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DNA sequencing technology has advanced so quickly, identifying key functional regions using
evolutionary approaches is required to understand how those genomes work. This research develops a
sensitive sequence alignment approach to identify functional constrained non-coding sequencesin the
Andropogoneae tribe. The grass tribe Andropogoneae contains several crop species descended from a
common ancestor ~18 million years ago. Despite broadly similar phenotypes, they have tremendous
genomic diversity with a broad range of ploidy levels and transposons. These features make
Andropogoneae a powerful system for studying conserved non-coding sequence (CNS), here we used it to
understand the function of CNSin maize. We find that 86% of CNS comprise known genomic elements
e.g., cis-regulatory elements, chromosome interactions, introns, several transposable element
superfamilies, and are linked to genomic regions related to DNA replication initiation, DNA methylation
and histone modification. In maize, we show that CNSs regulate gene expression and variantsin CNS are
associated with phenotypic variance, and rare CNS absence contributes to loss of gene expression.
Furthermore, we find the evolution of CNS is associated with the functional diversification of duplicated
genes in the context of the maize subgenomes. Our results provide a quantitative understanding of

constrained non-coding e ements and identify functional non-coding variation in maize.

Introduction

The genomes of a million eukaryote species could be sequenced within the next decade (Lewin et al.
2018). Y et understanding how those genomes work without ENCODE scal e projects for each species will
require that we use evolutionary approaches to identify key functional regions. DNA sequences subject to
purifying selection across different species reflect functional constraints (Xiang et al. 2019; Finucane et al.
2015). The detection of conserved non-coding sequence (CNS) in plantsis an ongoing challenge(Van de
Velde et al. 2016) and recent studies(Tu et al. 2020; Ricci et al. 2019; Lu et a. 2019) could provide new

insight into their function. In general, non-coding sequences occupy more of the genome than coding
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regions. The majority of GWAS hits are located in non-coding regions in maize and human etc, and
enriched in gene expression regulators (Wallace et a. 2014; Nishizaki & Boyle 2017; Zhang & Lupski
2015; Giral et al. 2018), which have been extensively characterized recently (Lu et al. 2019; Ricci et al.
2019). Non-coding regions with high conservation(Haudry et al. 2013) are enriched with gene expression
regulators (Polychronopoulos et al. 2017; Guo & Moose 2003; Vandepoele et al. 2006). However, links

between CNS natural variation and expression variance have not been tested on alarge scalein plants.

Genomes of the tribe Andropogoneae provide a valuable and powerful system for the study of constrained
functional genomic elements. Andropogoneae species share a common ancestor around 16-20 million
years ago(Vicentini et al. 2008), and, with their NADP-ME C4 (Sage & Zhu 2011; Black et a. 1969)
photosynthesis, have become dominant warm-season grasses across the globe. Domesticated maize,
sorghum, sugarcane, and miscanthus in the tribe are among the most productive crops in the world for
grain, sugar, and biofuels (Brosse et al. 2012; Manners 2011), and many of the species|ook strikingly
similar before flowering. This phenotypic stability belies tremendous genomic instability with multiple
rounds of polyploidization and extremely active transposable elements (TES) characterizing the tribe.
Despite rapid sequence turnover elsewhere in Andropogoneae genomes, constrained non-coding

sequences are potentially functional, making this an ideal clade for studying and clarifying their role.

Results

An atlas of conserved noncoding sequencesin Andropogoneaetribe

Inspired by studies of regulatory architecture (Tu et a. 2020; Ricci et a. 2019), we use coding genes as
anchors and devel op a sensitive sequence alignment implementation to identify CNS in genomes with
whole-genome duplications, numerous rearrangements, and gene loss(Schnable et al. 2011)(Fig. 1a). We
aligned three released genomes (McCormick et al. 2018; Zhang et al. 2018; Swaminathan & Rokhsar) and
two novel assembled genomes (Fig. 1b, Sfig. 1) against maize(Jiao et a. 2017). The sorghum genome is
the only monoploid assembly without recent whole-genome duplication and generated the smallest CNS
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space (67.07 Mb, by counting alignment matches in maize genome). The largest CNS space was observed
by aligning maize with sugarcane (86.97 Mb). The total number of CNS base-pairs present in maize and
at least one other species was 106.52Mb, accounting for ~5% of the maize genome, hereafter, pan-And-
CNS. A total of 42.27Mb sites were classified as conserved in all species and are called core-And-CNS.
More species are needed to better describe pan- and core-And-CNS (Fig. 1¢).

