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Abstract

Background: Synteny analysis is a valuable approach for understanding eukaryotic gene
and genome evolution, but still relies largely on pairwise or reference-based comparisons.
Network approaches can be utilized to expand large-scale phylogenomic microsynteny
studies. There is now a wealth of completed mammalian (animal) and angiosperm (plant)
genomes, two very important lineages that have evolved and radiated over the last ~170
million years. Genomic organization and conservation differs greatly between these two
groups; however, a systematic and comparative characterization of synteny between the
two lineages using the same approaches and metrics has not been undertaken.

Results: We have built complete microsynteny networks for 87 mammalian and 107
angiosperm genomes, which contain 1,464,753 nodes (genes) and 49,426,268 edges
(syntenic connections between genes) for mammals, and 2,234,461 nodes and
46,938,272 edges for angiosperms, respectively. Exploiting network statistics, we present
the functional characteristics of extremely conserved and diversified gene families. We
summarize the features of all syntenic gene clusters and present lineage-wide
phylogenetic profiling, revealing intriguing sub-clade lineage-specific clusters. We depict
several representative clusters of important developmental genes in humans, such as
CENPJ, p53 and NFEZ2. Finally, we present the complete homeobox gene family networks
for both mammals (including Hox and ParaHox gene clusters) and angiosperms.

Conclusions: Our results illustrate and quantify overall synteny conservation and
diversification properties of all annotated genes for mammals and angiosperms and show
that plant genomes are in general more dynamic.

Keywords: synteny networks, genome evolution, gene family dynamics, phylogenetic
profiling, mammals, angiosperms
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Background

The patterns and differences of gene and genome duplication, gene loss, gene
transpositions and chromosomal rearrangements can inform how genes and gene
families have evolved to regulate and generate (and potentially constrain) the amazing
biological diversity on Earth today. For comparative genomics, synteny reflects important
relationships between the genomic context of genes both in terms of function and
regulation and is often used as a proxy for the constraint and/or conservation of gene
function [1, 2]. Thus, syntenic relationships across a wide range of species provide crucial
information to address fundamental questions on the evolution of gene families that
regulate important traits. Synteny data can also be very valuable for assessing and
assigning gene orthology relationships, particularly for large multigene families where
phylogenetic methods maybe non-conclusive [1, 3, 4]. Synteny was originally defined as
pairs or sets of genes located on homologous chromosomes in two or more species, but
not necessarily in the same order [5]. However, the current widespread usage of the term
synteny, which we adopt, implies conserved collinearity and genomic context.

While the basic tenants of gene and genome organization and evolution are similar across
major eukaryote lineages, there are also significant differences that are not fully
characterized nor understood. For example, the length and complexity of genes and
promoters, the types of gene families (shared or lineage-specific), transposon density,
higher-order chromatin domains and the organization of chromosomes can differ
significantly between plants, animals and other eukaryotes [6-9]. In general, genome
organization and gene collinearity is substantially less conserved in plants than in
mammals. One major characteristic of flowering plant genomes is the prevalent signature
of shared and/or lineage-specific whole genome duplications (WGDs) [10-15]. While the
genomes of mammalian vertebrates show evidence of only two shared and very old
rounds of WGD,; often referred to as “2R” [16-18]. The variation in genomic organization
between lineages is partially due to differences in fundamental molecular processes such
as DNA-repair and recombination, but also likely reflect the historical biology of groups
(such as mode of reproduction, generation times and relative population sizes).
Differences in gene family and genome dynamics have significant effects on our ability to
detect and analyze synteny.

While the number of quality reference genomes is growing exponentially, a major
challenge is how to detect, represent, and visualize synteny relations of all members from
a gene family across many genomes simultaneously. Conventional dot plots display
macroscale collinear blocks between/within only two genomes in two-dimensional
images. Parallel coordinate plots (like CoGe SynFind [19, 20]) describe collinear blocks
surrounding a locus identifier and visualize the blocks at the local genomic scale. With
the abundance of new genomic data, the changes for multispecies collinearity
visualization are only exacerbated. We have developed a network-based approach to
organize and display local synteny [21, 22] and have applied it to understand the evolution
of the entire MADS-box transcription factor family across 51 plant genomes as a proof of
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principle of the method [22]. We identified several evolutionary patterns including
extensive pan-angiosperm retention of certain gene clades, ancient retained tandem
duplications and lineage-specific transpositions such as the floral patterning genes in
Brassicaceae [22]. Our approach can be scaled to analyze not just one gene family, but
all gene families across a lineage.

