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Abstract: Developmental gene function is conserved over deep time, but cis-regulatory 18 
sequence conservation is rarely found. Rapid sequence turnover, paleopolyploidy, structural 19 
variation, and limited phylogenomic sampling have impeded conserved non-coding sequence 20 
(CNS) discovery. Using Conservatory, an algorithm that leverages microsynteny and iterative 21 
alignments to map CNS-gene associations over evolution, we uncovered ~2.3M CNSs, including 22 
over 3,000 predating angiosperms, from 284 plant species spanning 300 million years of 23 
diversification. Ancient CNSs were enriched near developmental regulators, and mutating CNSs 24 
near HOMEOBOX genes produced strong phenotypes. Tracing CNS evolution uncovered key 25 
principles: CNS spacing varies, but order is conserved; genomic rearrangements form new CNS-26 
gene associations; and ancient CNSs are preferentially retained among paralogs, but are often 27 
lost as cohorts or evolve into lineage-specific CNSs. 28 
 29 

One Sentence Summary:  30 
Conservatory maps ancient cis-regulatory elements and uncovers regulatory evolution dynamics.  31 
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Main Text: Cis-regulatory sequence conservation and divergence are central in phenotypic 1 
evolution (1–3). Defining principles that govern cis-regulatory evolution is key to deciphering 2 
the genetic basis of natural and artificial selection, and essential for targeted manipulation of 3 
gene regulation and organismal phenotypes (4–6). A long-standing paradox in the evolution of 4 
regulatory sequences is that homologous genes in distantly related species apparently lack cis-5 
regulatory sequence conservation, despite similar expression patterns and functions (7). 6 
However, identifying cis-regulatory elements (CREs) and establishing their orthology across 7 
species is often technically challenging, especially over deep time. 8 

Evolutionary conservation can reveal CREs because conservation can indicate selection for 9 
preserved function (8–14). Conserved non-coding sequences (CNSs) are often identified through 10 
whole-genome alignment approaches (15, 16), but these methods fail in comparing distantly 11 
related species, because regulatory sequence evolves rapidly. Additionally, frequent macro- and 12 
micro-genomic rearrangements, gene duplications, and ancestral whole-genome duplications 13 
obscure orthology relationships. Thus, homologous CREs often cannot be directly aligned in 14 
distantly related species (17, 18). Iterative alignment through intermediate "bridge” genomes 15 
improves CNS discovery across broader evolutionary distances (18, 19). However, these 16 
strategies must still contend with pervasive structural variation and the challenges of complex, 17 
highly rearranged, paleopolyploid, or repetitive genomes typical of many eukaryotes (20).  18 

The challenges of identifying CNSs are magnified in plant genomes. Repeated cycles of whole-19 
genome duplication, subsequent fractionation to diploidization, and the unequal, often biased 20 
retention of paralogous genes obscure gene and CNS orthology relationships. As a result, most 21 
identified plant CNSs are limited in phylogenetic scope, with only a handful extending beyond 22 
taxonomic families (21–25). 23 

Here, we present Conservatory (www.conservatorycns.com), a gene orthogroup-centric CNS 24 
discovery algorithm developed for detecting noncoding sequence conservation that accounts for 25 
complex orthology relationships, extreme structural variation, and rapid sequence divergence. 26 
Using Conservatory, we annotated and resolved CNS orthologies across 314 plant genomes 27 
representing 284 species spanning green plant diversity. Our analysis uncovered widespread 28 
conservation of noncoding sequences at unprecedented evolutionary depths. We use this 29 
comprehensive atlas to trace ~300 million years of cis-regulatory sequence evolution in plants 30 
(26), uncovering fundamental principles shaping the dynamic formation, conservation, and 31 
turnover of plant regulatory sequences. 32 

 33 

Ancient cis-regulatory elements are common in plant genomes 34 

To address challenges in identifying CNSs, we developed ‘Conservatory’, a large-scale 35 
comparative genomics algorithm that captures sequence conservation across deep time, while 36 
accounting for gene duplication and rapid sequence divergence. Conservatory identifies 37 
orthologs within a particular taxonomic family, then aligns up to 120 kb of intergenic sequence 38 
surrounding each ortholog member of the orthogroup to a common reference genome. To 39 
account for frequent paleopolyploidy, fractionation, and structural rearrangements, up to 16 co-40 
orthologs per genome are retained, with paralogs treated as independent co-orthologs. Following 41 
alignments of the regulatory regions within each orthogroup, CNSs are identified using phyloP 42 
(27), and ancestral sequence reconstruction (FastML) (28) used to infer CNS sequences at the 43 
crown nodes of each taxonomic family. Ancestral sequences are then used to search the 44 
regulatory regions of all putative orthologs outside of the taxonomic family using high-45 
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sensitivity alignment. This two-step alignment, first within and then between families, allows for 1 
CNS discovery despite divergence of flanking sequence. To account for reference genome bias, 2 
independent CNS datasets were generated using multiple reference genomes. The algorithm then 3 
uses ‘bridge genomes’ to infer the homology of CNSs that cannot be directly aligned, but can be 4 
linked by intermediate sequences (19). After filtering, Conservatory generates a catalog of CNSs 5 
and their orthologous relations (fig. S1).  6 

We applied Conservatory to 314 genomes, representing 284 species spanning green plant 7 
diversity, using 10 reference genomes from species in the Solanaceae, Asteraceae, Brassicaceae, 8 
Fabaceae, Poaceae, and Lemnaceae families (Fig. 1A; table S1). We discovered 32.8 million 9 
CNSs across all genomes, and grouped them into 2.3 million unique CNSs based on sequence 10 
orthology. Conservatory CNSs were short (median length 12-40 bp; Fig. 1B, fig. S2A; table S2), 11 
consistent with previous reports (21–24, 29, 30). To estimate the rate of false-positives resulting 12 
from annotation errors, we searched CNS for known peptide sequences. The rate of CNS 13 
mapping to known peptides was 0.05%-1.8% (fig. S1E), and these sequences were removed 14 
from downstream analysis.  Across our deep phylogenomic sampling, CNSs were enriched for 15 
transcription factor binding sites and activating histone modifications, and depleted for DNA 16 
methylation and repressive histone marks, relative to stringently-defined background regions in 17 
the Conservatory search space, as observed for other plant regulatory sequences (22, 31). The 18 
vast majority (96% in arabidopsis and 80.1% in maize) had at least one transcription factor 19 
binding site (Fig. 1C, fig. S2B; table S3, S4). Moreover, Conservatory CNSs were highly 20 
enriched in maize super-enhancers that produce bi-directional enhancer RNAs (eRNAs) (45). 21 
Only 0.67% of Conservatory CNSs were unsupported by functional genomics evidence in 22 
arabidopsis (e.g. open chromatin, transcription factor binding assay). In maize, 22.7% of CNSs 23 
lacked supporting biochemical evidence, likely resulting from less experimental data and 24 
continuous genome re-annotations in this species. Indeed, 10.2% of Poaceae CNSs detected 25 
using maize as a reference could be mapped to transposons annotated since our initial analyses 26 
(23). Conservatory CNSs were significantly enriched in accessible chromatin regions in 27 
arabidopsis, tomato, and maize (p < 1e-4, permutation test; table S5). Moreover, CNSs were 28 
preferentially located at the centers of open chromatin regions, likely pinpointing specific 29 
functional sequences within cis-regulatory space (Fig. 1D-F). Thus, Conservatory detects CNSs 30 
with the hallmarks of functional cis-regulatory elements. 31 

We estimated the ages of CNSs by mapping them to a phylogenetic tree with nodes dated 32 
according to published best estimates. Most (2.15 million; 92%) were conserved solely within 33 
plant families. Remarkably, we identified many ancient CNSs that emerged prior to the 34 
diversification of the eudicots (n=31,314; 1.34%), angiosperms (n=3,321; 0.14%), or even seed 35 
plants (n=633; 0.02%) (Fig. 1G; table S6). We use ‘ancient’ to refer to CNSs that emerged prior 36 
to the divergence or diversification of major angiosperm clades (~115-100 Mya) (32). To assess 37 
the functional categories of genes harboring the most ancient seed plant CNSs, we performed 38 
gene ontology (GO) term analysis. Similar to ancient metazoan CNSs, genes associated with 39 
angiosperm and seed plant CNSs were significantly enriched for developmental and 40 
transcriptional biological processes (Fig. 1H), suggesting these ancient CNSs have critical roles 41 
in conserved developmental programs. 42 