Not all conserved noncoding sequences overlapped with annotated cis-regulatory elements

We tested whether CNS are primarily known gene regulatory elements (Ricci et a. 2019; Tu et al. 2020).
Since introns have awide range of conserved functional roles (e.g., promote gene expression, guide
splicing, non-coding RNA) (Chorev & Carmel 2012; Akuaet al. 2010; Rigau et al. 2019; Greeneet al.
1994, Ritchie & Flicek 2014), we did not sort these by function. Approximately half (52%) of the pan-
And-CNS overlapped with coding genes (Sfig. 2), a percentage comparable to Arabidopsis thaliana
(Haudry et a. 2013) and slightly higher than the proportion of genetic accessible chromatin in maize (Lu
et a. 2019). Intergenic pan-And-CNS elements were 6 to 25 fold enriched for open chromatin regions
(Ricci et al. 2019; Tu et al. 2020), transcription factor binding sites (TFBS)(Tu et al. 2020), and gene
expression related Acetylation of histone 3 lysine 9 (H3K9ac) marks (Oka et a. 2017) (Sfig. 3),
significantly higher than previous observation (Lai et al. 2017). Together these overlapped 25% of the
pan-And-CNS (56% of intergenic pan-And-CNS) (Fig. 1d). A large proportion of genes have intergenic
pan-And-CNS detected within 2Kb upstream, and they have higher expression levels and weaker tissue

expression specification(Kadota et al. 2006) (Sfig. 4).
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Fig. 1. Only apartia Pan-Andropogoneae conserved non-coding sequence overlapped with cis-

regulatory elements. a, The implemented algorithms to identify Andropogoneae conserved non-

coding sequence using maize (Zea mays L) as reference. Briefly, we liftover the protein-coding

gene annotation of maize APG V4 to other species by aligning the maize coding sequence (CDS)

to other genomes using a splice site aware approach implemented in minimap2 [34]. The non-

coding sequences of all other species were aligned against the masked maize genome using a k-

mer match free, dynamic programming algorithm and optimized custom parameters. b, The
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phylogenetics topology of Andropogoneae species used in this study. The tree was constructed
using plastome. The Sorghum (Sorghum bicolor) genome did not experience a recent whole-
genome duplication (H). Maize and sorghum are two crop species. Hyparrhenia diplandra, and
Chrysopogon serrulatus genomes were assembled in this project (A). The miscanthus
(Miscanthus sinensis) genome is a diploid assembly and wild sugarcane (Saccharum spontaneum
L.) isatetraploid assembly. ¢, Simulations of the increase of the pan-And-CNS and the decrease
of core-And-CNS base pairs by iteratively randomly sampling taxa. Solid lines indicate the pan-
and core-And-CNS curves fit using points from all random combinations. The black horizontal
dash lineisthetotal base pairs of 10 maize chromosomes coding sequence (CDS). d, The
proportion of intergenic pan-And-CNS overlapped with annotated regulatory elements.
Conserved non-coding sequence comprised a wide range of functional genomic elements
To uncover the functions of the rest of pan-And-CNS, we conducted a colocalization analysis of pan-
And-CNS with annotated genomic elements (Fig. 2a). Chromosome contact domains were inferred to be
conserved (Szabo et al. 2019). Hi-C technology characterized chromatin loops (Delaneau et al. 2019;
Dong et a. 2017; Szabo et a. 2019), and their dynamic is associated with transcription activity(Dong et al.
2020). DNA interaction junctionsidentified by HI-C and HICHIP (Ricci et al. 2019; Peng et a. 2019)
comprise a substantial extra proportion (21.23%) of intergenic pan-And-CNS. TE-derived CNSs have
been reported by several independent studies (Dupeyron et al. 2019; Smith et al. 2008; Xie et a. 2006),
athough the contribution of TEs as regulatory elementsis till controversial (de Souza et a. 2013; Zeng
et al. 2018; Trizzino et a. 2018). We observed modest enrichment of CNS within 5 out of 13 TE
superfamilies(Stitzer et al. 2019) (Fig. 2b), yet TEs only accounted for another 1.34% of the intergenic

pan-And-CNS.