The aim of this study is to investigate and compare the dynamics and properties of the
entire synteny networks of all annotated genes for mammals and angiosperms. To this
end, we analyzed the syntenic properties of 87 mammalian and 107 plant genomes
(Figure 1) which represent most major phylogenetic clades of both mammalian and
angiosperm groups across ~170 million years of evolution [13, 23-25]. For mammals, the
species used covered the three main clades of Afrotheria, Euarchontoglires, and
Laurasiatheria, as well as first-branching groups like Ornithorhynchus anatinus
(platypus). For angiosperms, the species also cover three main groups of Monocots,
Superasterids, and Rosids, as well as first-branching groups such as Amborella
trichopoda (Figure 1). Some clades are more heavily represented than others such as
primates (human relatives) and crucifers (Arabidopsis relatives) due to research sampling
biases. Regardless, most major lineages are represented. Also, there are differences in
the overall quality and completeness of the genome assemblies used, but this was a
factor we wanted to analyze and assess using synteny analysis.
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95 Results and discussion
96 Genome collection, pairwise synteny comparisons

97  We used fully-sequenced genomes to investigate all syntenic blocks within and across
98 genomes. Initially we searched public databases maintaining mammalian and
99  angiosperms genome resources such as NCBI, Ensembl, CoGe and Phytozome.
100  Candidate genomes had to contain downloadable complete predicted gene models and
101  gene position annotations. Ultimately, we analyzed 87 mammalian genomes, presented
102  according to the consensus species tree adopted from NCBI taxonomy (Figure 1,
103  Supplemental Table 1) which included 1 Prototheia (Ornithorhynchus anatinus), 1
104  Metatheria (Sarcophilus harrisii), 1 Xenarthra (Dasypus novemcinctus), 6 Afrotheria, 38
105 Euarchontoglires and 40 Laurasiatheria species. For angiosperms, we analyzed 107
106  genomes including 1 Amborellaceae (Amborella trichopoda), 26 Monocots (including 14
107 Poaceae) and 80 eudicots (including 1 Proteales (Nelumbo nucifera), 23 Superasterids
108  (Asterids and Caryophyllales), and 56 Rosids) (Figure 1, Supplemental Table 1).

109  We modified all peptide sequence files and genome annotation GFF/BED files with
110  corresponding species abbreviation identifiers, followed by pairwise all-vs-all genome
111 comparisons for synteny block detection [as described in 21, 22]. To assess the overall
112 impact of phylogenetic distance, genome assembly quality and/or genome complexity,
113 we summarized the number of syntenic gene pairs for all pairwise genome comparisons
114 (7,569 times for mammals and 11,449 times for angiosperms) into color-scaled matrixes
115  (Figure 2) organized using the same species phylogenetic order as in Figure 1.

116  The diagonal of the matrix represents self- vs. self-contrasts and indicates the number of
117  retained duplicate genes, which is indicative of recent and/or ancient WGDs. The lighter
118 orange and blue rows with fewer syntenic links could reflect key biological or genomic
119 differences, but is much more likely to be due to poor quality genome assemblies. For
120 example, the mammalian genomes of O. anatinus, Galeopterus variegatus, Carlito
121  syrichta, Manis javanica, and Tursiops truncates (Figure 2a) and for angiosperms
122 Humulus lupulus, Triticum urartu, Aegilops tauschii, and Lemna minor (Figure 2b).

123 As shown in the matrixes, mammalian genomes overall are in general highly syntenic
124 regardless of phylogenetic distance (Figure 2a) with primate vs primate comparisons
125 showing marginally higher scores. Whereas plant genomes show more phylogenetic
126  signal (e.g. monocots vs monocots and crucifers vs. crucifers), the impact of recent WGD
127  (e.g. Brassica napus) and more variability overall (due to assemblies from different groups
128  of researchers, different qualities, multiple independent WGDs) (Figure 2b). Note, that
129  almost all plant genomes have higher intra-genome syntenic pair scores than all mammal
130  intra-genome comparisons. We further checked genome characters by plotting syntenic
131 gene percentage against Pfam annotation percentage for each genome (Supplemental
132 Figure 1). Based on these results, we removed four poor-quality plant genomes (H.
133 lupulus, T. urartu, A. tauschii, and L. minor) before proceeding to the next step of our
134  analyses.
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135 Characterization of synteny networks

136 The entire synteny networks are composed of all syntenic genes identified within all the
137  syntenic blocks. Specifically, there are 1,464,753 nodes (genes) and 49,426,268 edges
138  (syntenic connections between genes) for mammals, and 2,234,461 nodes and
139 46,938,272 edges for angiosperms, respectively. To evaluate genomic conservation of
140  gene families (for gene family assignments see Methods) over evolutionary time scales
141 from the synteny network data, we introduce two estimators: average clustering
142 coefficient (Supplementary Figure 2) and the percentage of genes in the family that are
143 syntenic (syntenic percentage) for every gene-family (Figure 3a). A clustering coefficient
144  is calculated for all nodes in the synteny network, as a measure of the degree to which
145 nodes in a graph tend to cluster together. Genes can be mobilized (e.g. transposed) to
146  other genomic contexts (e.g. unique or lineage-specific contexts) and thus will no longer
147  be collinear or syntenic to other species or lineages. Thus, we use percentage (gene
148  family members in the network/ total gene family members in the genomes) to quantify
149  the proportion of the genes retaining synteny.

