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Abstract 24 

Plant genomes are generally very complex and dynamic structures, and vary greatly 25 

in size, organization, and architecture. This is mainly due to the often-excessive 26 

numbers of transposable and repetitive elements, as well as to the fact that many 27 

plants are ancient or recent polyploids. Such (recurrent) whole-genome duplications 28 

are usually followed by genomic rearrangements, gene transpositions and gene loss, 29 

making local gene order-based phylogenetic inference particularly challenging. 30 

Nevertheless, microsynteny, i.e. the conservation of local gene content and order, 31 

has been recognized as a valuable and alternative phylogenetic character to 32 

sequence-based characters (nucleotides or amino acids) for the inference of 33 

phylogenetic trees, but to date its application for reconstructing larger phylogenies 34 

has been, for several reasons, limited. Here, by combining synteny network analysis, 35 

matrix representation, and maximum likelihood, we have reconstructed a 36 

microsynteny-based phylogenetic tree for more than 120 available high-quality plant 37 

genomes, representing more than 50 different plant families and 30 plant orders 38 

within the angiosperms. Comparisons with sequence alignment-based trees and 39 

current phylogenetic classifications show that we reconstruct very accurate and 40 

robust phylogenies, albeit with sometimes important alternative sister-group 41 

relationships. For instance, our synteny-based tree positioned Vitales as early-42 

diverging eudicots, Saxifragales belongs to superasterids, and magnoliids as sister 43 

to monocots. We discuss how synteny-based phylogeny can be complementary to 44 

traditional methods and could provide additional insights into some long-standing 45 

controversial phylogenetic relationships.  46 

 47 

Key words 48 

Synteny network, gene order, matrix representation, phylogeny, angiosperms, 49 

maximum-likelihood   50 
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Introduction 51 

Microsynteny (hereafter also simply referred to as synteny), or the local conservation 52 

of gene order and content, provides a valuable means to infer the shared ancestry of 53 

groups of genes and is commonly used to infer the occurrence of ancient polyploidy 54 

events1,2, to identify genomic rearrangements3, and to establish gene orthology 55 

relationships4-6, particularly for large gene families where sequence-based 56 

phylogenetic methods may be inconclusive7,8. In addition, microsynteny has also 57 

been used for the inference of phylogenetic relationships.  For instance, recently, 58 

Drillon et al. (2020)9 developed a bottom-up pairwise (partial splits) distance-based 59 

tree reconstruction approach that starts with the identification of breakpoints between 60 

synteny blocks, followed by the identification of partial splits. This method was 61 

successfully applied to 13 vertebrate genomes and 21 yeast genomes9. However, in 62 

general, application of synteny data for phylogenetic inference in complex eukaryotic 63 

genomes has been very limited9-11.  Compared to sequence-based phylogenetic 64 

approaches, methods based on gene order analyses are usually computationally 65 

costly and ancestral genome reconstruction and inference of gene order 66 

rearrangements is a highly challenging combinatorial and algorithmic problem12-14. 67 

Most methods hitherto developed can only handle pairs of genomes, or single-68 

chromosome organisms and organelles, and such methods have therefore only been 69 

applied to simpler genomes such as plastid genomes or bacterial genomes, or 70 

simplified genome datasets or simulated datasets15,16.  71 

Plant genomes are highly diverse17,18 and affected by a complex interplay of small- 72 

and large-scale duplication events19,20, hybridization21, transposable element (TE) 73 

activity22, and gene loss23,24. Consequently, employing synteny information for 74 

phylogenetic inference from large plant genome datasets has been notoriously 75 

difficult. Ideally, inferring phylogenetic relationships from synteny data should involve 76 

dealing with (1) multiple chromosomes; (2) genome duplications; and (3) multiple 77 

genomes at the same time, which greatly increases the complexity of the problem 78 

and computational cost. Recently, some of us developed a novel approach in which 79 

microsynteny information is converted into a network data structure, and which has 80 

proven to be well suited for evolutionary synteny comparisons among many 81 

eukaryotic nuclear genomes7,18. Using this approach, conservation or divergence of 82 

genome structure can be conveniently summarized and reflected by synteny cluster 83 
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sizes and composition. Importantly, the network representation of synteny 84 

relationships provides an abstraction of structural homology across genomes that is 85 

in principle amenable to tree inference using standard approaches from 86 

phylogenetics, however this possibility has hitherto not been explored.  87 

Here, we combined synteny networks and their matrix representation with standard 88 

maximum-likelihood based statistical phylogenetics to reconstruct phylogenies for 89 

real-life plant whole genome datasets. We have constructed a well-resolved ‘synteny 90 

tree’ using currently available representative genomes of flowering plants.  The 91 

obtained tree is highly comparable with current phylogenetic classifications, although 92 

some notable differences concerning the phylogenetic positions of magnoliids, 93 

Vitales, Caryophyllales, Saxifragales, and Santalales were observed. We believe 94 

that our approach provides a noteworthy complement to more classical approaches 95 

of tree inference and could help to solve some longstanding problems that may 96 

remain difficult to solve with sequence (alignment) based methods.  97 
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Results 98 

Highly-resolved microsynteny-based phylogeny for angiosperm genomes 99 

After quality control, 123 fully-sequenced plant genomes were used for synteny-100 

based phylogenetic analysis, which includes synteny network construction and 101 

clustering, matrix representation of synteny followed by maximum likelihood 102 

estimation (Fig. 1, see Methods for details). The size of the matrix used for ML tree 103 

inference is 123 x 137,833, which contains a binary presence/absence coding for 104 

each cluster in the synteny network. The resulting best ML tree demonstrated that 105 

the overall monophyly of most clades was strongly supported, and 110 of the 122 106 

nodes had ≥ 95% bootstrap support (Fig. 2). Amborella was used as the sister group 107 

to other angiosperms in order to root the obtained phylogenies. Nymphaeales was 108 

resolved as a successive lineage right after Amborella, again sister to all other 109 

angiosperm genomes (Fig. 2). The monophyly of mesangiosperms was also strongly 110 

supported (Fig. 2). Interestingly, magnoliids (including Laurales and Magnoliales) 111 

form a sister group to monocots (BS = 95%), with the resulting clade sister to the 112 

eudicots (BS = 100%). Notably, our synteny tree strongly favors Vitales as sister to 113 

the rest of the core eudicots, or as another clade of early-diverging eudicots, 114 

branching off after Proteales (Nelumbo) (both BS = 100%) (Fig. 2). Moreover, in the 115 

synteny tree, we find Santalales as sister to Saxifragales (BS = 99%), and with both 116 

sister to Caryophyllales (BS = 99%), which in turn was found as sister to all other 117 

asterids (BS = 94%). Synteny trees positioned Myrtales (Eucalyptus and Punica) as 118 

early-diverging rosids (BS = 100%), and Malpighiales as early-diverging Malvids (BS 119 