We checked CNSs consisting of different function elementsis due to incomprehensive genomic el ements
annotation or functionally diverse by investigating their sequence profiles. CNSs overlapping with open
chromatin, TFBS or H3K9ac deposition sites (group A pan-And-CNS) have alow methylation ratio. This
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support the previous observation that cis-regulatory elements corresponding to low methylation
ratio(Ricci et al. 2019). Whereas those in CNSs specifically overlapping with chromatin loops (group B)
have a medium methylation ratio (Fig. 2d). GC and CHG methylation patterns (Ricci et al. 2019) further
divide group B and unclassified pan-And-CNS into two distinguishable groups (Fig. 2€), thisis consistent
with previous reports that the A and B compartments of interphase chromosomes linked by Hi-C data are
associated with distinct methylation(Dong et a. 2017). DNA methylation is associated with the evolution
of GC content(Mugal et al. 2015). Group A pan-And-CNS have very high GC content, while group B
pan-And-CNS have low GC content (Fig. 2f). DNA replication initiation regions(Wear et a. 2017) were
associated with both group A and group B pan-And-CNSs (Fig. 2g). The observation of different

seguences and methylation properties for CNS classes indicate that CNSs account for diverse functions.

Overall 14% of pan-And-CNS could not be attributed to any known function (Fig. 2c). The unknown
CNSs are shorter and have lower sequence alignment scores (Fig. 2h,i). The overlapping enrichment fold
with annotated elements of core-And-CNSisvery similar to pan-And-CNS, with aslightly smaller
proportion of unknown function (Fig. 2c, Sfig. 5). Considering the distribution of low methylation ratio
and high DNA replication in unknown CNS regions (Fig. 2f,g), there may be some tissue- or species-

specific(Lu et al. 2019) or uncharacterized functional elements that were not included in this study.
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Fig. 2. Pan-And-CNSs contribute to a wide range of nucleic molecular functions. a, Intergenic
pan-And-CNSs are enriched in several types of cis-regulatory elements, lead eQTLs and
chromatin structures. b, Enrichment was observed of different pan-And-CNSs groups in different
TE superfamilies. (p value<0.0001, hypergeometric test) ¢, 86.28% of pan-And-CNS overlapped
with diverse genomic elements. Only those 5 TE superfamilies with enrichment fold >1 were
used here. Each CNS was allowed to overlap with multiple genomic elements. d,e, Different
methylation ratios and patterns were observed for groups of pan-And-CNS. A subset of pan-And-
CNSs did not overlap with known elements (other CNS) and have an intermediate methylation
ratio(d). f, Groups of pan-And-CNSs have distinct GC content. The solid horizonta lineisthe
average GC content of the masked maize genome. g, pan-And-CNSs are enriched in DNA

replication initiation sites for the cell division cycle. h,i, The unexplained pan-And-CNSs have
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smaller sequence alignment scores (h) and shorter matched lengths (i). Within plots, OC is short

for open chromatin.
Conserved non-coding sequence region comprise variants causing dysregulation
We further verified functional enrichment of CNS regions by testing if genotypic variants within the CNS
region affect phenotype. Intergenic pan-And-CNS were enriched 4.02-fold (group A, 5.14; group B, 4.14)
among the lead significant single nucleotide polymorphisms (SNPs) of expression genome-wide
association study (eGWAS) in seven maize tissues(Kremling et al. 2018) (Fig. 2a). Thisis consistent with
previous inferences that CNSs regulate gene expression(Meisler 2001). Using common CNS PAV's (with
minor allele frequency>=0.1, 8.96% ) as independent variables, we performed eGWAS using seven
tissues (Fig. 3a). We found more than half of CNSs are located within 2.5Mb (2.5Mb is the estimated
range of topologically associating domain (TAD) size (Gong et al. 2018), and almost al cis-regulatory
elements are within 100K b of nearest gene(Ricci et a. 2019; Tu et al. 2020)) of significantly associated
genes (Fig. 3b, Sfig. 6, 7), thisis consistent with enrichment overlapping between CNS with cis-
regulatory element and interaction junctions. And CNS PAV s could be significantly associated with
agronomic traits (Sfig. 8) directly.
In amaize GWAS panel(Kremling et al. 2018), CNS region variants were not selected during recent
domestication and local adaptation (Sfig. 9). And CNS regions(Kremling et al. 2018) have alarger
proportion of variants with low minor allele frequency (MAF) and are enriched with rare variants (Fig.
3c). Thisislikely due to variants within CNS regions being under stronger purifying selection. Previous
studies suggested rare variants contribute to dysregulation and are negatively associated with organism
fitness (Hint-Garcia et a. 2005; Kremling et a. 2018). We further tested if CNS PAV is associated with
extreme gene expression. Association between loss-of upstream (2Kb) CNS and extremely low