150  We then plotted the average clustering coefficient and retention percentage of all the gene
151  families for the mammalian (11,830 gene families) and angiosperm (10,617 gene families)
152 synteny networks (Figure 3a). Mammalian gene families overall have significantly higher
153  clustering coefficients (mean 0.92 for mammals compared to 0.72 for angiosperms; P <
154  0.001, Wilcoxon-Matt-Whitney test) and retention percentage (mean 0.88 for mammals
155 compared to 0.71 for angiosperm; P < 0.001, Wilcoxon-Matt-Whitney test) than that of
156  angiosperms (Figure 3a). This confirms that over large evolutionary time scales, genomic
157  context is generally more conserved and constrained in mammals than for angiosperms.

158

159  Syntenic dynamics of all gene families could be classified and compared to other gene
160 families by our C-P (Clustering coefficient vs Percentage) quartile analysis method, as
161  conceptually depicted in Figure 3b. We defined values of the top 25% quartile as “high”,
162 and the bottom 25% quartile as “low” for both mammals and angiosperms. The resulting
163  four categories are highlighted (Figure 3b). The high clustering coefficient plus high
164  retention percentage in the synteny network (“high-high” C-P values), indicates the both
165 most syntenically conserved and most completely syntenic gene families, and thus the
166 most inter-connected networks (Figure 3b, Supplementary Table 2). Genes in the
167  category of “high-low” C-P detect gene families where certain gene sub-families and/or
168  phylogenetic clades are highly syntenic, but overall many gene members are absent from
169 the clusters (thus a low percentage). Non-syntenically connected gene family members
170  may be prone to transposition (Figure 3b, Supplementary Table 2). In contrast, the
171  category “low-high” C-P means that a high proportion of the gene family members are in
172 the network, but not always well connected, for example due to tandem gene cluster
173  expansions (Figure 3b, Supplementary Table 2). Lastly, the category “low-low” C-P
174  represent gene families that are distributed dispersedly (such as across pericentromeric
175  regions) and thus non-syntenic, or represent young transpositions or lineage-specific
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176  genes shared only between a small number or related species (Figure 3b, Supplementary
177  Table 2).

178  Comparative synteny dynamics of gene families of mammals and angiosperms

179  We investigated if gene families with similar C-P synteny dynamics (high-high, high-low,
180  low-high, and low-low), might also have similar functional annotations (e.g. GO terms)
181 [26, 27]. We tested for pathway and gene-function enrichment of gene families within
182  each of the four C-P profiles for both mammals and angiosperms (Figure 3c and 3d).
183  Over-representative terms are shown in a word-cloud with font sizes indicating the p-
184  value (Fisher’s exact test with Bonferroni correction). For mammals, gene families with
185  “high-high” profiles are functionally enriched in DNA metabolic processes, such as “DNA
186  replication” and “DNA repair”. Interestingly Alzheimer disease-amyloid secretase pathway
187 (P00003) genes are enriched in this category (Figure 3c). By contrast, “low-low” gene
188  families include functions in immune responses and pathways (e.g., “cellular response to
189  xenobiotic stimulus”, “Collagen degradation”, “Biological oxidations”), enriched protein
190 classes are “major histocompatibility complex antigen (PC00149)” and “cell adhesion
191  molecule (PC00069)” (Figure 3c). The mammalian “high-low” group is enriched for genes
192  that function in DNA-templated gene transcription and DNA binding, such as KRAB box
193  transcription factors (PC00029) [28] (Figure 3c). As transcription factors bind specific
194  promoters and thus regulate a variety of developmental and environmental processes.
195  Moreover, transcription factors commonly consist of multiple members. Thus, it can be
196  hypothesized that some gene family members are highly conserved and genomically
197  constrained, while other members are versatile and transposed into new genomic
198  positions. Finally the “low-high” group is enriched for genes involved in translation (e.g.
199  “peptide biosynthetic process”, “peptide metabolic process”) and ribosomal component
200 (e.g. “ribosomal subunit”, “ribonucleoprotein complex”), most enriched Reactome
201  Pathways are closely related to translation processes (e.g. “eukaryotic translation”, “Cap-
202  dependent translation initiation”), as well as infectious disease related pathways (e.g.
203  “Influenza infection”, “Influenza life cycle”, and “Influenza viral RNA transcription and

204  replication”) (Figure 3c).