= 100%). Almost all the nodes within Brassicales were fully resolved (Fig. 2). The 120 

monophyly of the Nitrogen-Fixing Clade was fully recovered, and supports a 121 

relationship of ((Fagales, Fabales), (Rosales, Cucurbitales)), however with lower 122 

support (46% and 64% BS support, respectively) (Fig. 2). 123 
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124 
Fig. 1 Whole-genome microsynteny-based species tree inference. (a) Whole-125 
genome datasets with all predicted genes are used for phylogeny reconstruction. (b) 126 
The synteny network approach first conducts all pairwise reciprocal genome 127 
comparisons, followed by synteny block detection. All syntenic blocks constitute the 128 
synteny network database (see Methods for details). (c) We analyzed all synteny 129 
clusters after clustering the entire network database. Synteny clusters vary in size 130 
and node compositions. Shared genomic rearrangements are reflected by cluster 131 
compositions. Specific anchor pairs shared by a lineage/species form specific 132 
clusters (e.g. Clusters 4-6). We account for the presence or absence of the same 133 
recurring anchors for multiple blocks derived from whole-genome or segmental 134 
duplications (e.g. for Species 2 and 3 in Clusters 2, 3, 5, and 8). (d) The 135 
phylogenomic profiling of all clusters constructs a binary matrix, where rows 136 
represent species and columns represent clusters. The synteny matrix 137 
comprehensively represents phylogenomic gene order dynamics. It transforms the 138 
concept of synteny comparisons from analyzing massive parallel coordinates plots 139 
into analyzing profiles of individual clusters/networks. Each cluster stands for a 140 
shared homologous ‘context’. For example, genes (driven by transposable elements) 141 
can be transposed as insertions into new contexts or can be lost from the original 142 
context (e.g. genes in Clusters 4-6). As long as such transpositions are shared by 143 
different genomes (e.g. genes in Clusters 4 and 6) or within the same genome 144 
because of whole genome duplication (e.g. genes in Cluster 5), specific clusters will 145 
emerge and corresponding signals will be added to the matrix.  This synteny matrix 146 
is used as the input for species tree inference by maximum likelihood (referred to as 147 
Syn-MRL). 148 
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149 
Fig. 2 Maximum likelihood (ML) tree for 123 fully-sequenced flowering plant 150 
genomes based on the microsynteny approach. The tree is rooted by Amborella, and 151 
four main clades, i.e. superrosids, superasterids, monocots, and magnoliids are 152 
shaded in light-red, light-purple, light-green, and light-yellow, respectively. Ultrafast 153 
bootstrapping values are denoted for all the nodes. Names for the different plant 154 
orders follow the APG IV classification25.  155 
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Comparison of the synteny tree with sequence alignment-based phylogenies 156 

(using whole-genome derived gene markers), and with current phylogenetic 157 

classifications 158 

Taking advantage of the large whole-genome plant dataset used in this study, we 159 

also reconstructed phylogenies using widely-adopted sequence alignment-based 160 

approaches for comparison with our microsynteny-based tree. We used BUSCO 161 

gene sets, which are widely adopted in benchmarking genome assembly and 162 

annotation quality. Besides BUSCO, we developed a set of CSSC (Conserved 163 

Single-copy Synteny Clusters) gene markers from a profiling and screening of all 164 

synteny clusters (see Methods). We used supermatrix, supertree, and multispecies 165 

coalescent as representative sequence-based approaches (Supplementary Fig. 1) 166 

for these two sets of gene markers, and generated six phylogenetic trees 167 

(Supplementary Figs. 2-7). Overall, the six sequence alignment-based trees 168 

(hereafter referred to as SA trees) are highly similar, and only differ by a few 169 

bootstrap support values and a few minor sister-group relationships (Supplementary 170 

Figs. 2-7). We used the supermatrix-BUSCO tree as the representative of the SA 171 

trees and compared it with the synteny tree (Fig. 3). 172 

Comparing both trees shows that the synteny tree we have obtained is highly 173 

congruent with the SA tree (Figs. 2-3, Supplementary Fig. 8). Interestingly, some 174 

notable differences were found between the two trees, such as the positioning of 175 

magnoliids, Santalales, Zingiberales, and Gentianales (Figs. 2-3, Supplementary Fig. 176 

8). Additional subtle differences were found within the orders, such as in Poales and 177 

Brassicales (Figs. 2-3, Supplementary Fig. 8). We further compared our synteny tree 178 

with the current Angiosperm Phylogeny Group (APG) phylogeny (version IV)25, and 179 

the recent 1000 plant transcriptomes (1KP) phylogeny of green plants20 at the order 180 

level (Supplementary Figs. 9-11). Apart from the orders that do not have 181 

representative genomes yet, our synteny tree generally shows strong congruence to 182 

both the APG and 1KP trees (note however that a certain degree of incongruence 183 

exists between the two latter trees (Supplementary Fig. 9)) (Supplementary Figs. 10-184 

11). Besides the relationship of magnoliids and monocots and dicots, all 185 

discrepancies are confined to the positions and relationships of Vitales, Santalales, 186 

Saxifragales, Caryophyllales (Supplementary Figs. 9-11), which reflect long-time 187 

controversies in plant systematics and have been well acknowledged in the 188 
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literature20,25-33. Our SA trees agree with the 1KP tree on magnoliids being sister to 189 

eudicots, which is different from the synteny tree (magnoliids sister to monocots) and 190 