expression rank of highly expressed genes was observed (Fig. 3d, Sfig. 10, 11).
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Fig. 3. Variantsin the CNS region contribute to gene expression variance. a, CNS PAVs can
segregate at high MAF. A higher proportion of chromatin loop overlapping CNS and other non-
cis-regulatory elements overlapping CNS with MAF > 0.1 were also observed. b, More than half
of the significant associations of CNS PAV s with gene expression occur within 2.5Mb. The
CNSs were encoded as binary variables and associated with gene expression level at the whole
genome level. ¢, A higher proportion of rare variants was observed in CNS regions compared to
the whole genome intergenic background. d, Comparing the proportion of maintained CNSin

upstream 2Kb region of each accession and each gene with the gene expression level rank.
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Random shuffling the gene expression rank and CNS maintained proportion 1000 times, 99%
(dash lines in gray) random intervals were calculated. Blue dots are out of 99% random intervals,
and red dots are out of random intervals. CNS presence proportion is measured by counting the
number of base-pairs. The gene expression level was quantified using maize agp v3 reference
[53]. The top expressed 1500 genes of agp v3 were selected for this analysis and uplifted to the
maize agp v4 reference [25]. This pattern is consistent across different tissues (Sfig. 10).
CNSvariation is associated with functional diversity between M aize Subgenomes
CNS variation could a so be observed among paral ogous genes, which is common in maize because of a
whole-genome duplication between 5 and 12 million years ago (Swigonova et a. 2004). We studied
whether CNS evolution is associated with expression dosage of duplicated genes. We calculated the
proportion of pan-And-CNS sites present in the upstream 2Kb of each syntenic duplicated pair (method)
(Sfig. 12) and found a tendency that one CNS copy was maintained as complete while fragmented in the
other copy (Fig. 4aand Sfig. 13), which isin contrast with the pattern of CDS (Sfig. 14). While the
diversity of CNSis positively associated with CDS (Sfig. 15). Moreover, the orthologous copy with a
larger proportion of pan-And-CNS maintained is associated with higher expression (Fig. 4b, Sfig. 16) (p-
value=3e-15, Wilcoxon rank-sum test), which may be partially due to pseudogenization. The proportion
of pan-And-CNS shared between syntenic paralogs is positively associated (r2=0.10, p-value< 2.2e-16)
with expression similarity (measured using Pearson correlation coefficient) of duplicated genes (Sfig. 17,
18). These results suggest that CNS variation is associated with expression bias and functional diversity
(subfunctionalization, neofunctionalization or pseudogenization) of duplicated genes.
Duplicated pairs with negatively correlated expression levels shared a significantly smaller proportion of
CNSthan did positively correlated pairs (Fig. 4c¢) (p-value<2e-16, Wilcoxon rank-sum test). The copy
with novel expression patterns may have new functions. The copy with longer CNS of the negatively
correlated pairs typically had a higher proportion of the presumed ancestral set of CNSs compared to
positively correlated pairs(Fig. 4d) (p-value=5e-10, Wilcoxon rank-sum test), indicating more similar

with ancestral sequence.
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Fig. 4. CNSdiversity is associated with expression variance of paralogous genes. CNS detected
using sorghum are showing here, and the duplicated genes pairs were detected by aligning maize
with sorghum. a, In the upstream 2Kb region of homologous gene pairs from different
subgenomes of maize, we counted how many base-pairs of CNSis present in each copy, how