205  The functional enrichment analysis of angiosperms shows a different pattern than for
206 mammals (Figure 3d). Plant “high-high” gene families are enriched for organelle
207 components (e.g. “organelle part”, “intracellular organelle”, “chloroplast part”, “organelle
208 organization”, and “plastid part”’), as well as acetyltransferase, transferase and
209  methyltransferase proteins for the processes such as “DNA repair’, “ncRNA metabolic
210 process” and “methylation” (Figure 3d). Many of these categories are plant-specific
211 related to photosynthesis. By contrast, the plant “low-low” group is enriched by defense
212 response genes such as “peptidase inhibitor activity”, “endopeptidase inhibitor”, and “ADP
213 binding”. “Low-high” gene families function in nuclear part components (e.g. “intracellular
214 organelle lumen”, “organelle lumen”), biosynthetic process (e.g. “organonitrogen
215  compound biosynthetic process”, “cellular aromatic compound metabolic process”), cell

216  surface proteins (e.g. “synthesis of glycosylphosphatidylinositol (GPI)) and gene
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217  expression (e.g. “RNA polymerase complex”, “nucleic acid binding”, “RNA polymerase I
218 transcription initiation”). Interestingly, “high-low” part of plant genes function in cell wall
219  (e.g. “plant-type primary cell wall biogenesis”, “cellulose biosynthetic process”, “beta-
220  glucan biosynthetic process”) (Figure 3d). Classifying and characterizing gene families
221  according to their “synteny network C-P” scores allows for the relative comparisons of
222 any gene family to all others across a lineage (Supplementary Table 2). The degree of
223 conservation likely reflects functional constraints of the family. For example, gene families
224 with a high-high C-P are responsible for fundamental functions (i.e. DNA repair and
225  photosynthesis.) and low-low C-P gene families are highly mobile and functionally flexible
226  (such as both animal and plant NLR family defense-related receptors [29] and plant
227  P450s and F-box genes) (Supplementary Table 2).

228 Comparative synteny network clustering

229  We next performed a clustering analysis for the entire mammal and angiosperm synteny
230 networks. We used Infomap [30] as the clustering algorithm due to its efficiency and
231 accuracy in handling large graphs with millions of nodes and because it has consistently
232 out-performed other available methods [31]. The clustering results for mammals and
233 angiosperms are summarized and compared in terms of cluster-size distributions (Figure
234  4a and 4b), corresponding clustering coefficients (Figure 4c and 4d), and number of
235  species included per cluster (Figure 4e and 4f).

236 Mammalian genomes have a prevalent peak of syntenic gene families that are present
237  only once per taxa (single copy orthologous gene cluster peak shaded in cyan, Figure
238  4a). To the right, there is a second modest peak of duplicated (ohnolog) genes due to the
239  ancient 2R WGD events (shaded in bright yellow, Figure 4a). These two peaks could be
240  further explained by Figure 4c and Figure 4e that depict the corresponding average
241 clustering coefficient and number of species, respectively. We observe that the peak in
242  cyanin Figure 4a is accompanied by a steady increasing trend of the clustering coefficient
243  and the number of species involved (Figure 4c). A similar trend was observed for the
244  clusters forming the peak in yellow due to WGD (Fig 4a). On the far left there is the rather
245  modest proportion of lineage specific genes (clusters of syntenic genes between only a
246  subset of mammalian species or clade(s) (shaded in purple, Figure 4a). On the far right
247  are large multigene clusters usually with multiple syntenic gene copies conserved across
248  multiple species due to tandem duplications such the well-known Hox-genes (shaded in
249 olive green, Figure 4a). Representative examples are labeled on the curve, and further
250  depicted in Figure 4g and Figure 4h.

251 Incontrast, angiosperm genomes show a very large proportion of lineage-specific clusters
252 on the far left (shaded in purple, Figure 4b). The clustering coefficients for these clusters
253 is often above the threshold of “high” (top 25%, which was defined earlier for the C-P
254  classification) (Figure 4d) and the cluster size for these lineage-specific clusters is mostly
255  between 10 to 30 (shaded in cyan, Figure 4f), reflecting the number of species and gene
256  copies within particular phylogenetic groups such as Fabaceae, Brassicaceae, and
257 Poaceae. Next, a rather broad peak of gene clusters are observed that are conserved
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258 across many lineages (Figure 4b) of genes that are single-copy in some lineages and in
259  two/more copies in other lineages due to WGD. Also, there is a larger proportion of large
260 multigene families seen to the far right (shaded in olive green, Figure 4b). There is a
261 variation for the number of species per cluster for these large multi-gene families in
262  angiosperms (Figure 4f).

263  The combination of cluster size, corresponding clustering coefficient, and number of
264  involved species were used to select representative synteny clusters for mammals. As an
265 example of a lineage-specific cluster we show CENPJ (as an example an of a primate
266 lineage-specific cluster), p73 as an example of a single copy conserved cluster, p53-p63
267 as an example of 2-ohnologs-retained WGD cluster, ATF2-ATF7-CREBS as an example
268  of 3-ohnolog-retained WGD cluster, and NFE2-NFE2L 1-NFE2L2-NFE2L 3 as example of
269  4-ohnolog-retained WGD cluster (Figure 4a, 4g and 4h). It has been reported that CENPJ
270  regulates brain size [32, 33], and primates have relatively larger brains [34, 35]. It is
271 interesting that we found primates formed a lineage-specific CENPJ synteny cluster
272 (Figure 4g and 4h) compared to other mammals. This indicates that CENPJ underwent a
273  gene transposition event at or near the divergence of the primate ancestor from other
274 mammals. Thus, the primate gene copy is in a unique genomic context facilitating
275  potential new/altered regulatory patterns and gene functions. The p53, p63 and p73
276  genes compose a family of transcription factors involved in cell response to stress and
277  development [36, 37]. p63 is previously perceived close related to p73 because of the
278  similar protein domain compositions, however our result shows p63 and p53 are ohnolog
279  duplicates retained after WGD. Other ohnolog clusters with strong support from our
280 analyses include ATF2-ATF7-CREBS, transcription factors with broad roles such as
281 activating CRE-dependent transcription, cancer progression and immunological memory
282  [38-41] and NFE2-NFE2L1-NFE2L2-NFEZ2L 3, also with broad roles such as regulation of
283  oxidative stress, aging and cancer cell proliferation [42-44].

