulted in a ploidy of 2 p for a hap-
loid genome assembly (e.g. p = 2 suggests tetraploidy and
p = 3 suggests hexaploidy). Using Centella asiatica (Api-
aceae) and Aralia elata (Araliaceae) as representatives, we ob-
served a clear 2:1 orthologous synteny depth ( p = 2) with
the V. vinifera genome ( Supplementary Fig. S93 ), suggest-
ing that both species underwent a tetraploidization event fol-
lowing their divergence from Vitaceae, consistent with previ-
ous research [ 55 , 56 ]. However, upon comparison of the two
genomes, a clear 1:1 orthology ( p = 1) + 1:1 out-paralogy pat-
tern was highlighted by the OI (Fig. 3 B), aligning with the first
model (Fig. 3 A, left panel) and thus supporting the hypothesis
of shared WGD ( ω , Fig. 3 C) in their common ancestor (see
Song et al. [ 53 ]). This inference was corroborated by macro-
synteny phylogenies ( Supplementary Fig. S94 ), demonstrating
the reliability of the OI method. Similar patterns were also ob-
served in other combinations of genomes from the two fami-
lies (e.g. C. asiatica : Eleutherococcus senticosus = 1:2 orthol-
ogy) ( Supplementary Figs S95 and S96 ), further supporting
the inference. Notably, we observed a considerable disparity
in branch length (or substitution rate) between the two fam-
ilies from their most recent common ancestor (MRCA), with
the mean branch length of Apiaceae ( L1 = 0.205) nearly three
times that of Araliaceae ( L2 = 0.074) (Fig. 3 C). This discrep-
ancy could explain the unreasonable phylogenetic placements
drawn from the traditional K S -based methods [ 54–56 ], which
assumed equal substitution rates for different lineages when
estimating the relative timing of polyploidization and speci-
ation events. However, the assumption of equal substitution 

rates is often false or uncertain in practice. Even though the 
substitution rate could be properly corrected [ 21 , 51 ], the re- 
sults are likely to remain ambiguous, when �T is small and 

thus orthology and paralogy-derived K S peaks overlap signif- 
icantly (e.g. Fig. 2 C). 

Furthermore, using the OI -based approach, we deduced 

additional lineage-specific polyploidy events within the two 

families ( Fig. 3 C ) . We observed that all studied genomes 
from species in the Apioideae subfamily (including Daucus 
carota , Angelica sinensis , Apium graveolens , and Coriandrum 

sativum ) exhibit a 2:1 orthologous synteny depth ( p = 2) 
when compared to the C. asiatica genome ( Supplementary Fig. 
S97 ), suggesting that they each experienced a tetraploidiza- 
tion event subsequent to their divergence from C. asiatica .
Moreover, any two genomes within subfamily Apioideae dis- 
play distinct 1:1 orthology ( p = 1) + 1:1 out-paralogy pat- 
terns ( Supplementary Figs S56 and S98 ), suggesting a shared 

tetraploidization event ( α). This finding is in line with previ- 
ous research [ 53 , 56 ] and places the α event between the stem 

and crown nodes of the Apioideae subfamily (Fig. 3 C). In ad- 
dition, employing the OI , we also inferred one species-specific 
tetraploidization event in each of the Panax ginseng and E.
senticosus genomes (Fig. 3 C and Supplementary Figs S57 –S59 

and S99 ). This is consistent with some previous research [ 55 ,
56 ] but conflicts with the inference of two independent WGD 

events in P. ginseng in Song et al. [ 53 ], which may have been 

misled by other types of gene duplications (non-WGD). 
In summary, each previous inference for polyploidy in the 

Apiales genomes [ 53–56 ] was partly correct but did not cap- 
ture the whole picture. The OI can now accurately unravel 
the history of polyploidy with strong evidence of orthologous 
synteny patterns. These findings suggest that misinterpreta- 
tion is likely if inter-genomic orthologous synteny patterns 
are not considered, potentially leading to confusion with out- 
paralogs and other types of gene duplications. Traditional K S - 
based methods can be ambiguous and ineffective in identi- 
fying the occurrence and phylogenetic placement of WGDs 
[ 57 ], while traditional synteny-based methods likely fail to 

correctly place WGDs in a phylogenetic context when con- 
founded by out-paralogous synteny. In contrast, orthologous 
synteny inferred using the OI, which integrates both syn- 
teny and orthology information, provides a straightforward,
reliable and versatile method for identifying the occurrence 
of WGD events, determining the resulting ploidy, and accu- 
rately placing WGDs in a phylogenetic context. Nonetheless,
when orthologous synteny patterns are not very clear, the phy- 
logenetic placement should be confirmed using phylogeny- 
based methods. An automated function for macro-synteny 
phylogeny ( Supplementary Fig. S94 ) is also provided in the 
SOI toolkit, which requires prior knowledge of relative ploidy 
inferred from the orthologous synteny patterns. 