many base-pairs are shared and how many base-pairsin total. b, Between homol ogous gene pairs
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from different subgenomes of maize, the copy with longer CNS is associated with slightly higher
expression level. Median values of expression levels across different tissues are shown here. c,
Homol ogous gene pairs with negative expression correlation patterns share a smaller proportion
of CNS compared to those pairs with positive expression correlation patterns. d, The maor copy
of homologous gene pairs with negative expression correlation maintained a larger proportion of
CNS compared with the major copy of homol ogous gene pairs with positive expression

correlation patterns. The major copy was defined as the one with longer CNS for this plot.

Discussion

Despite the challenges of working in genomes with vast numbers of transposons and duplications, a novel
sensitive alignment approach shows that non-coding regions under purifying selection can be readily
identified using evolutionary comparisons. Thistool could identify CNS containing mismatches, indel
and even TEs. Unlike previous CNS identification tools identifying very short CNS, our implementation
considers the fact that sequence context of TFBS isimportant for its function(Tu et a. 2020). The CNSs
identified here have a very high overlapping enrichment fold with TFBS etc.

The overlapping between CNS and cis-regulatory elements have been reported previously. Here we find
CNS evolve awide range of functions, i.e. chromatin loop, DNA replication. And their sequence
properties are consistent with the functional classification. Those findings extended our knowledge of the
function of non-coding sequences. By associating CNS PAV with gene expression level, we found alarge
proportion of distances between CNS PAV and distance significant genes are within the size of TAD, this
reflects the impact of TAD structures on gene expression. By comparing gene expression and CNS
diversity from two maize subgenomes, we also found loss-of CNSismainly linked with decrease of gene
expression. The evolution of CNS might be related with the dosage balance of gene expression, and
associated with gene pseudogeni zation.

We found rare loss-of-CNS is associated with gene expression dysregulation, and mainly linked to |oss-
of-expression. Gene dysregulation has been associated with fitness decreasing. The CNS regions might
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provide targets for genome selection or genome editing for improving fitness of crops. As millions of
species are sequenced, detailed alignment of thousands of species regulatory spaces will allow usto

understand how each CNS s contributing to agronomic traits.

Overall 75% of the CNS are gene regulatory elements or introns, while many of the rest appear to either
be involved in high order chromosome structure and perhaps DNA replication. Rare alleles have been
shown to play an important role in expression(Kremling et al. 2018), but this study has shown the rare
loss of expression is frequently associated with loss of CNSs. In species like maize, which have
undergone ancient duplications, there is atendency for only one of the two copies to retain the full

complement of CNS and regulatory elements, which likely resultsin pseudogenization.

M ethods:

Plant material

Hyparrhenia diplandra was collected in Kenya by Rémy Pasquet (Pasquet 1126) and Chrysopogon
serrulatus was obtained from the USDA Germplasm Repository Information Network (Pl 219580; seed
originally from Pakistan). Both plants were grown in the greenhouse at the Donald Danforth Plant
Science Center. Vouchers of flowering specimens were deposited at the herbarium of the Missouri

Botanical Garden; full specimen data are available through www.tropicos.org.

DNA preparation and sequencing:
DNA was extracted from young leaf tissue and we used the Nanopore MinlON platform to conduct long
read sequencing at Institute of Biotechnology, Cornell University. DNA with size 20-80Kb was selected
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following the Blue Pippin protocol, and the selected DNA was cleaned up using AMPure XP beads. DNA
repair and End-Prep was performed by using NEB enzyme kits. After adapter ligation, we used the
MinKNOW software to perform quality control for the MinlON sequence library. Sequencing was

performed following the manufacturer’ s manual.