284  Comparative phylogenetic profiling of synteny clusters

285 To further visualize and understand genomic diversity, we performed phylogenetic
286  profiling of all synteny clusters of mammals and angiosperms (Figure 5a and 5b). Blue
287 columns indicate conserved single copy syntenic clusters, orange columns indicate
288  retained duplicate copy clusters (i.e. conserved ohnologs from WGD), and the red
289  columns signify conserved clusters with more than two copies (e.g. conserved tandem
290  clusters) (Figure 5a and 5b). Nearly empty rows of the less-syntenic species are
291 consistent with the pairwise matrix in Figure 2.

292  For mammals, a very large proportion of all genes are syntenic and single copy (Figure
293  5a) as mentioned above. Smaller proportions of mammalian genomes are conserved and
294  syntenic for duplicates or larger conserved multi-gene families. Interestingly, lineage-
295  specific clusters were observed for most of the included mammalian clades. For example,
296 we found lineage-specific clusters for Primates (such as the CENPJ example discussed
297 above), Rodentia, Vespertilionidae, Felidae, Camelidae, and Bovidae (Figure 5a).
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298 In contrast, in angiosperms only ~10% of clusters are syntenically conserved between
299  eudicot and monocot species (Figure 5b). The remaining clusters are mostly lineage-
300 specific clusters that appear as discrete columns (Figure 5b). This indicates that
301 angiosperm genomes are highly fractioned and reshuffled, with abundant examples of
302 specific clusters for particular phylogenetic lineages/plant families, such as
303 Amaranthaceae, Brassicaceae, Poaceae, Fabaceae, Rosaceae, and Solanaceae (Figure
304 5b). Results also highlight species with more gene copies per cluster (e.g. orange/red
305 rows), likely due to recent WGD events such as for G. max, B. napus and P. trichocarpa
306 (Figure 5b).

307  Traditional phylogenetic profiling data typically show only the presence/absence of a gene
308 family. Whereas, our synteny-based phylogenetic profiling is based on conserved
309 genomic collinearity of gene families across lineages which provides potential novel
310 information about changes of genomic context (transpositions and/or expansions) or the
311 origin of “novel genes” of specific gene families. Such changes in genomic context provide
312 intriguing candidate gene sets for investigating trait evolution.

313  Synteny network for homeobox genes of mammals and angiosperms

314 To summarize and further illustrate synteny cluster properties between mammals and
315 angiosperms species, we display synteny networks for the entire homeobox multi-gene
316 family for both lineages (Figure 5¢c and 5d). For the mammals, the well-known Hox
317 clusters, derived from WGD and tandem duplications [45, 46], were visualized as two
318 huge clusters (Hox71-8 and Hox9-13) connected by EVX gene cluster (EVX71 and EVX2)
319  (Figure 5c). ParaHox genes [47] PDX1, GSX1, and GSX2 form one highly inter-connected
320 cluster (Figure 5c), while the other three ParaHox genes CDX1, CDX2, and CDX3 form
321 respective independent clusters (Figure 5c¢). Moreover, we have found the synteny cluster
322 of DLX1-4, and DLX6 [48], cluster of LHX2, 6, and 9 [49], cluster of NKX2-1 and 2-4 [50,
323  51], and cluster of CERSS and 6 [52] (Figure 5c).

324  Plant homeodomain proteins have been classified in the literature into various groups
325 based on sequence similarity of their homeodomains [53-55]. Here the syntenic
326  connections across the full set of homeobox genes provide novel insights to the origin
327 and relationships of all homeobox subfamilies (Figure 5d). Some examples include
328 conserved clusters (OCP3, RPL, and ATH1) [56-58]; WGD-derived clusters (KNAT3-5,
329 HAT1-3-HB2-HB4, HDG1-HDG7-ANL2-FWA, and HDG2-HDG3-PDF2-ATML1) [59, 60];
330 eudicot-specific clusters (STM, KNAT7, KNAT2-KNAT6, WOX1-PFS2 and HB22-HB51)
331 [61-63], and monocot-specific clusters (i.e. Os01g60270, Os06904850, Os08g19590)
332 [64] (Figure 5d).