Applications in identification of reticulation 

Reticulation, driven by hybridization and / or allopoly- 
ploidization, is a significant factor in eukaryotic evolution,
yielding novel phenotypes that facilitate ecological diversi- 
fication and the occupation of new niches [ 58 ]. Numerous 
genomes originating from recent reticulation events have been 

documented (summarized in Jia et al. [ 59 ]), encompassing crit- 
ical cereals [ 60 ], fruits [ 61 ], vegetables [ 62 ], trees [ 18 ], and
fish [ 63 ]. We evaluated the application of the OI in several 
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Figure 3. Inference of polyploidy in Apiales (Apiaceae + Araliaceae) genomes using the OI . ( A ) Schematic illustration of determining shared or 
lineage-specific WGD(s) hypotheses using the orthologous synteny patterns identified by the OI . Despite a similar 2:2 ratio of synteny depth, the two 
scenarios ha v e distinct patterns of orthologous synten y (1:1 orthology vs. 2:2 orthology). Labels A and B indicate tw o species, and A1, A2 and B1, B2 
indicate duplicated chromosomes or blocks from WGD e v ent(s). ( B ) OI -colored dot plots indicating orthologous and out-paralogous synteny between the 
genomes of C. asiatica (Apiaceae) and A. elata (Araliaceae). A typical 1:1 orthology + 1:1 out-paralogy synteny pattern is highlighted by dashed squares. 
( C ) Ph ylogen y reconstructed from the genomes of certain species in the Apiaceae and the Araliaceae (Apiales), with labels indicating polyploidization 
e v ents. L1 and L2 represent the a v erage branch length (substitution rate) of the Apiaceae and the Araliaceae, respectively, from their MRCA. Numbers 
at the nodes denote bootstrap values. The maximum-likelihood phylogenetic tree was reconstructed using IQ-TREE2, based on concatenated codon 
alignments of 2363 single-copy genes (with at most 20% taxa missing). A dditional e vidence supporting the inferred polyploidization e v ents can be found 
in Supplementary Figs S93 –S99 . 
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of the real tree of life of the core eudicots than those from other 
representative, well-documented cases, ranging from simple to
complex evolutionary scenarios (Fig. 4 ). 

The cases of Arabidopsis [ 64 ] and Arachis [ 65 ] represent
simple hybridization or allopolyploidization scenarios, respec-
tively. From the OI -colored dot plots, the two subgenomes
of both the hybrid ( A. thaliana × A. renosa ) and tetraploid
( Arac his hypog aea ) showed clear and separate orthologous re-
lationships with their diploid progenitors (Fig. 4 A and C, and
Supplementary Figs S100 and S101 ). Based on the ortholo-
gous relationships revealed by the OI , the hybridization events
can be easily inferred with the straightforward visualization
(Fig. 4 B and D). 

The orthologous relationships between the genomes in the
complicated polyploid species complexes Triticum and Pa-
paver were also clear from the OI -colored dot plots (Fig. 4 E
and G, and Supplementary Figs S102 and S103 ). The two
subgenomes of the tetraploid T. turgidum were orthologous
to the two subgenomes of the hexaploid T. aestivum (Fig. 4 E
and Supplementary Fig. S102 ), supporting the inference that
T. turgidum is the intermediate tetraploid progenitor of the
allohexaploid T. aestivum (Fig. 4 F), in line with previous re-
sults [ 60 ]. Similarly, a reticulate allopolyploidization origin
in two Papaver genomes (Fig. 4 H) can be inferred from the
OI -colored dot plots (Fig. 4 G and Supplementary Fig. S103 ).
This inference agrees with our previous work [ 16 ]; how-
ever, the phylogenetic relationships between homoeologous
subgenomes cannot be resolved directly from the OI -colored
dot plots and require further evidence, such as chromosome
or subgenome-scale phylogenies [ 16 ]. 

Therefore, we conclude that reticulate speciation with in-
tact subgenomic structure can be simply and directly inferred
from the OI -colored dot plots. Although phylogeny-based
methods could provide a deeper insight into the reticulation
[ 8 ], the OI method is more straightforward and allows for vi-
sualization that at least suggests a hypothesis to test further.
Indeed, the straightforward visualization of the patterns of or-
thologous synteny can make it easier to recognize the signals
of reticulation and thus reasonably elucidate the evolutionary
history (e.g. [ 15–17 ]). 