 43 
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Mutations in deeply conserved CNSs disrupt development 1 

To determine the functional roles of ancient Conservatory CNS-gene associations in 2 
development, we first focused on genes with canonical roles in embryogenesis (33). The ancient 3 
homeobox gene WUSCHEL HOMEOBOX 9 (WOX9) has conserved functions in development. 4 
We showed in tomato that CRISPR-Cas9 deletion alleles of SlWOX9 spanning ~600 bp of the 5 
proximal promoter cause partially penetrant embryonic lethality along with vegetative defects, 6 
including extra cotyledons, premature shoot apical meristem (SAM) termination, and stem or 7 
leaf fusions (9). Re-evaluation of these alleles (9) revealed that they disrupted an ancient seed-8 
plant level CNS (S217). To validate these observations, we generated two additional small 9 
inversion and deletion alleles disrupting this ancient CNS, which replicated these phenotypes 10 
(Fig. 2A-C; table S7). 11 

To expand functional analyses of ancient CNSs, we next analyzed WOX2, which is expressed in 12 
the arabidopsis zygote and also acts in embryogenesis alongside WOX9 and other WOX genes 13 
(33). To determine if WOX2 function is conserved in tomato, we generated two independent 14 
coding null alleles in SlWOX2. Neither allele could be recovered as homozygotic, indicating 15 
fully penetrant embryonic lethality. This contrasts with arabidopsis, where wox2 mutations have 16 
no phenotypes due to redundancy with several paralogs (33). These divergent redundancies 17 
likely reflect the distant relationship between tomato and arabidopsis. Conservatory identified 18 
three eudicot-level and three angiosperm-level CNSs in the SlWOX2 promoter (Fig. 2D). Using 19 
CRISPR-Cas9, we generated six SlWOX2 deletion alleles (SlWOX2Pro) of various lengths across 20 
~3 kb of the promoter. Five of these alleles removed all or part of the angiosperm CNSs, and all 21 
resulted in complete or near complete embryonic lethality. Similar to the vegetative phenotypes 22 
of the SlWOX9 alleles that disrupted the S217 seed-plant CNS, rare homozygotes of the SlWOX2 23 
promoter alleles displayed vegetative defects. The SlWOX2Pro-6 allele, where the angiosperm-24 
level CNSs remained largely intact, showed no embryonic lethality, supporting the critical 25 
functional role of this ancient CNS (Fig. 2B-F) (9). Though gRNA availability and efficiency 26 
precluded more precise CNS perturbation, an inevitable challenge in testing CNS functionality, 27 
including associated expression changes, these alleles demonstrate key roles for one or more of 28 
these SlWOX2 ancient CNSs in embryogenesis. The partially penetrant vegetative phenotypes 29 
suggest additional CREs contribute to these developmental programs. 30 

Finally, we assessed the functional importance of ancient CNSs, by analyzing previously 31 
characterized CREs of eight transcription factors that regulate meristem, leaf, flower, or 32 
epidermal development (13, 34–39). In all cases, functionally characterized CREs overlapped 33 
with ancient CNSs (fig. S3). In particular, the founding WOX gene, WUSCHEL (WUS), a 34 
conserved regulator of stem cell proliferation (40), has two defined regulatory modules, 35 
previously defined by spatiotemporal expression patterns induced by promoter fragment 36 
constructs. One module drives WUS expression in ovules, and the other in meristems (Fig. 3A; 37 
table S7) (41). We discovered five ancient CNSs in the meristem module, including conserved 38 
binding sites for Type-B RESPONSE REGULATORS (RRs), which act downstream of 39 
cytokinin to induce WUS expression (Fig. 3A, fig. S4A; table S7) (42, 43). This strong 40 
correspondence between classical developmental CRE studies and Conservatory CNSs further 41 
supports the importance of these sequences.  42 

 43 
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Two core meristem regulators uncover CNS evolutionary dynamics 1 

We used Conservatory’s identification of CNS homologies to investigate how CNSs evolve, first 2 
focusing on the deeply conserved WUS meristem regulatory module. In arabidopsis, 3 
Conservatory identified five partly overlapping CNSs in this module. The S115 CNS sequence, 4 
deeply conserved even in the gymnosperm Cycas panzhiuaensis, was duplicated and identified in 5 
distal and proximal positions (Fig. 3A; table S7). Cross-species analysis suggested that the core 6 
spatial configuration of this meristem module emerged at the base of the angiosperms, while the 7 
S115 duplication likely occurred at the base of the eudicots. Strikingly, while most of the CNSs 8 
in this module were lost in the grasses, the deeply conserved S115, which contained a Type-B 9 
RR binding site important for meristem expression (42, 43), was retained (Fig. 3B; table S7). 10 
Consistently, the WUS meristem expression pattern is conserved in the grasses, despite divergent 11 
meristem morphology and developmental dynamics (44, 45).  12 

WUS underwent several independent duplications, and CNS analysis for the duplication that 13 
occurred at the base of the Asteraceae showed that associated cis-regulatory sequences were 14 
duplicated with the coding regions. However, these sequences then exhibited species-specific 15 
patterns of divergence and loss (Fig. 3B). In lettuce (Lactuca sativa), only one angiosperm-level 16 
CNS was retained in both WUS paralogs, while the other ancient CNSs were differentially 17 
retained and partitioned between the two paralogs. The products of the same ancestral 18 
duplication diverged differently in sunflower (Helianthus annuus), with one WUS paralog 19 
maintaining all ancient CNSs, and the other maintaining only some of them (Fig. 3B). Both 20 
species appeared to have lost the distal copy of S115, but closer examination revealed an 21 
Asteraceae-specific CNS similar to the ancestral S115 sequence in the collinear location  (fig. 22 
S5A-C; table S7), suggesting sequence divergence followed by purifying selection in the 23 
Asteraceae. Analysis of an additional WUS duplication that occurred at the base of a large clade 24 
of grasses revealed similar evolutionary patterns, with S115 and Poaceae-specific CNSs shared 25 
between the paralogs, but each paralog also had lineage-specific CNSs (fig. S5D; table S7). 26 
Notably, despite divergence in the regulatory sequences of many WUS paralogs, the ancient 27 
meristem module CNSs were maintained across angiosperms (Fig. 3B). 28 

To characterize CNS evolution over shorter time scales, we next analyzed the maize TEOSINTE 29 
BRANCHED1 (TB1) gene. TB1 encodes a TCP transcription factor with conserved roles in 30 
axillary branching (48–50). Regions upstream of TB1 orthologs are associated with maize (Zea 31 
mays), sorghum (Sorghum bicolor), and pearl millet (Pennisetum glaucum) domestication (51–32 
53).  Analysis of the maize domestication locus, located ~65 kb upstream of TB1, uncovered 33 
multiple CNSs, separated into distal and proximal collinear clusters (P1-P6 and P7-P12, 34 
respectively; Fig. 3C; table S7 & S8). Tracing the evolution of TB1 CNSs revealed that the 35 
proximal cluster emerged in a lineage leading to the grasses (~70 mya), while the distal cluster 36 
emerged later, before the radiation of a major grass clade that includes maize (PACMAD clade, 37 
~33 mya, Fig. 3D). Notably, a gain-of-function Hopscotch transposon insertion associated with 38 
domestication separates the proximal and distal CNS clusters in maize, leaving the CNSs intact. 39 
Individual fragments of the regulatory region containing these CNS act as repressors (54), 40 
suggesting that the gain-of-function TB1 phenotype in maize could be caused by the Hopscotch 41 
insertion disrupting CNS spacing in a conserved repressor element (Fig. 3A, E).   42 

Comparison of CNS spacing and order in TB1 and WUS CNSs revealed that local CNS 43 
collinearity was mostly retained across species, with the notable exception of an inversion in 44 
several grasses (Fig. 3E). In contrast, the distances between CNSs and their associated genes 45 
varied and were CNS-specific. Thus, the WUS meristem CNS module was within 1.5 kb of the 46 
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start codon in 224 of 240 species, and only in 8 cases was more than 10 kb upstream. The 1 
position of the TB1 enhancer was much more variable (Fig. 3F), and in some cases, such as 2 
sorghum, it was closer to a different gene than to TB1 itself. In other grasses, such as Oryza 3 
latifolia, a different gene was located between the CNS cluster and the TB1 ortholog coding 4 
region (Fig. 3E).  5 