333  Synteny networks provide a complementary method to more traditional phylogenetic
334  approaches for investigating the ancestry and homology relationships of (large) multi-
335 gene families. For example, synteny information identified ancient tandem origins and
336 lineage-specific transpositions of angiosperm MADS-box genes [22, 65, 66]. We have
337 analyzed the mammalian homeobox genes. We clearly show and verify that the
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338 mammalian Hox genes appear as inter-connected synteny super-clusters and also find
339 synteny connections to the ParaHox genes, consistent with the numerous previous
340 reports [45-47]. In contrast, for plants we did not find any prominent tandem origin of
341 homeobox clades, but did identify several examples of WGD-derived gene expansions
342  and family-specific transpositions.

343
344 Conclusions

345  Synteny analysis of multi-species genomics datasets has led to major advances in our
346 understanding of evolutionary patterns and processes. However, few studies have
347 systematically assessed and compared genomic properties across kingdoms [7]. Synteny
348  network statistical parameters provide new possibilities for systematically evaluating gene
349  (syntenic) diversification and/or conservation patterns over long evolutionary time scales.
350 In this study, we have presented an analytic framework for large-scale synteny
351 comparisons using network analysis of all suitable mammalian and angiosperm genomes.
352  Assessment metrics based on synteny intuitively illustrate genome contiguity and copy
353 number depth due to (paleo)polyploidy. The C-P method provides a means to
354 characterize gene family dynamics in a comparative evolutionary context. We have
355 displayed and compared features of all synteny clusters from these two important
356 lineages and performed their clade-wide phylogenetic profiling. The results illustrate the
357 dramatic differences in genomic dynamics within and between the two groups,
358 exemplified by synteny networks of primate-specific gene transpositions (i.e. CENPJ),
359 extant ohnologs surviving 2R of mammals, and for all mammal and angiosperm
360 homeobox genes.

361 Dissection of the properties of all synteny clusters provides intriguing insights into the
362  differing genomic architectures and dynamics of mammal and flowering plants. Examples
363 in this study are just the tip of the iceberg. Much remains to be explored, but this study
364  provides an intriguing foundation for future investigations to better understand genome
365 evolution and elucidate regulatory mechanisms underlying diverse evolutionary biological
366  processes. Such approach can further be extended to other phylogenetic groups and
367 deeper evolutionary time scales.

368
369
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370 Methods
371 Genome resources

372 All reference genomes were downloaded from public repositories (Supplemental Table
373 1). For each genome, we needed a FASTA format file containing peptide sequences of
374  all predicted gene models, as well as a genome annotation file (GFF/BED) showing the
375 positions of all the genes. Original gene names in the FASTA file have been modified into
376  a prefix (unique identifier indicating species) and numeric GenBank gene ID. An in-house
377  script was used for batch downloading genomes and modifying gene names.

378 Al mammalian genomes were downloaded from NCBI. Initially we utilized the total list of
379  available mammal genomes on NCBI (https://www.ncbi.nlm.nih.gov/genome/browse/).
380 Using the list with our script, some records did not contain the complete required
381 information for our analysis (i.e. no genome annotation files, or no FASTA file of total
382 peptide sequences). In the end, we retrieved 87 mammalian genomes suitable for our
383 analysis. Angiosperm genomes were collected from various public databases such as
384  Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html (Supplemental Table 1).)

385 Peptide sequence annotation

386  For gene family annotation, we used HMMER (hmmscan) to perform domain annotations
387 against the Pfam database (version downloaded: Pfam 30.0, Pfam-A with 16,306 entries)
388  for all the peptides of the utilized genomes. Domains identified from one sequence were
389 combined, and used for gene family annotation. Multiple occurrences of the identical
390  domain within one protein were counted only once.

391 Pairwise comparison, synteny blocks detection, and network construction

392 RAPSearch2 was used to perform all inter- and intra- pairwise all-vs-all protein similarity
393  searchs. MCScanX was used for synteny block detection with default settings (window
394  size: 50, number of match genes: >= 5). All outputting collinear files were integrated and
395 curated into one tabular-format file, each row contains information about “Block ID”,
396  “Block_Score”, and syntenic gene pairs. This file creates a database which contains the
397 entire syntenic nodes and syntenic connections derived from the input genomes. Detail
398  procedures can be referred to a Github tutorial (https://github.com/zhaotao1987/SynNet-
399  Pipeline).

400 Network statistics

401  Network statistical analysis was carried out in the R environment (http://www.r-project.org),
402  using the R package “igraph” [67]. We performed the analysis of the networks of mammal
403 genomes and angiosperm genomes separately. The entire network must first be
404  simplified to reduce duplicated edges (same syntenic pair may be derived from multiple
405  detections), followed by the calculation of clustering coefficient, and node degree of each
406 node.
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407  We mapped gene family annotations to all the nodes, and computed the percentage for
408 each gene family using its total occurrence in the synteny network against its total
409  occurrence from the step “Peptide sequence Annotation®. We filtered gene families with
410 atleast 50 nodes and plot percentage against average clustering coefficient for all these
411 gene families. Quartiles of percentage and average clustering coefficient was estimated
412  according to their distributions. We describe values over Q3 (highest 25%) as high, and
413  values below Q1 (lowest 25%) as low.