APG tree (magnoliids sister to both monocots and eudicots) (Supplementary Figs. 8-191 

11); the APG tree and the 1KP tree resolve Vitales and Saxifragales as early-192 

diverging lineages within Rosids, whereas our SA trees (except the ASTRAL-193 

BUSCO tree) and synteny tree favor Vitales as sister to the rest of the core eudicots, 194 

and Saxifragales cluster within Superasterids (Supplementary Figs. 2-11). We tested 195 

whether our synteny matrix (under the current synteny network construction 196 

parameters) would reject representative alternative topologies. To this end, we used 197 

the ‘approximately unbiased’ (AU) test34 to evaluate the support for alternative 198 

topologies regarding the positions of magnoliids, Vitales, Saxifragales, 199 

Caryophyllales, and Myrtales (Supplementary Fig. 12).  The test shows that our ML 200 

synteny tree was found to be significantly better than the alternative topologies with 201 

all alternative topologies rejected at the p = 0.05 level, except for the scenario where 202 

magnoliids are sister to eudicots (p = 0.146, Supplementary Fig. 12a). This means 203 

that, at least based on our synteny matrix and the (admittedly ad hoc) Markov model 204 

of character evolution, alternative scenarios such as magnoliids sister to both 205 

monocots and eudicots (Supplementary Fig. 12b), Vitales (Supplementary Fig. 12c), 206 

or Saxifragales (Supplementary Fig. 12d) as early-diverging rosids, and so on, were 207 

significantly less well supported. 208 
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 209 

Fig. 3 Maximum likelihood (ML) tree based on the concatenation of protein 210 
alignments of BUSCO genes. This tree was used as the representative SA 211 
(sequence-alignment based) tree.  212 
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Discussion 213 

Phylogenetic trees serve many purposes and are an indispensable tool for the 214 

interpretation of evolutionary trends and changes. So far, abundant tools and 215 

sophisticated substitution models have been developed for molecular sequence 216 

alignment-based phylogenetic inference. In contrast, although it is well 217 

acknowledged that there is phylogenetic signal in gene order dynamics4,35-39, 218 

efficient tools for analyzing phylogenomic synteny properties, reconstructing 219 

ancestral genomes and inference of genome rearrangements, particularly for large 220 

datasets, remain scarce.  In this study, we present an approach that bypasses the 221 

challenging combinatorial problem of inferring genome rearrangements and 222 

ancestral genome organization by integrating information on pairwise homologous 223 

genomic organization across many plant genomes in a network representation. As in 224 

classical orthogroup inference, we perform similarity searches across multiple 225 

genomes and cluster a network representation thereof, but our graph representation 226 

now also includes the genomic context (i.e. synteny information), and the resulting 227 

clusters are therefore defined by sequence level homology and structural homology 228 

at a micro-synteny level. The idea developed in the present paper is that each 229 

cluster, no matter how conserved, family- or lineage-specific, contains a phylogenetic 230 

signal that can readily be used for tree inference. By reducing whole-genome 231 

syntenic comparisons to the synteny network representation, information with regard 232 

to the actual syntenic contexts of the genes is ignored while only relations of shared 233 

syntenic contexts between genes are retained. By identifying clusters in the resulting 234 

synteny network, evolutionarily relevant homologous features of genome structure 235 

across species are efficiently captured while we are able to abstract from much of 236 

the complex features of genome evolution. 237 

 238 

Accuracy and reliability of the synteny tree 239 

We exploited the total information residing in all synteny clusters by encoding their 240 

phylogenomic synteny pattern profiles into a large binary matrix (synteny matrix) (Fig. 241 

1). Standard ML-based tree inference was then applied to reconstruct a species tree 242 

(Fig. 1). The process is similar to the MRL (Matrix Representation with Likelihood) 243 

supertree method (which uses the same data matrix as Matrix Representation with 244 
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Parsimony, but with ML-based inference, yielding higher accuracy40,41), except that 245 

MRL is based on a set of input trees, in contrast with our synteny matrix based on 246 

synteny clusters. To avoid misunderstanding, in this study we confine the usage of 247 

‘MRL’ to the supertree method; and we refer to our ‘supercluster’ approach as Syn-248 

MRL (Synteny Matrix Representation with Likelihood).  249 

For the Syn-MRL approach, we use the Mk model, which is a Jukes-Cantor type 250 

model for discrete morphological data42. Each column of the data matrix is regarded 251 

as an independent character. The two-state binary encoding for each column 252 

represents the two groups of related species regarding that specific character. There 253 

is no further ordering or special weighing for the elements in the data matrix. The Mk 254 

model may arouse some concern regarding the symmetric two-state model (i.e., 255 

there is an equal probability of changing from state 0 to state 1 and from state 1 to 256 

state 0), as generally, time-reversible Markov models of evolution may not be ideal 257 

for the Syn-MRL approach. However, a first and important observation was that 258 

these models do seem to result in very reasonable well-supported phylogenies, in a 259 

similar vein as the MRL approach40. We hypothesize this is because, firstly, we may 260 

reasonably suspect that for our data, state 0 or 1 has the same probability of being 261 

the ancestral or derived state, as we can hypothesize that the emergence of a new 262 

lineage-specific synteny cluster and loss of another, are due to the same processes, 263 

e.g. transposition. Secondly, although the Mk model allows numerous state changes, 264 

in practice it yields trees with identical likelihood scores compared to a modified Mk 265 

model where character states can change only once or not at all42. This suggests 266 

that more biologically plausible non-reversible models, where for instance the re-267 

emergence of a synteny cluster (a secondary 0→1 transition after the initial 268 

emergence and subsequent loss of the cluster) occurs at a different rate than the 269 

initial 0→1 transition, might not result in a substantially better fit. Nevertheless, we 270 

believe developing other probabilistic models for synteny cluster evolution is a fruitful 271 

avenue for further research. 272 

Despite much progress in the last two decades, it is currently well-acknowledged that 273 

some phylogenetic relationships in plants remain especially controversial. For 274 

example, the relationships among monocots, eudicots, magnoliids, Ceratophyllaceae, 275 

and Chloranthales remain unsolved20,25,43, while also the relationships among core 276 

rosids, asterids, Saxifragales, Vitales, Santalales, and Caryophyllales have been 277 
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enigmatic20,25-29. We have compared our synteny tree with SA trees and state-of-art 278 

classifications (represented by APG (IV) and 1KP) in a general way (Supplementary 279 