Overall, our analyses of WUS and TB1 revealed that CNSs maintained after duplication diverge 6 
in particular lineages, change position relative to their associated genes, or even get lost as 7 
cohorts in specific lineages. Gene duplication was associated with duplication of associated 8 
CNSs, which remained as multiple copies in the genome. We next asked whether such dynamics 9 
characterized CNS evolution on a global scale. 10 

 11 

Genome rearrangements alter CNS position and gene associations 12 

To study the evolutionary dynamics of CNS position, we first analyzed the positions of all CNSs 13 
relative to their associated genes, grouped by CNS age. The distribution of CNS positions was 14 
genome-specific, but overall, most CNSs were located upstream of associated genes, and were 15 
often close to coding sequences, with older CNSs tending to be closer to start codons (Fig. 4A). 16 
However, many CNSs across all age categories were more than 25 kb from their associated 17 
genes. CNSs were often closer to a different gene than to their associated gene, and 25% to 50% 18 
of CNSs-gene associations skipped over intervening, non-associated genes (Fig. 4B; table S9).  19 

Long-range CNS-gene interactions and interactions skipping over other genes are common in 20 
metazoans (55), but are only rarely reported in plants. While they may be common in the large 21 
maize genome (56), we were surprised to find so many distal or non-adjacent associations, 22 
including in compact genomes. Most genes intervening between CNSs and their associated genes 23 
were associated with CNSs of their own, and most of the closest non-associated genes were not 24 
orthologous to associated genes. This suggests that CNS-gene associations that skip over non-25 
associated genes were unlikely to be caused by annotation artifacts or by tandem gene 26 
duplications (fig. S6A-B). To provide empirical support for such long-range CNS-gene 27 
associations, we investigated the concordance of predicted CNS-gene associations with predicted 28 
chromatin loops, as cis-regulatory elements and gene interactions might be maintained through 29 
chromatin looping (56). We carried out chromatin-conformation capture sequencing on tomato 30 
meristem tissue, and reanalyzed published datasets for arabidopsis and maize, focusing on loops 31 
connecting intergenic regions to genes (56–58). Compared to loops that did not overlap with 32 
CNSs, loops with CNSs at their intergenic edges were more likely to be connected to genes (p < 33 
0.001, chi-square test) (Fig. 4C-D; table S10). This suggests that intergenic DNA sequences 34 
looping to genes are conserved, consistent with Conservatory CNSs acting as regulatory 35 
elements. Although conserved synteny does not necessarily imply regulatory function, our 36 
analyses support the long-term persistence of synteny between genes and their associated CNSs. 37 

Our analysis uncovered an unexpected relationship between the depth of CNS conservation and 38 
relative position to their associated genes, with ancient CNSs occurring closer to transcription 39 
start sites. One explanation for this observation is that the functions of these CNSs are position-40 
dependent. In support of this, analysis of CNS mobility (defined as the standard variation of its 41 
relative position) over short evolutionary distances (i.e., within taxonomic families) revealed that 42 
mobility of ancient CNSs was still significantly lower than that of comparable family-level CNSs 43 
(p<2.2e-16; Wilcoxon test; Fig. 4E). 44 
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 1 

Evolution of new cis-regulatory sequences from ancestral CNSs 2 

Our analysis of the WUS meristem module revealed that even ancient CNSs can diverge or be 3 
lost in specific lineages. To assess the extent of this phenomenon, we examined the presence or 4 
absence of ancient CNSs across species. Remarkably, the number of angiosperm-level CNSs 5 
detected in each species varied widely, yet was highly consistent within families, suggesting that 6 
most losses or divergences occurred during early events at the base of each family (Fig. 5A). The 7 
consistency within families suggests that CNS loss is a biological phenomenon, rather than an 8 
artifact of genome annotation or assembly quality. Using a maximum parsimony approach, we 9 
mapped the most likely phylogenetic nodes where angiosperm CNS loss or divergence occurred. 10 
While there was a gradual overall trend of CNS loss or divergence, we also detected punctuated, 11 
large-scale losses in families such as Brassicaceae, Asteraceae, Poaceae, and Lemnaceae (Fig. 12 
5B). In the grasses, this large-scale CNS loss is consistent with rapid evolutionary diversification 13 
(59). Indeed, lost CNSs were associated with the WOX4 and KANADI transcription factor genes, 14 
which play key roles in vasculature and leaf development, processes in which grasses display 15 
unique morphological innovations (table S11) (60). 16 

The apparent loss of ancient CNSs may reflect degradation and loss of cis-regulatory function, 17 
or, as for WUS in the Asteraceae, divergence accompanied by the emergence of lineage-specific 18 
CNSs (fig. S5). Because sparse phylogenetic sampling limits detection of early divergence 19 
events across species, we analyzed paralog evolution within genomes as a proxy for early stages 20 
of divergence because ancestral CNS complements can be reconstructed and regulatory turnover 21 
directly traced in these cases. We identified duplicate pairs derived from whole-genome 22 
duplications in our 10 reference genomes. Following duplication, the number of shared CNSs 23 
declined with age, as the number of paralog-specific CNS steadily accumulated. The acquisition 24 
of paralog-specific CNS was asymmetric, with one paralog being dominant. As coding sequence 25 
diverged CNS number reached a plateau, revealing an early phase of divergence marked by CNS 26 
loss and divergence that was subsequently balanced by stabilizing selection (Fig. 5C). Notably, 27 
as for WUS paralogs, ancient CNSs were preferentially maintained in both paralogs compared to 28 
younger, family-level ones. Consistently, these old CNSs accumulated in higher copy numbers in 29 
genomes (Fig. 5D-E). 30 

Finally, we asked whether new paralog-specific CNSs arise de novo or are derived from 31 
ancestral sequences (61). Distinguishing de novo CNS formation from preferential retention is 32 
challenging without dense phylogenomic coverage. We therefore focused on paralog pairs in 33 
which an old CNS (present before duplication) was retained in one paralog but replaced by a 34 
different CNS at the same position in the other paralog (Fig. 5F). We reasoned that if these 35 
sequences are derived, they should still retain some sequence similarity to the old CNS. Using 36 
CNSs retained in both paralogs as alignment anchors, we compared the sequence similarity 37 
between old CNSs and new paralog-specific CNSs at syntenic sites versus those in non-syntenic 38 
sites. Syntenic replaced–new CNS pairs showed significantly higher identity than non-syntenic 39 
controls (Fig. 5F; p < 0.001; Dunn test). Thus, although prevalence remains to be assessed, our 40 
analysis suggests that new paralog-specific CNSs can originate from ancestral sequences rather 41 
than arising de novo. 42 

 43 
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Discussion 1 

Conservation and divergence of cis-regulatory sequences are key forces driving morphological 2 
evolution, yet their evolutionary dynamics have remained poorly understood. Using 3 
Conservatory as a platform for CNS discovery, we identified and traced the evolution of over 2 4 
million CNSs in plants, including many that predate the emergence of angiosperms. 5 

Why are these sequences so deeply conserved? Their enrichment near developmental regulators 6 
suggests they govern critical regulatory programs. This is supported by the severe developmental 7 
phenotypes observed when such sequences are disrupted (Fig. 3) (9–12, 14). Moreover, their 8 
retention in high copy numbers following gene duplication suggests that their function may be 9 
less dependent on the surrounding sequence environment.  Thus, similar to ancient metazoan 10 
CNSs, ancient plant CNSs may encode functionally-enriched core regulatory sequences (62). 11 
The deep conservation of these sequences does not imply that these are the major or only 12 
regulatory elements. Rather, the observed gradient of CRE selective constraints, with slowly 13 
evolving deeply conserved sequences flanked by faster evolving sequences, suggests a model 14 
whereby deeply conserved sequences are a bedrock of complex cis-regulatory control of 15 
expression programs, which are tuned by more shallowly conserved peripheral sequences, whose 16 
modifications contribute to trait variation and innovation. 17 

Following gene duplication, the regulatory landscapes of the resulting paralogs rapidly diverge 18 
(63, 64). Analysis of the specific WUS and TB1 duplications reveal lineage and gene-specific 19 
divergence patterns, but overall, there is a clear asymmetry between the paralogs, with one being 20 
dominant in terms of CNS number. This may represent one paralog contributing to gene family 21 
diversification through sub- or neo-functionalization, but even diverged paralogs tend to 22 
maintain some shared CNS space, suggesting retention of partial redundant function.  23 