414  Gene annotation enrichment analysis

” L T3

415  Gene families of special interest (“high-high”, “high-low”, “low-high”, and “low-low”) were
416 extracted from the total analysis. We then mapped gene(s) from the model species H.
417  sapiens (for mammals) or A. thaliana (for angiosperms) to each of the gene families. We
418 then performed online PANTHER overrepresentation test (http:/pantherdb.org/) for each
419 of the gene lists, with Bonferroni correction for multiple testing. In addition to the
420 annotation of GO enrichment (biological process, molecular function, and celluar
421  component), we also included analysis of “Reactome pathways”, “PANTHER pathways”,
422 and “PANTHER protein class”. Results containing significant enriched terms was
423  downloaded and illustrated as word clouds, by the R package “tagcloud”. Font sizes
424  determined by “-log10(p-value)”. We depicted a maximum of the top 40 most significant
425  terms.

426  Network clustering and phylogenetic profiling

427  We used the infomap method to split the entire network, consisting of millions of nodes,
428 into clusters [30]. Clustering results were determined by topological edge connections,
429 edges were unweighted and undirected. All synteny clusters were decomposed into
430 numbers of involved syntenic gene copies in each genome. Dissimilarity index of all
431 clusters was calculated using the “Jaccard” method of the vegan package [68], then
432 hierarchically clustered by “ward.D”, and visualized by “pheatmap”. We illustrate all the
433  clusters of mammals (cluster size >= 2), and all angiosperm clusters with size >= 4.

434
435

12


https://doi.org/10.1101/246736
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/246736; this version posted January 11, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

436

437

438
439
440
441

442

aCC-BY-NC-ND 4.0 International license.

Figure Legends

d

-

-

5

B. mutus
8. indicus
B. bubalis
B. bison bison s = LIPS

X
C. hircus 2
T. truncatus & B
L. vexillifer /ﬁ
P. catodon !-
C. forus
C. dromedarius
C. bactrianus
V. pacos ( ¥

i

0. aries -~
0. orca

B. acmorosrrala scammioni

S. scrofa

U. maritimus

A. melanoleuca

L. weddellii

0. rosmarus divergens™ "
C. lupus familiaris

P. tigris altaica

P. pardus

A jubatus 357 4
F. catus >

M. davidii

M. brandtii
M. lucifugus
M. natalensis
E. fuscus

H. armiger
R. sinicus

P. vampyrus
P. alecto

E. przewalskil e
E. caballus od
E. asinus

C. simum simum

M. javanica 4 N

E. europaeus
M. nemestrina

M. mulatta

M. fascicularis 3
C. sabaeus

M. leucophaeus -
P. anubis

C. atys

C. angolensis palliatus
R. bieti

H. sapiens

P. paniscus

G. gorilla gorilla

P. abelii
N. leucogenys

S. boliviensis boliviensis
C. jacchus

A. nancymaae

C. syrichta

P. coquersli ¢

M. murinus
0. gamettii

M. auratus p
C. griseus ‘
P. maniculatus bairdii

M. ochrogaster
D

N. galili
M. musculus

J. jaculus

F. damarensis

H. glaber

C. lanigera

C. porcellus

D. ordii

M. marmota marmota
0. cuniculus

0. princeps

G. variegatus

T. chinensis

0. afer afer

C. asiatica

7. manatus latirostris
E. edwardii

L. africana

E.telfairi

D. novemcinctus

S. harrisii

0. anatinus

Laurasiatheria

Euarchontoglires

Afrotheria

Rosids

%
-

. &

@

Superasterids B

Monocots

ﬁza@

L. sativa u
ﬂ\h o= " annuusg ——o
D. carota

V. radiata

4 V. angularis

P. vulgaris

‘4?' G. max
Koo

C. cajan
\A* &

T. pratense
M. truncatula 1

rietinum

. mume

P persica

P. bretschneideri
* M. domestica L

L angusmouus

R. oocrden!ahs

M. nolabllls
Z. jujuba
H. lupulus

J. curcas
. esculenta
. communis
L. us/tal/ss/mum
P. trichocarpa
C. sativus —

C. melo
C Ianatus

C. mollissima
e —
B. pendula
C. grandifiora
C, rubella
A. lyrata
A thaliana
C. sativa
B. oleracea
B. rapa
B. napus
R. raphanistrum
7. halophila
T. salsuginea— |
L. alabamica
A. arabicum
S. parvula
B. stricta
A alpina
NG S. irio

Q) C. gynandra
T. hassleriana

G. rélmondrrj
E. grandis
C. sinensis
V. vinifera
S. pennellii

. lyoopersicum

S. tuberosum

o S. melongena
C_annuum

N. benthamiana

N. tomentosr!crmls

N. attenuata

\ N. sylvestris
P axillaris

1. nil

g U gibba —
| Y i M
8 M. guttatus

C. canephora——————

]