I1lumina sequencing was performed by Novogene. A total of 1.0ug DNA per sample was used as input
material for the DNA sample preparation. Sequencing libraries were generated using NEBNext® DNA
LibraryPrep Kit following the manufacturer's recommendations and indices were added to each sample.
Genomic DNA was randomly fragmented to a size of 350bp by shearing. Then DNA fragments were end
polished, A-tailed, and ligated with the NEBNext adapter for [Ilumina sequencing, and further PCR
enriched by P5 and indexed P7 oligos. PCR products were purified (AMPure XP system) and the
resulting libraries were analyzed for size distribution by an Agilent 2100 Bioanalyzer and quantified using
real-time PCR. The qualified libraries were fed into Illumina NovaSeq sequencers after pooling according

to their effective concentration and expected data volume.

Genome assembly:

We used the NanoPlot(De Coster et al. 2018) and porechop package (Wick) package to check the quality
of MinlON reads and clean up. MinlON clean reads were assembled using Flye v1.4.2(Kolmogorov et al.
2019) with default parameters. The MinlON reads were mapped to the assembly using minimap2 (Li
2018) with “-x map-ont” parameter, and racon v1.3.1(Vaser et a. 2017) was used to polish the assembly
with default parameters. This assembly polishing using MinlON reads was repeated three times. The
MEM module of BWA(Li & Durbin 2009) v 0.7.17 (parameter -k11 -r10) was used to map short readsto
the MinlON polished assembly. The “markdup” command implemented in samtools (Li et a. 2009) was
used to remove duplicated short reads and Pilon(Walker et al. 2014) v 1.23 “--diploid --fix bases" was

used for error correction (Sfig. 1A). Assembly correction using short reads was repeated three times.
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Genome assembly evaluation:
We used adataset of 5592 genes shared by four of the six Andropogoneae genomes (maize, sorghum,
miscanthus, sugarcane) and an outgroup species Setariaitalica. Their CDS sequences were mapped to the
new assemblies, using minimap2 with parameters “-ax splice -a-uf -C 1 -k 12 -P -t 12 --cs”. For mapped
genes, we defined the minimum extent of flanking to evaluate the assembly continuity (Sfig. 1C).

e nl=start_position

e n2=contig_length —end_position

e minimum extent of flanking = minimum (n1, n2)
BUSCO v 3.1.0 with the parameter “-m geno -sp maize -f -r -I” and database liliopsida_odb10 was used

to evaluate the assembly quality.

Syntenic gene detection:

We used the quota-alignment pipeline to find syntenic genes (Tang et a. 2011) between maize and
sorghum. The CDS sequence alignment was performed using blastn with parameters “-outfmt 6 -strand
plus -task blastn -evalue 5 -word_size 7 -max_target_seqs 1000”. We modified blast_to_raw.py of quota-
alignment package to avoid filtering of duplicated genes. The parameters of quota_align.py were set as“--

merge --Dm=20 --min_size=3". And the parameter of quota_align.py wasset as“1:2".

CNSidentification pipeline:

We listover the reference gene structure annotation to the query genome using minimap2. CDS sequences
and high-frequency k-mer regions were masked in both the reference genome and query genome. The up-
stream and down-stream 100K b sequence and intron sequence of protein-coding genes were extracted to
perform pairwise sequence alignment. In this analysis, upstream and downstream are used relative to the

translation start and stop site, respectively. The range is selected based on the previous observation that
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amost al regulatory elements are located within 100Kb of the nearest gene (Rodgers-Melnick et al. 2016;

Tu et al. 2020).

For each pair of sequence segments from different species, we take the maize sequence as reference and
sequence from another species as the query. We used a Smith-Waterman algorithm(Smith & Waterman
1981) to generate alignment seeds. Each seed may be aligned as multiple copiesin the reference genome.
Each surviving seed is extended using a semi-globa dynamic programming algorithm and extension is
terminated using the X-drop approach (Zhang et a. 1998). The dynamic programming score was reported
as sequence alignment score. Any extended sequence alignment that passes the p-value(Karlin & Altschul
1990) threshold (0.1 in this study, calculated in each alignment fragment independently without
considering multiple tests) was categorized as CNS and output to a sam file, on which downstream
analysis could be conducted taking advantage of well-devel oped applications (Li et al. 2009;
Thorvaldsdéttir et al. 2013). We only used those CNS located on maize chrl-chrl0 for all the analyses
conducted in this project. The longest absolutely conserved CNS across all the 6 species was 113bp (Sfig.