Figs. 8-11). Overall, our synteny tree showed great accuracy and congruence on the 280 

classification of the major lineages and clades. On the other hand, the synteny tree 281 

also provides alternative sister-group relationships for some of the recalcitrant clades 282 

mentioned higher.  It should be noted that it is not our intention to argue that our tree 283 

is the ‘true’ tree, finally resolving the contentious relationships between some of the 284 

plant clades, but rather to provide a novel way to reconstruct and consider large-285 

scale gene order-based phylogenetic trees. 286 

The phylogenetic position of magnoliids has long been discussed43, and even 287 

recently, based on whole-genome information of new magnoliid genomes, different 288 

sister-group relationships for magnoliids have been proposed31-33,44. Also, a sister-289 

group relationship for magnoliids and monocots, as suggested in the current study, 290 

has been suggested before, based on different approaches and data45-49. Based on 291 

microsynteny, we have explored the relationships of magnoliids, monocots, and 292 

eudicots in more detail. Our synteny-based approach provides a means to 293 

investigate phylogenetic signal in the data matrix and trace those back to the 294 

genomic regions where differential gene order arrangements are located. To this end, 295 

we focused on the ‘submatrix’ of synteny profiles for magnoliids and extracted 296 

15,424 magnoliid-associated synteny clusters (Fig. 4a). A hierarchical clustering of 297 

the phylogenomic profile of these synteny clusters showed 1,107 synteny clusters 298 

may related to the grouping of magnoliids and monocots (Fig. 4a). To validate their 299 

contribution to the final ML tree, we first removed these signals from the entire matrix 300 

and reconstructed the phylogenetic tree, after which the species tree obtained favors 301 

magnoliids as sister to eudicots (BS = 100%) (Supplementary Fig. 13). To further 302 

understand the genomic distribution of specific genes in these clusters joining 303 

magnoliids and monocots, we reorganized the cluster profiles according to the 304 

chromosome gene arrangement of a magnoliid representative (Cinnamomum 305 

kanehirae)31(Supplementary Table S2). In doing so, we observed a number of 306 

‘signature’ blocks consisting of specific anchor pairs that are shared by monocots 307 

and magnoliids with exclusion of eudicots (Supplemental Table S2-sheet 1, contexts 308 

with highlighted yellow rows). As an example, we highlight a synteny context of 15 309 

genes where 8 genes (highlighted red) are only found in synteny between magnoliid 310 



14 
 

and monocot genomes (Fig. 4b), with flanking genes generally conserved across 311 

angiosperms (highlighted in blue) (Fig. 4b, Supplemental Table S2-sheet2). However, 312 

an alternative explanation could be that the synteny context is lost in eudicots, from 313 

which it might be ‘wrongly’ concluded that monocots and magnoliids share some 314 

‘derived’ characters and therefore share a common ancestry. Also, some synteny 315 

contexts are shared with basal eudicots (Ranunculales) from the 1,107 clusters 316 

(Supplementary Table S2). Nevertheless, with more representative genomes of 317 

Chloranthales, Ceratophyllales, and early-diverging angiosperms to be added into 318 

the analysis, a better resolution of the genomic rearrangements  for magnoliids and 319 

related lineages could be obtained. 320 

321 
Fig. 4 Magnoliids-associated signals and a representative example of 322 
phylogenetically informative microsynteny. (a) Hierarchical clustering (ward.D) of 323 
15,424 magnoliids-associate cluster profiles based on jaccard distance. On the far-324 
left, the synteny-based species tree is displayed (same as Fig. 1). Superrosids, 325 
superasterids, early-diverging eudicots, monocots, and magnoliids are shaded in 326 
light-red, light-purple, light-grey, light-green, and light-yellow, respectively. 1,107 327 
clusters supporting a grouping of magnoliids and monocots (Supplemental Table S2). 328 
(b) One example from all supporting signals. A fifteen-gene context in the genome of 329 
Cinnamomum kanehirae (a magnoliid) shows eight neighboring genes (highlighted in 330 
orange) only present in magnoliids and monocot genomes, while the flanking genes 331 
(colored blue) are generally conserved angiosperm-wide. 332 
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Apart from the contentious phylogenetic relationship of magnoliids with related 333 

lineages, evolutionary relationships of early-diverging core eudicots, such as Vitales, 334 

Saxifragales, Santalales, and Caryophyllales as suggested by microsynteny are 335 

strongly supported compared to competing hypotheses under the Syn-MRL 336 

approach (as reflected by the AU test statistic). For example, our synteny-based 337 

phylogenies strongly support Vitales as early-diverging, right after Proteales 338 

(Nelumbo). Trees based on concatenation, MRL, and ASTRAL-CSSC trees in 339 

general also support Vitales as early-diverging but also forming a sister-group 340 

relationship with Santalales (Supplementary Figs. 2-5, and 7). Several studies have 341 

already reported the positioning of Vitales as sister to the core-eudicots or as early-342 

diverging eudicots, based on mitochondrial genes or genomic data50,51, assembly of 343 

multi-nuclear genes52, and large-scale transcriptome data53,54. The recent 1KP study 344 

also observed substantial gene-tree discordance for Vitales from analyses employing 345 

coalescent and supermatrix approaches, as well as plastid genomes20. Moreover, a 346 

recent analysis involving syntenic comparisons of the columbine (Aquilegia) and 347 

grapevine genomes revealed that the gamma palaeohexaploidy at the root of the 348 

core-eudicots is possibly a result of hybridization between a tetraploid and a diploid 349 

species (Aköz and Nordborg, 2019). The hybrid origin of core-eudicots could help us 350 

better understand the phylogenetic incongruence of the early-diverging groups within 351 

core-eudicots including Vitales55. 352 

 353 

Insights towards ancestral introgressive hybridization 354 

Within the same plant family or order, our synteny tree also revealed some subtle 355 

differences with the SA trees (Figs 2-3, Supplementary Fig. 8). For example, the 356 

position of Boechera and Arabis in Brassicaceae, and the position of the Pooideae 357 

clade (including wheat, barley, and Brachypodium) in Poales (Supplementary Fig. 8). 358 