Applications in phylogenomics 

Accurate inference of orthology plays a crucial role in the es-
timation of species trees, and pseudo-orthologs (i.e. hidden
paralogs) derived from WGD and gene loss can greatly mis-
lead species tree inference under some circumstances [ 66 ]. As
demonstrated above (Figs 1 and 2 , and Supplementary Figs 
S1 –S90 ), the OI exhibited a high level of accuracy in identi-
fying syntenic orthologs and can therefore minimize the con-
founding influence of pseudo-orthologs. Consequently, the re-
sulting syntenic orthologs can be directly applied to species
tree reconstruction. We used the core eudicots as an exam-
ple to showcase this application. It is accepted that all core
eudicots share a paleohexaploidization event ( γ event, WGT)
around 120 Mya, whereas no two orders within the core eu-
dicots share an additional polyploidy event [ 50 ]. Therefore,
it is appropriate to use the OI to remove the out-paralogy
produced from the γ event, and to better resolve the phy-
logenetic relationships among the orders of the core eudi-
cots, many of which remain poorly resolved, such as the
Celastrales–Oxalidales–Malpighiales (COM) clade [ 67 ]. Here
we utilized the genome-scale syntenic orthologs inferred by
the OI to reconstruct a backbone phylogeny of the core 
eudicots, aiming to minimize the confounding influence of 
the γ event. 

We compiled a high-quality genomic dataset that covers 
28 (70%) of the 40 orders and 98 (33%) of the 298 fami- 
lies of core eudicots treated in APG IV [ 67 ]. We then applied 

the OI to this dataset to identify syntenic orthologs, resulting 
in the identification of 54 322 SOGs. After filtering, 12 277 

multi-copy and 5 154 single-copy SOGs were retrieved, al- 
lowing for up to 40% missing taxa (Fig. 5 A). This imbalance 
between the numbers of multi-copy and single-copy SOGs is 
attributable to lineage-specific polyploidy events within the 
core eudicots. As a result of these polyploidy events, the oc- 
cupancy of single-copy SOGs showed significant decreases 
in species with high relative ploidy (i.e. orthologous syntenic 
depth relative to the V. vinifera genome) (Fig 5 B). Neverthe- 
less, the order-level species tree topologies based on the two 

gene sets were identical and both were strongly supported 

with high posterior probabilities (Fig. 5 C ) , although the tree 
based on multi-copy SOGs was more robust with equal or 
higher posterior probabilities at nearly all nodes (Fig. 5 C), and 

there were slight differences in the positions of a few species 
( Supplementary Figs S104 and S105 ). 

We observed large incongruences between our phylogeny 
and the APG IV [ 67 ], as nearly half of the orders covered in 

this study had inconsistent phylogenetic positions (Fig. 5 C).
For example, in our analysis, the COM clade was not mono- 
phyletic and was placed with the malvids, in contrast to that 
from APG IV (Fig. 5 C). The incongruences are likely due 
to the fact that the APG IV analysis was conducted using a 
very limited number of phylogenetic markers [ 67 ]. In con- 
trast, recent phylogenomics / phylotranscriptomic studies are 
consistent with most of our findings [ 68–75 ]. For example,
the phylogenetic positions of the Fagales, Rosales, Celastrales–
Oxalidales–Malpighiales, Myrtales, Cornales, and Ericales in 

our study (Fig. 5 C) are consistent with the genome-scale 
phylogenomics based on coalescent-based analysis of 482 

single-copy nuclear orthologous sequences [ 72 ]. In addi- 
tion, the phylogenetic positions of the Santalales (sister to 

the superrosids), Aquifoliales (sister to the Garryales), and 

Crossosomatales (sister to the fabids + remaining malvids) 
in our study (Fig. 5 C) are consistent with the phylogenetic 
inference based on coalescent tree analysis of 410 single- 
copy gene families extracted from transcriptome and genome 
data [ 69 ]. 

Our results further provide interesting phylogenomic in- 
sights into the core eudicots. In our study, the Vitales was 
found to be sister to the Saxifragales with high support, and 

this clade was sister to the remaining rosids (Fig. 5 C). The 
finding is inconsistent with the hypothesis that the Vitales are 
sister to the Saxifragales plus all other taxa in the superrosids 
clade [ 68–70 , 72 , 73 , 75 ]. We also found that the Zygophyl- 
lales were sister to the malvids clade with high support (Fig.
5 C), inconsistent with its placement as sister of the Myrtales 
[ 69 , 73 , 75 ]. These discrepancies can be mainly attributed 

to incomplete lineage sorting and ancient hybridization [ 76 ].
Given that our analyses involved ten thousand syntenic or- 
thologous gene families, many more than the hundreds or 
thousands of loci used in previous studies [ 68–75 ], and consid- 
ering that we minimized the confounding effects of the shared 

γ event, our results likely represent a more accurate depiction 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data