A. chinensis ————————

C. quinoa
. oleracea
B. vulgaris

J’JE&

A. hypochondriacus
N. nucitera

T. urartu

T. aestivum

/. A tauschii
I H. vulgare
B. distachyon
I o glabemma

. sativa
—"*ﬁ‘» [ Yg 0. runpagon

[/ P. nslerccycla
z mays v4

. bicolor

S. italica

E. guineensis
P. dactylifera
M. acuminata
D. catenatum

P. equestris

A. officinalis
X. viscosa
. polyrhiza
L. minor

%

{ Z. marina
A

~170 MYA

Figure 1 Phylogenetic relationships of mammal and angiosperm genomes
analyzed. (a) Mammal genomes used, highlighting the three main placental clades

highlighting the three main clades Monocots, Superasterids and Rosids.
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444  Figure 2 Pairwise synteny comparisons of mammal and angiosperm genomes. (a)
445  Pairwise synteny comparison across Mammal genomes. (b) Pairwise synteny
446  comparison across Angiosperm genomes. The logarithmic color-scale indicates the
447 number of syntenic gene pairs. Species are ordered according to the consensus
448  phylogeny (Figure 1). Overall, average synteny is much higher across mammals than
449  plants. Also, there is a stronger phylogenetic signal seen for plant genomes. The method
450  also allows for easy detection of potentially low-quality genomes (overall lower syntenic
451  pair scores). The diagonal for both plots represents intra-genome comparisons which can
452  detect potential recent and ancient WGDs. Note, that almost all plant genomes have
453 higher intra-genome syntenic pair scores than all mammal intra-genome comparisons.
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456 Figure 3 Network properties of gene families from mammal and angiosperm
457 genomes. (a) Distributions of gene family dynamics of mammal (11,830 in red) and
458 angiosperm (10,617 in blue) gene families plotted using percentage of syntenic genes
459  and average clustering coefficients per family. Quartiles of average clustering coefficient
460 and syntenic percentage for both mammals and angiosperms are indicated by dashed
461  (25%/75%) and solid (median) lines. (b) Conceptual model depicting different patterns of
462  synteny network connectivity, according to data distribution, with further analysis based
463  on 25% quartiles. (c, d) Comparative word clouds based on upper and lower quartiles for
464  functional enrichment of significant terms with representative C-P profiles for mammals
465  (c) and angiosperms (d). Font sizes are representative of adjusted p-values.
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Figure 4 Synteny cluster statistics of mammal and angiosperm genomes and
representative mammalian synteny clusters. Approximate size ranges for clusters of
lineage-specific, conserved, WGD replicates, and large tandem genes are shaded in
purple, cyan, yellow, and olive green, respectively. (a) Sizes distribution of all mammalian

gene syntenic clusters. Representative exa

mples are pointed and labeled on the curve.

(b) Sizes distribution of all angiosperms gene syntenic clusters (c) Boxplot of clustering
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474  coefficient by mammalian cluster sizes. (d) Boxplot of clustering coefficient by angiosperm
475  cluster sizes. (e) Number of involving genomes for mammalian clusters by cluster sizes.
476  (f) Number of involving genomes for angiosperm clusters by cluster sizes. (g) Six
477  representative and diverse mammalian clusters of CENPJ (primate-specific one and the
478  others), p73, p53-p63, ATF2-ATF7-CREBS, and NFE2-NFE2L1-NFE2L2-NFE2L3. Total
479  number of nodes, edges, average degree, and clustering coefficient are indicated
480  accordingly below. (h) Phylogenetic profiling of the clusters from (g), a color gradient of
481 red indicates the number of syntelogs in each species.
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484  Figure 5 Phylogenetic profiling of all synteny clusters and complete Homeodomain
485 multigene family synteny networks from mammal and angiosperm genomes. (a)
486  Phylogenetic profiling of all mammalian clusters (size >= 2). Groups of lineage-specific
487  clusters are boxed and labeled. (b) Phylogenetic profiling of all angiosperm clusters (size
488  >= 3). Groups of lineage-specific clusters are boxed and labeled. (c, d) Synteny network
489  of all homeo-domain proteins for mammals (c) and angiosperms (d), representative H.
490 sapiens and A. thaliana genes are labeled, respectively.
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493  Supplementary Figure 1 Plot of percentage syntenic genes again annotated (by Pfam)
494  percentage of all genomes. Species were highlighted with abbreviated names if syntenic
495  genes percentage lower than 0.25 or annotated proteins (by Pfam) lower than 0.5.
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Supplementary Figure 2 Schematic diagram for the calculation of the average clustering
coefficient.
Supplementary Table 1 Mammalian and angiosperm genomes used in this study

Supplementary Table 2 Gene families with significant C-P features of mammals and
angiosperms.
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