Very interestingly, a study has comprehensively investigated the particular species 359 

branching order of three monophyletic groups in the Brassicaceae: Boechera (Clade 360 

B), Capsella and Camelina (Clade C), and Arabidopsis (Clade A)56. Forsyth et al. 361 

(2018) explicitly proved the existence of massive nuclear introgression between 362 

Clades B and C, which largely reduced the sequence divergence between them. As 363 

a result, the majority of single-copy gene trees strongly support the branching order 364 
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of (A,(B,C)), while the true branching order is supposed to be (B,(A,C))56. Their study 365 

employed multiple approaches and measurements to show that neither gene 366 

duplication and loss nor ILS, nor phylogenetic noise can adequately explain such 367 

incongruence, except introgressive hybridization56. Interestingly, our results are 368 

congruent with the findings of Forsythe et al. (2018). Alignment-based trees 369 

(supermatrix, MRL, and ASTRAL) all support (A,(B,C)) (Supplementary Fig.s 2-7), 370 

whereas only the synteny tree supports the ‘true’ species branching order (B,(A,C)). 371 

Regarding Arabis in Brassicaceae, another recent study identified shared genomic 372 

block associations between Aethionema (which is sister to all other Brassicaceae) 373 

and Arabis by extending the analysis of Brassicaceae genomic blocks to 374 

Aethionema57. Their study of macrosynteny supports Arabideae as the next 375 

diverging clade following Aethionema in Brassicaceae57, which is also consistent 376 

with our synteny tree. 377 

For Pooideae in Poales, in order to test whether potential bias exists caused by 378 

specific genome(s), we further compared the clustering of Pooideae (wheat, barley, 379 

and Brachypodium) with the rest of the Poaceae family by removing one or two 380 

genomes from Pooideae from the synteny matrix and rebuilding phylogenetic trees. 381 

We obtained consistent results and topologies regarding the positioning of the clade 382 

of Pooideae (Supplementary Figs. 14-17). To our knowledge, similar relationships 383 

regarding the PACMAD and the BEP clades have rarely been reported, however, the 384 

comparative phylogenomic large-scale gene family expansion and contraction 385 

analysis from the wheat genome project showed a similar clustering pattern of 386 

species based on gene family profiles, thus provided some evidence in support of 387 

our result (Figure 4A of International Wheat Genome Sequencing Consortium, 388 

201858). If the synteny tree is indeed true, it would reshape our understanding of the 389 

evolution of some of the most important crops including wheat, rice, and maize, as 390 

well as the origin of the C4 lineages59. 391 

The notion that species boundaries can be obscured by introgressive hybridization is 392 

increasingly accepted56,60-62. Thus, it is plausible that the incongruences discussed 393 

above may indicate an effect from introgression caused by (recent or more ancestral) 394 

hybridization. Since the focal point of synteny information is to reflect genomic 395 

structure variation instead of gene sequence changes, we believe it is plausible that 396 

genome-level synteny-based phylogeny inference may avoid the bias caused by 397 
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(extensive) introgression for sequence-based species tree reconstruction and can 398 

reflect the ‘true’ (or perhaps better, ‘main’) species branching order. Also, TE 399 

mobilization often follows hybrid speciation or introgression63-65 which leads to gene 400 

transpositions. However, our approach can capture potential gene transpositions and 401 

rearrangements as novel anchor pairs within synteny blocks and convert those into 402 

phylogenetic signals (explained in Fig. 1). Nevertheless, in the case of true hybrid 403 

speciation, where a bifurcating species tree does not exist, our method can be 404 

similarly unsuitable as other phylogenetic inference methods that do not allow 405 

phylogenetic network inference. In any case, the whole-genome synteny approach 406 

could provide unique opportunities towards developing phylogenetic inference 407 

methods that are robust to introgressive hybridization66. 408 

 409 

Caveats and conclusion 410 

Here, we have presented a methodological roadmap to reconstruct species trees 411 

based on synteny information from large volumes of available whole-genome data, 412 

which can be applied to any set of genomes. However, it should be noted that our 413 

approach depends on the quality of genome assemblies and their gene annotations, 414 

which is the basis for synteny detection. Also, parameter settings for synteny 415 

detection should be tested and compared beforehand (here we adopt the 416 

parameterization found to be most appropriate for the analysis of angiosperm 417 

genomes in a previous study18). One should consider the evolutionary distance and 418 

genomic properties of the added genomes, as synteny conservation can be scarce 419 

for distantly related species. For example, caution should be taken when comparing 420 

a gymnosperm or fern genome to an angiosperm genome because in such 421 

comparisons, microsynteny might be inadequate due to extensive genome 422 

rearrangements. On the contrary, for highly similar genomes, our approach might 423 

simply not provide enough resolution due to the lack of informative rearrangements. 424 

However, in such cases, stricter synteny detection parameter settings, as well as 425 

consideration of gene orientation might help to increase the number of informative 426 

signals for resolving the tree topology. 427 

To conclude, using a character matrix derived from a network representation of 428 

pairwise microsynteny relations, we here explored a maximum likelihood approach to 429 
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reconstruct phylogenies using genome structure data across a large set of 430 

angiosperm genomes. Our resulting synteny-based species tree showed high 431 

resolution and strong consistency with phylogenies of angiosperms using more 432 

classical methods to infer tree topologies and current classifications, although some 433 

notable differences were identified. We hope that our approach might offer a 434 

complementary way to consider and evaluate ambiguous phylogenetic relationships. 435 

Furthermore, as more and more high-quality genomes from underrepresented plant 436 

phyla are becoming available at increasing rates, we expect our approach to become 437 

more sensitive and informative in future applications.  438 
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Methods 439 