Although new regulatory sequences are often thought to arise de novo from neutrally evolving 24 
noncoding DNA, many may originate from older sequences (5, 61). By tracing CNS dynamics in 25 
paralogs, we provide direct evidence that new CNSs often emerge through divergence of 26 
ancestral elements rather than de novo formation. Furthermore, this suggests that certain 27 
sequences, and the composition of TFBSs within them, possess intrinsic properties that 28 
predispose them to regulatory function and long-term retention. 29 

One of the paradoxes in CNS evolution is that deeply conserved sequences can nevertheless be 30 
lost in cohorts within specific lineages. Such loss may result from extreme developmental 31 
systems drift, in which, after gene duplication or divergence of other regulatory sequences, a 32 
deeply conserved CNS becomes redundant and gradually degenerates in function or becomes a 33 
derived CNS through mutation (65, 66). Alternatively, it may reflect technical limitations: 34 
orthologous CREs are difficult to align and identify across large evolutionary distances (17, 18). 35 
While leveraging hundreds of genomes in this study helped bridge these gaps, sparse 36 
phylogenomic coverage remains a constraint for reliably identifying CNS orthology. For 37 
example, the apparent loss of many deeply conserved CNSs in grasses and duckweeds is 38 
consistent with large-scale cis-regulatory rewiring during their early divergence (23, 67, 68). Yet 39 
poor sampling of monocots outside these families means that many lineage-specific CNSs may 40 
still be orthologous to ancestral angiosperm elements. Our study provides a unified map of plant 41 
CNS evolution based on 314 genomes. As pan-genomic resources expand, improved 42 
phylogenomic resolution will further clarify orthologous relationships between CNSs and guide 43 
deeper computational analyses and functional assays to refine our understanding of regulatory 44 
sequence evolution and provide even higher resolution targets for trait engineering (5, 69). 45 
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 1 

Fig. 1. Identification of deeply conserved plant cis-regulatory elements. (A) Phylogeny of the 2 
species used in this study. The six families with reference species are colored. (B) Median CNS 3 
length per genome. (C) Enrichment of DNA methylation, histone modification, open chromatin, 4 
and transcription factor binding sites in CNSs, compared to intergenic background regions in 5 
arabidopsis and maize. (D) Distribution of the percentages of accessible chromatin regions 6 
(ACRs) of arabidopsis, tomato, and maize that overlap CNSs (pink) versus control intergenic 7 
regions (gray). (E) Position distribution within overlapping ACRs for CNSs (pink) or control 8 
intergenic regions (gray). CNS are enriched at ACR midpoints. (F) Percentage of CNSs vs 9 
control background (bkg) sequences that overlap ACRs. (G) Frequency histograms of CNS age 10 
estimations. (H) Functional enrichment of arabidopsis genes associated with angiosperm and 11 
seed plant CNSs. Gene ratio is the number of genes containing one or more angiosperm or seed 12 
plant CNSs that fall into the given GO category, divided by the total number of genes with 13 
angiosperm or seed plant CNSs.  14 
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 1 

 2 

Fig. 2. CRISPR-Cas9 mutagenesis of ancient CNSs near HOMEOBOX genes disrupts 3 
embryonic and vegetative development. (A) CNS annotations of the SlWOX9  promoter. 4 
Distinct modules controlling expression in the embryo and shoot apical meristem (pro-Reg1) or 5 
inflorescences (pro-Reg2) (9) are outlined in gray. Multiple sequence alignment of seed plant 6 
CNS (S217) within pro-Reg1 for ten representative angiosperm species, with a conserved 7 
WRKY/NAC motif in pink. See table S4 for gene names. (B) Schematic of five slwox9Pro-Reg1-8 
TFBS alleles targeting CNS S217. (C) Percentages of offspring with vegetative defects in wild type 9 
(WT) and in five F2 families segregating slwox9Pro-Reg1-TFBS  alleles. (D) CNS annotations of the 10 
SlWOX2 promoter and a slwox2Pro allelic series generated by CRISPR-Cas9. Dashed red lines 11 
indicate deletions. Black and gray skulls mark fully or partially expressive embryonic lethal 12 
alleles, respectively. The right panel shows genotypic proportions of F2 populations and chi-13 
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square statistics under a 1:2:1 wild type:heterozygous:homozygous expectation. Note the top 2 1 
rows are Slwox2 CRISPR null alleles. (E) Detailed view of deeply conserved SlWOX2Pro region, 2 
showing deletions in the different Slwox2Pro alleles. (F) Representative vegetative phenotypes 3 
of slwox2Pro-6 homozygotes, with multiple cotyledons (red arrowheads) and leaf fusion (white 4 
asterisk), and slwox2Pro-3 homozygotes with a terminated SAM (white arrowhead). 5 
  6 
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 1 

Fig. 3. CNSs associated with homologs of WUSCHEL and TEOSINTE BRANCHED1 2 
illustrate principles of plant cis-regulatory evolution. (A) CNS annotation of the AtWUS 3 
promoter. The conserved regulatory module specifying WUS expression in the SAM (41) is 4 
shown at high detail, with multiple sequence alignment of the seed plant CNS S115 (partial) for 5 
twelve representative angiosperm species (see also fig. S3). The red line marks the position of a 6 
B. distachyon-specific insertion that was omitted for visualization purposes. (B) Presence-7 
absence matrix (left) and microsynteny plot (right) of deeply conserved CNSs in the WUS 8 
meristem module. Asterisks indicate intragenic duplication of a CNS. (C) CNS annotation of the 9 
ZmTB1 promoter. ACRs on either side of a Hopscotch transposon each contain six CNSs 10 
conserved in the grass family. Shown below are multiple sequence alignments of CNSs P10 and 11 
P11 in twelve selected grass species, and the presence-absence matrix of these CNSs in (D). P1-12 
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P6 are specific to one clade, while P7-P12 are broadly conserved among grasses. (E) 1 
Microsynteny plot of TB1 orthologs. The P1-12 block is highlighted in purple. Note the varied 2 
position of this CNS group in different grasses. See table S4 for gene names. (F) Distributions of 3 
CNS distances from the translation start sites of WUS and TB1 orthologs.  4 

 5 

 6 

Fig. 4. Conservation of CNS position and gene associations. (A) Distributions of CNS-gene 7 
distances, stratified by CNS conservation level. (B) Proportions of CNSs associated with the 8 
closest genes, with other adjacent genes, or that skip adjacent genes, for each of our ten reference 9 
genomes. (C) Proportions of intergenic chromatin loop edges in arabidopsis, tomato, and maize, 10 
stratified by overlap with at least one CNS and whether the other edge of the loop connects to a 11 
gene. Chromatin loops connecting CNSs with genes are more prevalent than those that do not 12 
overlap CNSs (p < 0.001; chi-square test). (D) Example of long-range CNS-gene association 13 
supported by chromatin looping. (E) Distribution of CNS mobility (standard deviation of relative 14 
position in orthogroups of taxonomic family) of ancient (angiosperm and seed plant) vs family 15 
level CNS (p<2.2e-16; Wilcoxon test). 16 
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 1 

Fig. 5. Diversification of CNSs throughout plant evolution. (A) Presence-absence matrix of 2 
angiosperm CNSs among all 314 genomes in this study. Rows correspond to genomes, columns 3 
to angiosperm CNSs, and tiles are color-coded by taxonomic family. The lower right panel 4 
highlights outlier monocot species. The boxed region is a histogram summarizing the presence-5 
absence calls. (B) Lineage-specific loss of angiosperm CNSs. Each line tracks the number of 6 
angiosperm CNSs in a single genome from 200 Mya to the present day. Lines are color-coded 7 
according to the taxonomic family. (C) The normalized CNS number in diverging paralogs 8 
resulting from whole-genome duplications in 10 reference genomes. Shown is the number of 9 
shared CNS amongst the paralogs, paralog-specific CNS, and the number in each of the paralogs. 10 
To control for variation in CNS number between genomes, the CNS count per gene was 11 
normalized to the mean CNS count per gene in the relevant genome. (D) Enrichment of 12 
angiosperm-level CNS retention in duplicate gene pairs from the reference genomes relative to 13 
simulated random CNS retention. Two genomes were used from each family. As paralogs 14 
diverged, the preference to maintain the angiosperm-level CNS increased.  (E) Distribution of 15 
CNS copy number in genomes stratified by CNS conservation level. (F) Distribution of pairwise 16 
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identity for nonsyntenic CNSs, for syntenic CNSs with different names, and syntenic 1 
orthologous CNSs. Syntenic CNS were more similar than non-syntenic ones (p<0.001; Wilcoxon 2 
test). 3 
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Materials and Methods 1 