19), which is shorter than that found in mammals(Bejerano et al. 2004).

Enrichment analysis of CNS:

The output sam files were reformatted into bam format using samtools, and the “depth” command of
samtools was used to check how many unique base-pairs were classified as conserved. We counted how
many unigue CNS base pairs overlap with open chromatin.

Enrichment fold was calculated as:

U T I D0
HininininininininEnininmisEnininivininEninininininininin
J O T )

JLT [ ]
LT O T e e e e e
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The enrichment overlapping with TFBS, H3K 9ac enriched regions, eQTL, chromatin loop and TE was

calculated in the same way.

Overlap with maize non-coding RNA:
lincRNA, miRNA or tRNA_gene annotated in the maize B73 v4 were used as non-coding RNA. And

INcRNA annotated by Lingian et al(Han et a. 2019). was used to complement the B73 v4 annotation.

Overlapping CNSwith DNA duplication initial regions:

The DNA duplication signals files were downloaded from the original publication(Wear et a. 2017). And
the maize reference V3 coordinates were uplifted to V4 coordinates using CrossMap v0.2.8 (Zhao et al.
2014) and the chain file released from ensembl website. A density plot was created for the early phase

signal of al the windows overlapped with each class of CNS or genetic element being investigated.

CNS presence/absence variant encoding in maize population:

The released Illumina short reads(Kremling et al. 2018) were mapped to maize APG v4 reference genome
using “bwamem” v 0.7.13 with default parameters. Each base pair was classified as “ callable” and
“noncallable” using GATK v 3.8(McKennaet al. 2010). The coverage for each base pair was checked
using the “samtools mpileup” command. And reads were mapped to the CNS sequence using “bwa mem”
with parameters “-a-c 200000 -S -P . The coverage on the CNS sequence was also calcul ated using

the” samtools mpileup” command. For each base pair of each CNS, if it is classified as “callable’ or has
coverage from genome reads mapping or CNS reads mapping, the base pair would be classified as
“presence’, else “absence’. The CNS presence/absence was encoded by counting the CNS length and
how many base pairs that were classified as “ presence” for each CNS. And the above process was

conducted for each resequenced maize accession independently.
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Here only CNS detected using maize and sorghum were used, sinceit is easier to determine the start/end
coordinate for each CNS fragment. And sorghum CNS, pan-And-CNS and core-And-CNS gave similar
enrichment overlapping with open chromatin, TFBS and H3K9ac deposition sites. The absence of core-
And-CNS are rare (Sfig. 20). Using all the pan-And-CNS, alot of regions would be calculated multiple
times. By linking all the overlapped pan-And-CNS, that would make it confusing about what isa CNS
unit. Those taxa with low sequencing coverage were excluded (14Gbp of reads was used as a threshold),

since they limited the CNS presence/absence variation (PAV) detection (Sfig. 21).

CNS based association:

For each CNS in each maize accession, we calculated a“present ratio” defined by “number of present
base pair’/”CNS length”. If the present ratio >=0.8, it would be encoded as 1, if present ratio<=0.2, it
would be encoded as 0, otherwise unknown.

To associate CNS PAV with gene expression, we used CNS PAV s with minor allele count >= 15 and
known allele count >=35. The CNS PAV s were used as independent variables for the association.
Accessions with both the target CNS and target gene deleted were excluded for the specific association
test. Gene absence/presence variants were encoded in the same way as CNS. 25 PEER factorsand 3
PCs(Kremling et al. 2018) calculated from a SNP-based kinship matrix were used as co-variants and
association analysis was conducted using afixed linear model. Association p-values were calculated using
an f-test, with asignificance threshold 1e-06. The association is performed using a homemade script

which implements a linear association model and calculates p-value using f-test.

CNS PAVswereimputed in the NAM population using TASSEL 5; association was performed using the

mixed model implemented, which dealt with missing genotypes by subsampling. 39310 CNS PAYV with

MAF >0.1 and minor allele count >20 were used to conduct the association analysis.
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Data access:
All the CNS sam files are available in sam format at:

https://figshare.com/s/6efc554fec80132fb9a6

The dCNS implementation is available at: https://github.com/baoxingsong/dCNS.