Genome resources 440 

Reference genomes were obtained from public repositories, including Phytozome, 441 

CoGe, GigaDB, and NCBI. For each genome, we downloaded FASTA format files 442 

containing protein sequences of all predicted gene models and the genome 443 

annotation files (GFF/BED) containing the positions of all the genes. We modified all 444 

peptide sequence files and genome annotation GFF/BED files with corresponding 445 

species abbreviation identifiers. After constructing our synteny network database and 446 

clustering (see further), poor quality genomes could be relatively easily identified 447 

(see further), and were removed from the database for further analysis. After quality 448 

control, the final list of genomes used in the current study and related information for 449 

each genome can be found in Supplemental Table S1-Sheet1, genomes that were 450 

filtered out due to low contiguity were listed in Supplemental Table S1-Sheet2. 451 

We acknowledge that our taxon sampling is limited to currently available high-quality 452 

genomes and thus many important lineages could not be included.In our current 453 

study, we have included genome sequences of as many representative angiosperm 454 

families and orders as possible 455 

(https://www.plabipd.de/portal/web/guest/angiosperm-phylogenetic-view). However, 456 

some important plant lineages still lack well-assembled genomes (such as for 457 

Dilleniales and Chloranthales), while others only have few representatives (such as 458 

Santalales and Saxifragales), and still others are relatively ‘over-represented’ (such 459 

as Brassicales, Fabales, and Poales). For ‘over-represented’ orders, we kept all 460 

qualified genomes because this provides an opportunity to test the resolution and 461 

robustness of our approach at different levels (e.g. order-level, family-level, and 462 

species-level). 463 

We manually downloaded each genome and checked the completeness of the 464 

annotation files. Selecting genomes to be used for the analysis initially not based on 465 

certain cutoffs, such as N50 or BUSCO completeness.  First, candidate genomes 466 

were all used for the synteny network construction. Next, ‘genome quality’ is checked 467 

manually in the phylogenomic profiling plot/matrix (of all synteny clusters, where 468 

rows represent species/genomes and columns are clusters). Genomes of poor 469 

completeness and contiguity - indicated by lighter rows (for an example, see Figure 5 470 
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of Zhao and Schranz, 201918, rows indicated by black arrows) - are removed from 471 

the microsynteny network. After this step, 123 fully sequenced plant genomes were 472 

used for further analysis (Supplemental Table 1). The overall sampling covered 31 473 

orders and 52 different families of angiosperms.  We are aware that for some orders 474 

there is an overrepresentation (Brassicales, Fabales, and Poales), while for orders 475 

such as Santalales, Saxifragales, and Gentianales, there is only one representative. 476 

Moreover, for some genera, several genomes are included, for example for Oryza, 477 

Solanum, Gossypium, and Brassica. Among those, B. napus, G. herbaceum, and G. 478 

arboreum are polyploid (allopolyploid) genomes.  479 

 480 

Pipeline for whole-genome microsynteny-based phylogenetic inference 481 

Our synteny-based phylogenetic reconstruction approach includes four main steps, 482 

in turn namely phylogenomic synteny network construction, network clustering, 483 

matrix representation, and maximum-likelihood estimation. Together we call our 484 

approach ‘Syn-MRL’ for short. 485 

The synteny network construction consists of two main steps: first, all-vs-all 486 

reciprocal annotated-protein comparisons of the whole genome using DIAMOND 487 

was performed67, followed by MCScanX68, which was used for pairwise synteny 488 

block detection. Parameter settings for MCScanX have been tested and compared 489 

before18; here we adopt ‘b5s5m25’ (b: number of top homologous pairs, s: number of 490 

minimum matched syntenic anchors, m: number of max gene gaps), which has 491 

proven to be appropriate by various studies for the evolutionary distances among 492 

angiosperm genomes. To avoid large numbers of local collinear gene pairs due to 493 

tandem arrays, if consecutive homologs (up to five genes apart) share a common 494 

gene, homologs are collapsed to one representative pair (with the smallest E-value). 495 

Further details regarding phylogenomic synteny network construction can be found 496 

in a tutorial available in the associated GitHub repository 497 

(https://github.com/zhaotao1987/SynNet-Pipeline). Each pairwise synteny block 498 

represents pairs of connected nodes (syntenic genes), all pairwise identified synteny 499 

blocks together form a comprehensive synteny network with millions of nodes and 500 

edges. In this synteny network, nodes are genes (from the synteny blocks), while 501 

edges connect syntenic genes. For our work, the entire synteny network summarizes 502 
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information from 7,435,502 pairwise syntenic blocks, and contains 3,098,333 nodes 503 

(genes) and 94,980,088 edges (syntenic connections). 504 

The entire synteny network (database) is clustered for further analysis. We used the 505 

Infomap algorithm for detecting synteny clusters within the map equation 506 

framework69 (https://github.com/mapequation/infomap). We have discussed before 507 

why Infomap is more appropriate for clustering phylogenomic synteny networks18. 508 

We used the two-level partitioning mode with ten trials (--clu -N 10 --map -2). The 509 

network was treated as undirected and unweighted. Resulting synteny clusters vary 510 

in size and composition, which is associated with synteny either being well-511 

conserved or rather lineage-/species-specific. A typical synteny cluster comprises of 512 

syntenic genes shared by groups of species, which precisely represent phylogenetic 513 

relatedness of genomic architecture among species (Fig. 1). Here, we classified the 514 

entire synteny network into 137,833 synteny clusters. 515 

A cluster phylogenomic profile shows its composition by the number of nodes in 516 

each species. We summarize the total information residing in all synteny clusters as 517 

a data matrix for tree inference. Phylogenomic profiles of all clusters construct a 518 

large data matrix, where rows represent species, and columns as clusters (Fig. 1). 519 

The matrix was then reduced to a binary presence-absence matrix to obtain the final 520 

synteny matrix (Fig. 1). Here, the dimension of our input synteny matrix is 123 × 521 