Conservatory algorithm 2 

The Conservatory algorithm was written in perl and R. All scripts, installation instructions and related data 3 
files are available at https://github.com/idanefroni/Conservatory/. All references to scripts below are to those in the 4 
github scripts/ directory. Output files, including raw data, calibrated trees, and GFF3 tracks for all 314 genomes used 5 
in this study, are provided at www.conservatorycns.com. The conservatory algorithm was run on the Hebrew 6 
University High Performance Computing cluster, using up to 1,000 nodes at a time. Overall run time for producing 7 
and merging the entire dataset was approximately 7 days. Jobs used to run the algorithm are provided in the jobs 8 
folder of the GitHub directory. Parameters for alignment sensitivity, filtering thresholds, and search-space length 9 
were empirically determined based on their ability to identify a curated subset of known cis-regulatory elements 10 
(CREs) and are provided in table S12. 11 

1. Genome resources 12 

Genome assemblies and annotations were downloaded from public repositories, including NCBI, Ensembl, 13 
CoGe, Phytozome, and project-specific websites as described in table S1. We analyzed 314 genomes from 68 plant 14 
families. For each genome, we obtained FASTA format files containing genome and protein sequences, and GFF3 15 
gene annotation files. Ten genome assemblies were designated as family-specific reference genomes: Arabidopsis 16 
thaliana and Arabis alpina for Brassicaceae, Medicago truncatula and Glycine max for Fabaceae, Lemna minor 17 
strain 7210 for Lemnaceae, Brachypodium distachyon and Zea mays for Poaceae, Lactuca saligna for the 18 
Asteraceae, and Solanum lycopersicum and Physalis grisea for the Solanaceae. For these ten reference genomes, we 19 
generated repeat annotation using EDTA (70) with default settings. 20 

2. Phylogenetic inference 21 

Conservatory requires two types of phylogenetic trees. First, family-specific rate-calibrated trees are required 22 
for each reference species. Second, a single all-species tree with age estimation for each node. To generate 23 
phylogenies for each of the reference families, we used our initial orthogroup assignments to identify low and 24 
single-copy nuclear genes in each family. The predicted peptide sequences for each of these orthogroups were 25 
aligned with mafft (v7.313) (71). Alignments were trimmed with clipkit (72) and concatenated. Because the 26 
taxonomic sampling of available genomes was inappropriate for accurate phylogenetic inference, and because our 27 
primary goal was not to determine relationships between species, but to use best estimates from systematics, 28 
constraint trees were generated for all families using published phylogenies (81–109). Maximum likelihood tree 29 
inference was then carried out with RAxML-NG version 1.1.0 (73), providing the concatenated orthogroup 30 
alignments, a constraint tree, and partitions, and specifying a JTT+G substitution model.  31 

To generate the all-species tree, we clustered the predicted peptide sequences from each genome into 32 
orthogroups using OrthoFinder (74). To identify low-copy orthogroups suitable for species tree construction, we 33 
aligned tomato peptide sequences from the unmasked multiple sequence alignments of the 1KP project (75), to 34 
tomato SL4.0 predicted peptides with blastp at default settings, retaining the top-scoring hit for each 1KP peptide. 35 
This recovered 386 of the 410 1KP orthogroups. As a quality control, we inspected the distribution of these 36 
orthogroups present in each genome, and the number of genomes with each orthogroup. Among 160 orthogroups 37 
present in 300-500 total copies among all genomes, we selected 84 orthogroups at random. Another 16 orthogroups 38 
were specifically chosen for Apium graveolens and Nelumbo nucifera genes, for a total of 100 orthogroups. 39 
Alignments and phylogenetic inference were conducted as for the family trees, with relationships between major 40 
clades constrained following (75), except phylogenetic inference was performed using  IQTree2 version 2.0.3 (76). 41 
Node ages were estimated with the penalized likelihood approach (77, 78) implemented in the R package ape (79). 42 
We used a relaxed model of substitution rate variation among branches and up to 80 alternative iterations between 43 
estimating rates and dates. Calibration points were obtained from TimeTree (80) and from the literature (81–109) 44 
and are available from the authors upon request. 45 

3. Genome and mapping database construction 46 

Whole-genome sequences and gene annotations (in GFF3 format) were preprocessed using the 47 
processGenomes script, which standardized FASTA headers, indexed sequences for rapid retrieval, and parsed gene 48 
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names to generate standardized gene coordinate files. Repetitive sequences for all reference species were masked 1 
based on the EDTA annotation (see above). 2 
Regulatory sequences were extracted using the buildRegulatorySeqDB script. For each gene, non-coding regions 3 
were extracted from the genome. The length of upstream regulatory regions was determined as the 97th quantile of 4 
intergenic region lengths, with a maximum of 100 kb. The downstream regulatory region was one-fifth the length of 5 
the upstream region. Upstream sequences were taken from the translation start site, and downstream from the 6 
translation end site. To prevent contamination by coding sequence, CDSs were masked based on genome annotation. 7 

Homolog databases were created using the buildOrthologDB script. First, reciprocal all-vs-all BLAST against 8 
all other genomes in the database was performed.  Each gene pair was accepted as orthologous if each gene was the 9 
top BLAST hit of the other in the corresponding search direction. In cases where multiple high-scoring hits existed, 10 
a cut-off E-value was calculated at 0.66 of the maximum E-value score. Up to 16 genes with an E-value higher than 11 
the cutoff were defined as a group of homologs. Sequences shorter than 120 amino acids were treated with higher 12 
sensitivity, using relaxed E-value cutoffs. The final output was a tab-delimited table containing homolog groups 13 
with associated alignment scores. 14 

CNS identification 15 

Identification of CNS for a given gene was performed using buildConservation script. For each gene in the 16 
reference species, candidate homolog genes were identified in the target species using the homolog mapping 17 
database. The regulatory regions of the gene were filtered for low complexity regions and then aligned using LastZ 18 
(--format=maf --gap=200,100 --nochain --noytrim --seed=match4 --gapped --strand=both --step=1 --19 
ambiguous=iupac --identity=70 --ydrop=1000 --hspthreshold=2000 --gappedthresh=2000) and alignment scores 20 
calculated. The highest-scoring homolog was selected as the putative ortholog; however, if multiple candidates had 21 
comparable high scores, multiple orthologs were retained per species to account for recent duplications or lineage-22 
specific expansions. For species that had multiple available genomes, the ortholog from the genome with the best 23 
alignment score for the regulatory regions was selected. 24 

Alignments were refined by trimming poorly aligned ends and merging nearby high-scoring alignment 25 
blocks. Conservation within the aligned sequences was assessed using phyloP (27), using the family tree, with rates 26 
estimated from the background substitution rates, as detailed above. Conserved blocks were defined as regions with 27 
phyloP p-values lower than a species-specific p-value cut-off and over stretches of at least 15 bp. The species-28 
specific values were selected so that, on average, the number of conserved bp per gene is 250. Candidate conserved 29 
blocks were filtered for a minimum sequence identity of over 70% and a minimum length threshold of 8, and 30 
regions overlapping masked or low-quality genomic regions were removed. 31 

For each CNS, ancestral sequences were reconstructed. First, sequences were aligned using mafft (--auto --32 
thread -1 --ep 0.3), followed by FastML ( -b -qf -mh) using the family tree. 33 
Then, each reconstructed ancestral sequence was aligned with homologous gene regulatory sequences of all 34 
genomes from outside the family using sensitive local alignment with relaxed parameters (--HSPThreshold=1600). 35 
Hits were retained if they met identity (> 70%) and length (> 12 bp) thresholds. 36 
 37 

To obtain a unified CNS map for a reference genome, the mergeCNS script was used. CNS entries were 38 
compared based on genomic coordinates, and overlapping CNSs were collapsed into a single entry, prioritizing 39 
longer sequences, higher conservation scores, and broader conservation across species. A final filtering step was 40 
used to remove low-quality and spurious CNS associations. 41 
 42 

Following the merge of the CNSs, sequences that result from unannotated coding sequences were filtered. 43 
CNS sequences were used for a tblastn against a combined protein dataset of all annotated proteins in the 314 44 
genomes. CNSs that had more than 5 hits at Evalue lower than 0.0001, or had longer than 200 aligned basepair were 45 
considered as unannotated open reading frames and were removed from the dataset using the scripts blast_filter.sh. 46 
 47 