Robust identification of orthologous synteny 11 

Figure 4. Examples of reticulation inferences based on the OI . ( A , B ) OI -colored dot plots (A) of the genomes of A. thaliana + A. arenosa and their 
hybrid, with the inference (B; in dendrogram form) based on the orthologous relationships. ( C , D ) OI -colored dot plots (C) of the genomes of the 
tretaploid A. hypogaea and its diploid progenitors, and the inference (D; in dendrogram form) based on the orthologous relationships. ( E , F ) OI -colored 
dot plots (E) of the genomes of the hexaploid T. aestivum and its intermediate tretaploid T. turgidum , with the inference (F; in dendrogram form) based 
on the orthologous relationships. ( G , H ) OI -colored dot plots (G) of the genomes of the neo-octoploid P. setigerum and its intermediate tretaploid P. 
somniferum , with the inference (H; in dendrogram form) based on the orthologous relationships. Only one set of representative homoeologous 
chromosomes is shown in the dot plots; dot plots with the full set of chromosomes can be found in Supplementary Figs S1 00 –S1 03 . 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data


12 Zhang et al. 

Figure 5. An example (core eudicots) of phylogenomics based on the OI . ( A ) The number of multi-copy and single-copy SOGs with different taxon 
occupancy. ( B ) The occupancy of SOGs in species with different relative ploidy (i.e. orthologous syntenic depth relative to the V. vinifera genome), 
allowing up to 40% taxa missing. Each point represents one species. ns, P > .05; **, P ≤ .01; ****, P ≤ .0001; Wilco x on test. ( C ) Comparison of 
phylogenetic relationships within the core eudicots reconstructed in this study versus those in APG IV. Conflicting positions are marked in red; 
unresolved relationships in APG IV are marked in green, and orders not covered in this study are marked in blue. The numbers at the nodes are posterior 
probabilities from ASTRAL, with the black representing values from the multi-copy SOGs and orange representing values from the single-copy SOGs 
(omitted for equal values). Further details of the two trees reconstructed in this study can be found in Supplementary Figs S104 and S105 . 

 

 

 

 

 

 

 

studies. Previous studies have used ortholog-based methods,
which are prone to misidentify out-paralogs as orthologs, and
we argue that our orthologous synteny-based method should
be emphasized in plant phylogenomic studies. Nevertheless,
our analysis is limited by taxon sampling (lack of high-quality
genomes for some orders and families). However, this is ex-
pected to be resolved in the near future with ongoing devel-
opments and efforts in genome sequencing [ 77 ]. 
Limitations 

The OI may not perform well in extremely complex cases. For 
instance, when �T is notably small (e.g. speciation following 
polyploidization within a few generations), similar to other 
methods (e.g. K S - based), OI may also find it difficult to distin- 
guish between out-paralogy and orthology (for a difficult case 
also see Supplementary Fig. S68 ). Therefore, although we set a 
unified OI cutoff (0.6) in our pipeline, users should manually 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf320#supplementary-data
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nspect the results (mainly dot plots) for confirmation, and the
xtremely complex cases showing unexpected patterns should
e investigated on a case-by-case basis. This method is also
imited in some scenarios where orthology inference and / or
ynteny detection is limited. For example, synteny is known
o be non-conserved in distantly-related or fast-evolving lin-
ages [ 4 ], suggesting that this method should not be applied in
uch cases (e.g. angiosperms–ferns). Additionally, fragmented
ssemblies and mis-assemblies, as well as chromosome evo-
ution, can disrupt synteny and subsequently reduce the effi-
iency of the method. However, the assembly issues are likely
o cease to be a concern with the fast development of se-
uencing and assembly techniques. To address the reduced
ensitivity of orthology inference due to disrupted synteny
y factors such as chromosome rearrangements (e.g. Fig. 2 F),
e can use the highly reliable syntenic orthologs to train
achine learning models to retrieve non-syntenic orthologs.
his approach might significantly improve the recall of OI
ethod in orthology inference. Finally, while our method cur-

ently supports the clustering of orthogroups across multiple
pecies, it does not yet support the reconstruction of hierar-
hical orthologous groups [ 78 ]. This is also an area for future
mprovement. 

onclusions 

n summary, we present a human-interpretable and machine-
ctionable approach to distinguish orthologous synteny from
ut-paralogous synteny. This approach can identify ortholo-
ous synteny robustly, as validated with nearly 100 represen-
ative empirical cases and simulation-based benchmarks. An-
ther major advantage is that this approach generally does
ot require pre-set parameters specific to the species pair in
uestion, making it highly scalable and adaptable to diverse
atasets. We have demonstrated the broad and valuable ap-
lications of this approach to the reconstruction of evolution-
ry history in plant genomes, including the reconstruction of
he tree / network of life, and the identification and placement
f polyploidy events on the tree / network. This approach will
acilitate accurate and efficient analyses in evolutionary ge-
omics and may reduce the misleading data generated using
ome traditional methods. 
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