137,833. 522 

Tree estimation was based on maximum-likelihood as implemented in IQ-TREE 523 

(version 1.7-beta7) (Nguyen et al., 2014), using the MK+R+FO model. (where “M” 524 

stands for “Markov” and “k” refers to the number of states observed, in our case, k = 525 

2). The +R (FreeRate) model was used to account for site-heterogeneity, and 526 

typically fits data better than the Gamma model for large datasets70,71. State 527 

frequencies were optimized by maximum-likelihood (by using ‘+FO’). We generated 528 

1000 bootstrap replicates for the SH-like approximate likelihood ratio test (SH-aLRT), 529 

and 1000 ultrafast bootstrap (UFBoot) replicates (-alrt 1000 -bb 1000)72. 530 

 531 

Sequence alignment-based phylogenetic reconstruction 532 

For sequence-based phylogenetic inference, we employed three commonly used 533 

approaches, namely a supermatrix (also called superalignment or concatenation) 534 
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approach, a reconciliation approach based on the multispecies coalescent (MSC), 535 

and a supertree approach using matrix representation with likelihood (MRL). For 536 

each of these, we used two sets of whole-genome derived gene markers 537 

independently, namely BUSCO genes (Benchmarking Universal Single-Copy 538 

Orthologs)73 and CSSC genes (Conserved Single-copy Synteny Clusters). 539 

The criterion for characterizing of CSSC genes was: median number of nodes across 540 

species < 2, present in ≥ 90% genomes, and presence within Poaceae, monocots 541 

(except Poaceae), Asterids, Rosales, Brassicaceae, and Fabaceae must ≥ 50%. 542 

BUSCO analysis (v3.0, embryophyta_odb9, with 1440 profiles) identified a total of 543 

1438 conserved single-copy genes from the 123 angiosperm genome sequences, 544 

compared to 883 identified as CSSC. Multiple sequence alignments were performed 545 

using MAFFT (version 7.187)74 . Two rounds of alignment trimming and filtering were 546 

conducted by trimAl75. First, the alignments were trimmed through heuristic selection 547 

of the automatic method (-automated1). Second, sequences with less than 50% 548 

residues that pass the minimum residue overlap threshold (overlap score: 0.5) were 549 

removed (-resoverlap 0.5 -seqoverlap 50). Alignment concatenation was conducted 550 

by catfasta2phyml (https://github.com/nylander/catfasta2phyml). The length of our 551 

concatenated gene sequence alignments of BUSCO and CSSC genes were 591,196 552 

and 341,431 amino acids, respectively. 553 

Maximum-likelihood analyses were conducted using IQ-TREE76. For sequence-554 

based tree construction, we used the JTT+R model for protein alignments, both for 555 

the construction of trees based on single alignments, as well as for the concatenated 556 

sequence alignments. For all trees, we performed bootstrap analysis with 1000 557 

bootstrap replicates (SH-aLRT and UFBoot (-alrt 1000 -bb 1000)). 558 

ASTRAL-Pro77 was used for the tree summary approach based on multi-species 559 

coalescence to estimate the species trees from 1438 BUSCO gene trees and 883 560 

CSSC gene trees, respectively. ASTRAL-Pro is the latest update of ASTRAL, which 561 

can now account for multi-copy trees. 562 

For the MRL supertree analysis, 1438 BUSCO gene trees and 883 CSSC gene trees 563 

were used as two independent data sets. For each tree of the two sets, branch 564 

support from bootstrap analysis has been included as a standard output of IQ-TREE 565 

(suffixed as ‘*.phy.splits.nex’). We then encoded all splits (bipartitions) with ≥ 85% 566 
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UFBoot support of all the trees into the data matrix. Thus, each column (matrix 567 

element) in the matrix represents a well-supported bipartition. Coding is similar to the 568 

"Baum-Ragan" coding method (0, 1, ?)78, but without question marks because ‘?’ 569 

was originally designed for missing taxa as trees were multi-sourced. The 570 

dimensions of the matrices are 123 × 139,538 for the BUSCO gene trees, and 123 × 571 

102,617 for the CSSC gene trees. We used the same binary model (MK+R+FO) in 572 

IQ-TREE, and parameter settings were as the one described earlier in Syn-MRL 573 

supercluster analysis.  574 

To assess whether alternative sister-group relationships of certain plant clades could 575 

be statistically rejected given the synteny matrix, we performed approximate 576 

unbiased (AU) tests34, as implemented in IQ-TREE76, under the ‘MK+R+FO’ model, 577 

with 10,000 replicates.  578 
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Supplemental documents 586 

Supplementary Fig. 1 Representative sequence-based methods for reconstructing 587 

species trees used in this study, we used superaligment concatenation/supermatrix, 588 

multispecies coalescent, and MRL-based supertree methods for two sets of whole-589 

genome-derived markers (BUSCO and CSSC) (see text for details). First, multiple 590 

sequence alignments (MSA) were first build for each of the whole-genome-derived 591 

markers (BUSCO and CSSC) and used as input for the Supermatrix method inferring 592 

species trees based on the concatenation of gene alignments.  Second, independent 593 

gene trees can be inferred for each alignment, after which a species tree can be 594 

inferred from the set of obtained gene trees under the multispecies coalescent model, 595 

or by using a supertree method. In the latter case, we used a MRL-based method 596 

(see text for details).  For example, Clade 1+2 is well-supported (BS ≥ 85%) in Tree 597 

1, then this branching order (phylogenetic grouping) is coded as the first column of 598 

the matrix, similarly, Clade 1+2+3 of Tree 1 is coded as the second column. Leaves 599 

from well-supported nodes of all trees construct a binary branch matrix, which is then 600 

used for phylogenetic analysis by maximum likelihood. 601 

Supplementary Fig. 2 Concatenation-BUSCO tree. 602 

Supplementary Fig. 3 Concatenation-CSSC tree. 603 

Supplementary Fig. 4 MRL-BUSCO tree. 604 

Supplementary Fig. 5 MRL-CSSC tree. 605 

Supplementary Fig. 6 ASTRAL-BUSCO tree. 606 

Supplementary Fig. 7 ASTRAL-CSSC tree. 607 

Supplementary Fig. 8 Comparison of synteny tree and the SA tree. Both trees are 608 

rooted by Amborella, and three main clades, i.e. superrosids, superasterids, and 609 

monocots are shaded in light-red, light-purple, and light-green, respectively. Eight 610 

differences are indicated by indexed black dots. Branches are not drawn to scale. 611 