To obtain a single CNS map for multiple reference species, the CNS dataset files were concatenated and then 48 
merged using the mergeCNS script with the --merge-deep parameter. This algorithm searches for overlapping CNSs 49 
from different reference species. If a sufficient number of CNSs overlap, they are merged to form a single CNS. The 50 
combined sequences are then realigned using mafft and then split or merged based on the depth of conservation. The 51 
CNS-gene association is filtered based on phylogenetic relationships. Finally, ancestral sequences are reconstructed, 52 
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as detailed above, and CNS age was determined based on the deepest node in the all-species tree common to all 1 
species with the CNS. The deepest node was defined as that which led to a clade that included all those genomes 2 
that contain a particular CNS. Here, we assumed conservation as more likely than pervasive, frequent convergent 3 
evolution of locally collinear cis-regulatory sequences, in synteny with homologous genes. CNS ‘Collinearity’ refers 4 
to local instances when Conservatory CNSs occur in the same order across multiple genomes. 5 

 6 

Assay for transposase-accessible chromatin using sequencing (ATAC-Seq) libraries 7 

ATAC-seq was performed as previously described (9). Briefly, six biological replicates of 1g of freshly 8 
collected terminal leaflet of young M82 leaves, were ground in ice-cold isolation buffer (300 mM sucrose, 20 mM 9 
Tris pH 8.0, 5 mM MgCl2, 5 mM KCl, 5 mM beta-mercaptoethanol, 35% glycerol, 0.2% Triton X-100). After 10 
grinding, the suspension was filtered through a series of cell strainers (the smallest being 70 mm). Samples were 11 
further disrupted using a Dounce homogenizer, and then washed four times with ice-cold isolation buffer. The 12 
enriched nuclei samples were resuspended in Resuspension Buffer (50 mM Tris pH 8.0, 5 mM MgCl2, 5 mM beta-13 
mercaptoethanol, 20% glycerol). In order to continue with 100,000 nuclei, a small portion of the nuclei-enriched 14 
sample was stained with 4,6-Diamidino-2-Phenylindole (DAPI), and counted under a microscope using a 15 
hematocytometer. For the transposase reaction 100,000 nuclei were resuspended  in 22.5 ml freezing buffer (5 mM 16 
MgCl2, 0.1 mM EDTA, 50 mM TRIS pH 8.0, 40% glycerol), and were mixed with  2X DMF Buffer (66 mM Tris-17 
acetate (pH 7.8), 132 K-Acetate, 20 mM Mg-Acetate, 32% DMF) and 2.5ul Transposase enzyme from Illumina 18 
Nextera Kit (Catalog No. FC-121-1031), and incubated at 37°C for 30 min. Tagmented DNA was isolated using 19 
NEB Monarch PCR Purification kit (Catalog No. NEB #T1030).  Next-generation sequencing (NGS) libraries were 20 
amplified in two steps (110) using KAPA HiFi HotStart ReadyMix PCR kit (Catalog No. KK2601). NGS libraries 21 
were PE50 sequenced on an Illumina MiSeq SY-410-1003 instrument.  22 

ATAC-seq reads were trimmed with trimmomatic (111) and aligned to Heinz SL4.0 reference genome (112) 23 
with BWA mem (113). Reads that mapped to either chloroplast or mitochondria were filtered out together with PCR 24 
duplicate reads (picard MarkDuplicates) and multiple-position aligned reads. Finally, only high-quality properly 25 
paired reads were retained for the analysis (samtools view -b -h -f 3 -F 4 -F 8 -F 256 -F 1024 -F 2048 -q 30). ATAC-26 
seq peak calling was done by Genrich V0.6 (https://github.com/jsh58/Genrich) using all six libraries with the 27 
following parameters: -j -r -v -q 0.5 -g 30. 28 

Definition of background regions 29 

To calculate CNS enrichment for functional genomic marks, we defined an appropriate background space as 30 
the genomic regions that Conservatory searches for CNSs. This is a genome-specific length upstream and 31 
downstream of all protein-coding genes, excluding annotated transposons and genes within this space. For each 32 
gene, we identified the regions spanning the start and stop codons of the longest splice isoform, then used bedtools 33 
slop to expand these regions upstream of start codons by the 97.5th percentile of intergenic distances in the genome 34 
at hand, up to a maximum distance 100 kb, and downstream of the stop codon by 20% of the upstream distance, 35 
rounded to the nearest 1 kb. Genome-specific distances are provided in table S1. Next, from each expanded 36 
window, we used bedtools subtract to remove regions corresponding to protein-coding genes, transposable elements 37 
and assembly gaps. The resulting gene-specific intervals were merged to delineate each genome’s background 38 
space. 39 

 40 

 41 

Functional genomic marks 42 

Coordinate files in GFF3, BED, bigwig or narrowPeak format were retrieved from original publications or 43 
public databases and lifted over to different versions of genome assemblies as needed using CrossMap (114), as 44 
specified in table S3.  45 

Maize ChIP-seq peaks (115) in B73 version 4 coordinates were retrieved from NCBI Gene Expression 46 
Omnibus (GEO) and converted to B73 version 5 coordinates, using the B73 v4 to v5 chain file available from 47 
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Ensembl release 61. Maize DAP-seq in v5 coordinates (116, 117) was obtained from GEO. Other maize epigenomic 1 
marks (histone modifications, ATAC-seq, bisulfite-seq) in B73v5 coordinates were obtained from MaizeGDB. 2 
Maize DNA methylation in bigwig-formatted coverage and methylation tracks were converted to bedgraph with 3 
bigWigToBedGraph (118). Transcription factor binding sites were predicted for the maize genome with PWMscan 4 
(119) for all nonredundant position weight matrices in the JASPAR core 2024 set, using a cutoff of 1e-5. Predicted 5 
binding sites were subsequently filtered to retain only those sites with the highest observed score for each PWM. 6 

Arabidopsis ATAC-seq (120, 121) datasets were downloaded from the Plant Chromatin State Database (122) 7 
as bigwig files and converted to bedgraph format for peak calling with MACS3 bdgpeakcall (123). Arabidopsis TF 8 
and histone ChIP-seq peaks were downloaded from the REmap 2022 database and used without additional 9 
processing (124). Arabidopsis DNA methylation data (125) was downloaded from NCBI GEO in wig format. 10 
Histone modification data were downloaded from PCSD (122) and broad peaks identified with MACS3. 11 

Published tomato meristem ATAC-seq (9) were obtained from NCBI GEO. 12 
 13 
For each functional genomic mark, we counted how many unique CNS base pairs overlapped with that feature 14 

and with the background regions described above. Then, enrichment values were calculated as: 15 
 16 

log2( (mark ∩ CNS / CNS) / (mark ∩ background / background) ) 17 
 18 

To determine the statistical significance of CNS overlaps with different functional marks, we constructed 19 
2x2 contingency tables from the base pairs in Conservatory-sequence space or 2 kb upstream of genes that either 1) 20 
overlapped both a CNS and the mark at hand, 2) overlapped a CNS but not a mark, 3) overlapped a mark but not a 21 
CNS or 4) overlapped neither a CNS nor a mark. Statistical significance was then assessed using the chi.square 22 
function in R. 23 
 To assess statistical significance of overlaps between CNSs and ATAC-seq peaks, the proportions of CNSs 24 
fully overlapping peaks, partially overlapping peaks, and not overlapping peaks were calculated and compared to 25 
1000 random permutations of CNS positions within Conservatory-accessible space. The locations of CNSs were 26 
randomized using bedtools shuffle, providing a BED file of Conservatory-accessible background space and allowing 27 
overlaps. 28 
  29 
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Gene ontology enrichment 1 

Gene ontology enrichment was performed using the clusterProfiler R package (126). For enrichments in each 2 
species, the corresponding annotation was retrieved from AnnotationHub (127). Enrichments were carried out using 3 
genes with at least one associated CNS as the background genes, compared to genes that were associated with 4 
angiosperm or tracheophyte CNSs. 5 