Ultrafast bootstrapping values (see text for details) were marked for nodes with less 612 

than 100% support. 613 

Supplementary Fig. 9 Comparison of phylogenetic relationships between the 614 

phylogeny of Angiosperm Phylogeny Group IV and 1KP.  615 
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Supplementary Fig. 10 Comparison of phylogenetic relationships between APG IV 616 

and the synteny tree. 617 

Supplementary Fig. 11 Comparison of phylogenetic relationships between the 618 

phylogeny of 1KP study (angiosperms part) and the synteny tree.  619 

Supplementary Fig. 12 Approximate unbiased (AU) test for alternative topologies, 620 

with resulting p values indicated under the trees. Alternative (tested) topologies 621 

include (a) magnoliids as sister to eudicots, which is the only scenario tested that 622 

cannot be significantly rejected (see text for details). (b) magnoliids as sister to both 623 

monocots and eudicots, (c) Vitales as early-diverging rosids, (d) Saxifragales as 624 

early-diverging rosids, (e) Vitales and Saxifragales as early-diverging rosids, (f) 625 

Malpighiales as early-diverging Fabids, and (g) Malpighiales as early-diverging 626 

Fabids plus Myrtales as early-diverging Malvids.  627 

Supplementary Fig. 13 Syn-MRL tree based on the synteny matrix without 1107 628 

(Figure 4a) specific signals. 629 

Supplementary Fig. 14 Syn-MRL tree based on the synteny matrix without Triticum 630 

turgidum (wheat). 631 

Supplementary Fig. 15 Syn-MRL tree based on the synteny matrix without 632 

Hordeum vulgare (barley). 633 

Supplementary Fig. 16 Syn-MRL tree based on the synteny matrix without 634 

Brachypodium distachyon (Brachypodium). 635 

Supplementary Fig. 17 Syn-MRL tree based on the synteny matrix without Triticum 636 

turgidum (wheat) and Hordeum vulgare (barley). 637 

Supplementary Table S1 List of genomes used in this study. 638 

Supplementary Table S2 Phylogenomic profiling rearranged by Cinnamomum 639 

kanehirae chromosomes and gene orders. 640 

 641 

Data availability 642 

Datasets used in this study are available at DataVerse 643 

(https://doi.org/10.7910/DVN/7ZZWIH). This includes all annotated protein 644 

sequences in FASTA format of each genome, entire synteny network database 645 
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(edgelist), network clustering result, trimmed alignments and corresponding 646 

phylogenetic trees of BUSCO and CSSC genes, bipartitions with support values for 647 

each tree, and binary data matrices. Related codes and software parameters are 648 

available at Github (https://github.com/zhaotao1987/Syn-MRL). 649 
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Figures

Figure 1

Whole-genome microsynteny-based species tree inference. (a) Whole genome datasets with all predicted
genes are used for phylogeny reconstruction. (b) The synteny network approach �rst conducts all
pairwise reciprocal genome comparisons, followed by synteny block detection. All syntenic blocks
constitute the synteny network database (see Methods for details). (c) We analyzed all synteny clusters
after clustering the entire network database. Synteny clusters vary in size and node compositions. Shared
genomic rearrangements are re�ected by cluster compositions. Speci�c anchor pairs shared by a
lineage/species form speci�c clusters (e.g. Clusters 4-6). We account for the presence or absence of the
same recurring anchors for multiple blocks derived from whole-genome or segmental duplications (e.g.
for Species 2 and 3 in Clusters 2, 3, 5, and 8). (d) The phylogenomic pro�ling of all clusters constructs a
binary matrix, where rows represent species and columns represent clusters. The synteny matrix
comprehensively represents phylogenomic gene order dynamics. It transforms the concept of synteny
comparisons from analyzing massive parallel coordinates plots into analyzing pro�les of individual
clusters/networks. Each cluster stands for a shared homologous ‘context’. For example, genes (driven by



transposable elements) can be transposed as insertions into new contexts or can be lost from the original
context (e.g. genes in Clusters 4-6). As long as such transpositions are shared by different genomes (e.g.
genes in Clusters 4 and 6) or within the same genome because of whole genome duplication (e.g. genes
in Cluster 5), speci�c clusters will emerge and corresponding signals will be added to the matrix. This
synteny matrix is used as the input for species tree inference by maximum likelihood (referred to as Syn-
MRL).

Figure 2



Maximum likelihood (ML) tree for 123 fully-sequenced �owering plant genomes based on the
microsynteny approach. The tree is rooted by Amborella, and four main clades, i.e. superrosids,
superasterids, monocots, and magnoliids are shaded in light-red, light-purple, light-green, and light-yellow,
respectively. Ultrafast bootstrapping values are denoted for all the nodes. Names for the different plant
orders follow the APG IV classi�cation25.

Figure 3



Maximum likelihood (ML) tree based on the concatenation of protein alignments of BUSCO genes. This
tree was used as the representative SA (sequence-alignment based) tree.

Figure 4

Magnoliids-associated signals and a representative example of phylogenetically informative
microsynteny. (a) Hierarchical clustering (ward.D) of 15,424 magnoliids-associate cluster pro�les based
on jaccard distance. On the far left, the synteny-based species tree is displayed (same as Fig. 1).
Superrosids, superasterids, early-diverging eudicots, monocots, and magnoliids are shaded in light-red,
light-purple, light-grey, light-green, and light-yellow, respectively. 1,107 clusters supporting a grouping of
magnoliids and monocots (Supplemental Table S2). (b) One example from all supporting signals. A
�fteen-gene context in the genome of Cinnamomum kanehirae (a magnoliid) shows eight neighboring
genes (highlighted in orange) only present in magnoliids and monocot genomes, while the �anking genes
(colored blue) are generally conserved angiosperm-wide.
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