Plant materials and growth conditions 6 

Seeds Solanum lycopersicum cv. M82 (LA3475), and the SlWOX9Pro-Reg1-TFBS (Solyc02g077390) 7 
mutants, in M82 background were our own stocks. Unless otherwise indicated, seeds were directly sown into soil in 8 
96-cell plastic flats and grown in a greenhouse under long-day conditions (16-hr light/8-hr dark) supplemented with 9 
artificial light from high-pressure sodium bulbs (∼250 μmol m−2 s−1). The temperature ranged between 26-28°C 10 
during the day to 18-20°C during the night, with a relative humidity of 40-60%. One-month old seedlings were 11 
either transplanted to the fields at Cold Spring Harbor Laboratory (CSHL), Cold Spring Harbor, NY, or transplanted 12 
to a 4L pot and grown in the greenhouse at the same conditions described above. Plants were grown under drip 13 
irrigation and standard fertilizer regimens. 14 

Plant phenotyping 15 

We defined vegetative trait phenotypes as shoot apical meristem (SAM) termination, cotyledon defects 16 
(multiple cotyledons, lobed cotyledons, and fused cotyledons), leaf fusion, and phyllotaxis defects. Vegetative trait 17 
phenotyping was done on young seedlings at various stages of vegetative growth. In order to determine if a mutant 18 
allele was embryonic lethal, an F2 population of at least 125 seedlings was screened and genotyped. 19 

CRISPR-Cas9 mutagenesis, plant transformation, and selection of mutant alleles 20 

CRISPR-Cas9 mutagenesis and generation of transgenic tomato plants were performed as previously 21 
described (128). Briefly, guide RNAs (gRNAs) were designed using the Geneious Prime software 22 
(https://www.geneious.com) (table S13). The Golden Gate cloning system was used to assemble the binary vector 23 
containing the Cas9 and the specific gRNAs (129–131). Final binary vectors were then transformed into the tomato 24 
cultivar M82 or groundcherry by Agrobacterium tumefaciens-mediated transformation through tissue culture (128). 25 
First-generation transgenic plants (T0) were genotyped with specific primers surrounding the target sites. To 26 
generate new alleles and purify them from potential spontaneous mutations or CRISPR-Cas9 off-target effects 27 
following plant transformation, all CRISPR-Cas9 T0 transgenic lines were backcrossed to parental wild type M82 28 
cultivar plants. These F1 populations were then screened for plants lacking the Cas9 transgene, and PCR products of 29 
the targeted regions were sequenced to confirm inheritance of alleles. Selected F1 plants were self-fertilized to 30 
generate F2 populations, and these segregating populations were used to validate the phenotypic effects of each 31 
allele by co-segregation. F2 or F3 homozygous mutant plants were then used for quantitative phenotypic analyses. 32 
Screening for the embryonic lethal phenotype and validation of expected segregation ratios was performed on F2 33 
families. 34 

Gene tree inference 35 

To reconstruct the evolutionary history of CNSs associated with TB1 or WUS, orthologs, the predicted 36 
peptide sequences of each genome were clustered into orthogroups with OrthoFinder (74). Genes in the same 37 
orthogroup as the gene of interest (either TB1 or WUS) that shared at least one CNS with the focal gene were 38 
retained for further analysis. For each filtered orthogroup, amino acid translations were aligned using MAFFT 39 
(version 7.526) (71) and trimmed with clipkit (72). For the WUS tree, only homologs from the Asteraceae and 40 
outgroup taxa were retained. Maximum likelihood trees were inferred with IQtree2 (76) with 1000 ultrafast 41 
bootstrap replicates (132). CNS presence-absence tip states were visualized with the R packages ggtree (133) and 42 
treeio (134), and CNS microsynteny was visualized with the R package gggenomes (135). CNSs were extracted 43 
using genome-specific GFF3 annotations with samtools (version 1.19) (136), aligned with MAFFT (v7.508) and 44 
visualized in Jalview (v2.11.5.0) (137). 45 

Chromatin interactions 46 
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Maize Hi-C and Hi-ChIP loop edges in B73 version 4 coordinates were obtained from previous studies (56, 1 
58) and converted to B73v5 coordinates using CrossMap v0.7.3 (114). 2 
Solanum lycopersicum cv. M82 anantha (an) mutants were grown in pots under greenhouse conditions (138). The 3 
cauliflower-like tissue from young an inflorescences was harvested 10 weeks after sowing, with tissue collected 4 
from two different plants to obtain two biological replicates (3.3 g and 3.1 g, respectively). Hi-C data was generated 5 
using the Arima Hi-C 2.0 Kit (PN A410110) according to the manufacturer’s user guide for plant tissues (PN 6 
A160163 v00). Nuclei extraction was done using the CelLytic Plant Nuclei Isolation/Extraction Kit according to the 7 
manufacturer’s recommendations for cell lysis and semi-pure preparation of nuclei, with the addition of a Dounce 8 
homogenizer to increase nuclei yield (Sigma, CELLYTPN1). DNA fragmentation was performed with the Bioruptor 9 
Pico (Diagenode) using 4 cycles of 15 s sonication followed by 90 s rest. Library preparation was performed using 10 
the Swift Biosciences Accel-NGS 2S Plus DNA Library Kit (PN A410110), Swift Biosciences Indexing Kit 11 
(Catalog No. 26148), KAPA Library Quantification Kit for Illumina Platforms (Catalog No. KK4824), and KAPA 12 
Library Amplification Kit (Catalog No. KK2621) according to the Arima Hi-C 2.0 library preparation guide (PN 13 
A160164 v00). Each library was sequenced in paired-end mode (2 × 250 bp) on an Illumina NovaSeq 6000 SP 14 
flowcell, yielding 463,915,437 reads for replicate 1 and 461,940,842 reads for replicate 2. Raw sequencing reads 15 
were processed using HiC-Pro v3.1.0, mapping reads to the M82 genome (SollycM82_v1.0) with a MAPQ threshold 16 
>30 (139, 140). Valid read pairs were identified after filtering out invalid pairs and PCR duplicates, and both raw 17 
and normalized contact maps were generated at multiple bin sizes (5 kb, 10 kb, 20 kb, 40 kb, 150 kb, 500 kb, and 1 18 
Mb). Following filtering, 167,352,522 and 175,494,920 valid reads were retained for replicates 1 and 2, respectively. 19 
Contact matrices were converted to .mcool format with Cooler, and the reproducibility between replicates was 20 
evaluated using HiCRep (141, 142). HiC-Pro v3.1.0 was then used to merge valid read pairs from both replicates 21 
and generate contact matrices. FitHiC2 was used to identify significant chromatin looping interactions at 5 kb 22 
resolution on the merged data (q-value 0.01, maximum loop distance of 1 Mb, minimum loop distance of 10 kb), 23 
identifying a total of 9,573 loops (143). Loop edge sequences were then aligned to the SL4.0 genome using 24 
minimap2 with asm10 parameters (144) and filtered to retain cases where both edges mapped to the same SL4.0 25 
chromosome exactly once, with primary alignment tags (tp:A:P) for both edges. 26 

 27 
To test for CNS enrichment in loops that connected intergenic regions to genes and proximal promoters, we 28 

intersected loop edges with genes including 500 bp of upstream sequence and with CNSs. We then identified loops 29 
for which one or both edges did not intersect a gene and its 500 bp proximal promoter. For loops that connected 30 
intergenic regions, one edge was chosen at random. Loops were filtered such that the intergenic edges considered 31 
were no more than 100 kb upstream or 20 kb downstream of genes in tomato and maize, or no more than 11 kb 32 
upstream and 3 kb downstream of genes in Arabidopsis. We then constructed a 2x2 contingency table, stratifying 33 
loops by their connectivity (intergenic-genic or intergenic-intergenic) and whether the intergenic edge contained a 34 
CNS, and tested for statistical significance with a chi-square test. To evaluate the concordance of CNS-gene 35 
associations with chromatin loops in Arabidopsis, tomato and maize, we filtered to retain intergenic-genic loops that 36 
overlapped with CNSs at intergenic edges and that spanned less than the maximum upstream distance searched by 37 
Conservatory in each genome (100 kb in maize and tomato and 11 kb in Arabidopsis). For each of these loops, we 38 
then examined the gene associations of each CNS within the intergenic loop edge. If a CNS within a loop was 39 
associated with a gene, and the genic edge of that loop overlapped with the same gene, or with 500 bp of upstream 40 
sequence, it was counted as supported. All intersection operations were carried out in R using the valr package 41 
(145).  42 

Comparison of CNS space between paralog pairs 43 

Paralog pairs were identified in each genome using DupGenFinder (146) with Amborella trichopoda as the 44 
outgroup. For each paralog pair, the normalized number of CNSs specific to one pair was compared to the total CNS 45 
associated with both pairs. 46 
 47 
 48 
  49 
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 1 
Fig. S1. Flow chart of the Conservatory algorithm. (A) Preprocessing of genome sequence and annotation data. 2 
(B) Construction of the homologs database. (C) Identification of CNS per gene. (D) Merging of CNS for all genes in 3 
a given reference genome. (E) Mapping rate of Identified CNSs to known peptides for the 10 referenced genomes. 4 
(F) Merging CNS databases from different reference genomes. 5 
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 1 

Fig. S2. CNS lengths and positions with regions of activating chromatin marks. (A) Distributions of CNS 2 
lengths in 10 reference genomes. (B) Distribution of CNS (pink) and gene coding regions (gray) positions within 3 
regions of activating chromatin marks. CNS are preferentially located at the edge of these regions, suggesting they 4 
overlap due to their proximity to genes.   5 
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 1 

2 
Fig. S3. CNSs identified within experimentally validated CREs. (A-F) Microsynteny maps and multiple 3 
sequence alignments for CNSs located within experimentally validated CREs of FILAMENTOUS FLOWER (FIL) 4 
(36) (A), LATERAL SUPPRESSOR (LAS) (35) (B), BLADE-ON-PETIOLE (BOP) (13) (C), PROTODERMAL 5 
FACTOR 1 (PDF1) (38) (D), APETALA1 (AP1) (37) (E), and SHOOT MERISTEMLESS (STM) (34, 147) (F). 6 
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- - - - GCAGT CGT AT GAT AAGAAAG
- - - - ACT GT CT T AT GAT T T CAAG -
- - - - ACGGT CT T AT GAT T T CAAAG
- - - - ACT GT CT T AT GAT T T CAAG -
- - - T ACT GT CT AAT GAT T T GACA -
- - - - ACT GT CT T AT GAT T T CAAG -
- - T GACT GT CT T AT GAT T T GAA - -
- CT GT CCGT CT T AT GAT T T G - - - -
T GCCCGT GT CT CAT GAT T T T - - - -
- - T GACCGT CT T AT GAT T T GT G - -
- - T GGT CGT CT T AT GAT T T CAG - -
- - T GACT GT CT T AT GAT T T GAA - -
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- - - - - - ACAACT T T GAT GCT T T T GT T T -
AT T T T GACAACT T T GAT AGT T T T GT T G -
ACT T T GGGAAGT T CGAT GAT T T T GT T G -
T AT T T GAGAACT T T CAT GGT T T T GT T G -
AT T T T GACAACT T T GAT GGT T T T GT T G -
AT T T T GACAACT T T GAT GGT T T T GT T G -
AGGT T GT GAAT T T T GAT GGT T T T GT T G -
T AAT T GAAAACT T T CAT GGT T T T GT T C -
- T GT T GAGAAAT CCCAT GAT T T T GT T T T
GT T T T GAGAAAT CCCAT GAT T T T GT T T -
GAT T T GT GAGGT T T CAT GGT T T T GT T C -
AT T T T GAGAAAT CCCAT GAT T T T GT T T -
GAGT T GT GAAAT CCCAT GAT T T T GT T T -
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GAAAACT ACAAGT GAAT GAGGGAAAG
GAAAACAACAGGT GAAGGT GAGAAAG
GAAAACAACAGGT GAAT GT GAGACCA
GAAAGCAACAGAT GACT AAT GAGAGT
GAAAACAACAGGT GAAT GAGAGAAAG
- - - - - - - - CAGAGGT GGGCGGACGGA
GAAT T T GAT CAGCGCAT GAAAGA - - -
GAAAACAACGGAT GAAT GAGAAAA - -
GAAAACAACGGGT GAGT GAGGGAA - -
GAAAGCAACGGCT GAAT GAGGGT GCC
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T AAAT GCACC - T GCAACACAT - CAACT AACCA
T AAAT GCACCCT GCAAAACT T - CAACT AACCC
T T AAT GCT CC - T GCAACACAT - CAACT AACCA
T AAAT GCACC - T GCAGCACAT - CAACT AACCA
T AAAT GCACC - T GCAACAT ACACAACT AACCA
T AAAT GCAT ACT GCAAAACAT - CAACT ACCCA
T AAAT GCAGT CT GCAGGACAT T CAACT AACCA
T AAAT GCACACT GCAACAT T T - T AACCT ACCA
T T AAT GCACCCT GCAGCAT AT - CAACT AACCC
T AAAT GCACC - T GCACCACGT - CAACCAACT T
T AAAT GCACC - T GCAACAT GT - CAACCAACT C
T AAAT GCT CC - T GCAGAACAT - CAACCAACT C
T GAAT GCACC - T GCAGCAT GA - CAACT AACCT

L1 box

Angiosperms 1807: AP1
A thaliana

M. truncatula
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E. tef
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AAACCACT GT
AAACCACCAT
AAACCACT CT
AAACCACT CT
AAACCACT GT
AAACCACT CT
AAACT ACT CT
AAACCACT CT
AAACCAAGCT
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AAACCACCCC
AT ACCACCCT
AAACCACT CC
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H. annuus
D. carota
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CCCT CT T T T CT T GCACT GC - CACT GCT GC - ACT GCCAT
CT T CCT T T T T CT GCACT GC - CACT GAT ACCCCT GCCAT
CT CT CT T T T CCT GCACT GC - CACT GAT AC - GCT GCCAT
GCCT CT T T T CT T GCACT G - GCAGT GAT GCACT GGCCAT
CCCT CT T T T CT T GCACT GC - - - - - - - - - C - ACT GCCAT
CCCT CT T T T CT T GCACT GC - CACT GAT AG - ACT GCCAT
CCCCT T T T T T CT T CACT GC - CACT GAAAC - ACT GT CAT
CCCCCT T T T CT T GCACT GC - CACT T AT GC - ACT GCCAT
CCCCGT T T CT T T GCACT GC - CACT GT GGC - ACT GCCAA
CCCT CT T T T CT AGCACT GC - CACT CAAACT AAT AT T T C
- - - - CGT T T CT T GCACT GC - CACT GAT CC - ACT GCT AT
CCCT CGT T T AT T GCACT GT - CACT GCCAA - T CT GCCAT
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 1 
Fig. S4. Multiple alignment of the S115 seed plant CNS. The B-ARR binding site is marked by the pink box. 2 
 3 
 4 
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 1 

Fig. S5. Gene duplication results in paralog-specific divergence of ancient CNSs. (A) Gene tree of WUS 2 
showing the duplication at the base of the Asteraceae that gave rise to WUSa and WUSb. (B) Microsynteny map of 3 
WUSa and WUSb in the Asteraceae. Note that WUSa maintains greater conservation of the meristem CNS module, 4 
while WUSb exhibits increased divergence with Asteraceae-specific CNSs (shown in orange). (C) Multiple 5 
sequence alignment of the ancient S115 from representative angiosperms and the collinear Asteraceae-specific CNS 6 
in WUSa. (D) Microsynteny map of WUS homologs in the grasses, showing conservation among paralogs within the 7 
PACMAD clade.   8 
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 1 
 2 
Fig. S6. Association of CNS with non-adjacent genes. (A) Proportion of genes located between a CNS and an 3 
associated gene that have CNS of their own. (B) Proportion of genes located between CNS and an associated gene 4 
that belong to either the same or different orthogroup. The vast majority belong to a different orthogroup, indicating 5 
that the gene skipping is not due to tandem duplications. 6 
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Table S1. A list of all species and genomes used in the Conservatory analyses. 1 

Table S2. CNSs length per species (related to Fig. 1B). 2 

Table S3. Functional genomic datasets reanalyzed for CNS overlap enrichment analyses. 3 

Table S4. Enrichment values for particular genomic features and chromatin marks. 4 

Table S5. Results of permutation test assessing ATAC seq enrichment. 5 

Table S6. Number of CNSs of different conservation levels in all genomes. 6 

Table S7. Gene list indicator shown in figures and supplementary figures. 7 

Table S8. TB1 P1-P12 CNS coordinates (related to Fig. 3F). 8 

Table S9. Fraction of CNSs classified as closest to associated gene, not associated with closest gene, or as skip 9 
associations per species. 10 

Table S10. Significance test of CNS-containing intergenic loops to intergenic vs. genic regions. 11 
 12 
Table S11. Arabidopsis genes associated with CNS lost in the Poaceae. 13 
 14 
Table S12. Parameters used for Conservatory. 15 
 16 
Table S13. gRNA and primer sequences used in this study. 17 
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