Further scripts for making plots are available at: https://github.com/baoxingsong/CNSpublication.

The sequence reads and de novo assembly genome sequencing data is available at: ****,
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Figurelegend:

Fig. 1. Only apartia Pan-Andropogoneae conserved non-coding sequence overlapped with cis-regulatory
elements. a, The implemented algorithms to identify Andropogoneae conserved non-coding sequence
using maize (Zea mays L) asreference. Briefly, we liftover the protein-coding gene annotation of maize
APG V4 to other species by aligning the maize coding sequence (CDS) to other genomes using a splice
site aware approach implemented in minimap2 (Li 2018). The non-coding sequences of all other species
were aligned against the masked maize genome using a k-mer match free, dynamic programming
algorithm and optimized custom parameters. b, The phylogenetics topology of Andropogoneae species
used in this study. The tree was constructed using plastome. The Sorghum (Sorghum bicolor) genome did
not experience a recent whole-genome duplication (H). Maize and sorghum are two crop Species.
Hyparrhenia diplandra, and Chrysopogon serrulatus genomes were assembled in this project (A). The
miscanthus (Miscanthus sinensis) genome is a diploid assembly and wild sugarcane (Saccharum
spontaneum L.) is atetraploid assembly. ¢, Simulations of the increase of the pan-And-CNS and the
decrease of core-And-CNS base pairs by iteratively randomly sampling taxa. Solid lines indicate the pan-
and core-And-CNS curves fit using points from all random combinations. The black horizontal dash line
isthe total base pairs of 10 maize chromosomes coding sequence (CDS). d, The proportion of intergenic

pan-And-CNS overlapped with annotated regulatory elements.
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Fig. 2. Pan-And-CNSs contribute to a wide range of nucleic molecular functions. a, Intergenic pan-And-
CNSs are enriched in several types of cis-regulatory elements, lead eQTLs and chromatin structures. b,
Enrichment was observed of different pan-And-CNSs groupsin different TE superfamilies. (p
value<0.0001, hypergeometric test) ¢, 86.28% of pan-And-CNS overlapped with diverse genomic
elements. Only those 5 TE superfamilies with enrichment fold >1 were used here. Each CNS was allowed
to overlap with multiple genomic elements. d,e, Different methylation ratios and patterns were observed
for groups of pan-And-CNS. A subset of pan-And-CNSs did not overlap with known elements (other
CNS) and have an intermediate methylation ratio(d). f, Groups of pan-And-CNSs have distinct GC
content. The solid horizontal lineis the average GC content of the masked maize genome. g, pan-And-
CNSs are enriched in DNA replication initiation sites for the cell division cycle. h,i, The unexplained
pan-And-CNSs have smaller sequence alignment scores (h) and shorter matched lengths (i). Within plots,

OC is short for open chromatin.

Fig. 3. Variantsin the CNS region contribute to gene expression variance. a, CNS PAV s can segregate at
high MAF. A higher proportion of chromatin loop overlapping CNS and other non-cis-regulatory
elements overlapping CNS with MAF > 0.1 were also observed. b, Mare than half of the significant
associations of CNS PAV's with gene expression occur within 2.5Mb. The CNSs were encoded as binary
variables and associated with gene expression level at the whole genome level. ¢, A higher proportion of
rare variants was observed in CNS regions compared to the whole genome intergenic background. d,
Comparing the proportion of maintained CNS in upstream 2Kb region of each accession and each gene
with the gene expression level rank. Random shuffling the gene expression rank and CNS maintained
proportion 1000 times, 99% (dash lines in gray) random intervals were calculated. Blue dots are out of 99%
random intervals, and red dots are out of random intervals. CNS presence proportion is measured by
counting the number of base-pairs. The gene expression level was quantified using maize agp v3
reference (Schnable et al. 2009). The top expressed 1500 genes of agp v3 were selected for this analysis
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and uplifted to the maize agp v4 reference (Jiao et al. 2017). This pattern is consistent across different

tissues (Sfig. 10).

Fig. 4. CNSdiversity is associated with expression variance of paralogous genes. CNS detected using
sorghum are showing here, and the duplicated genes pairs were detected by aligning maize with sorghum.
a, In the upstream 2Kb region of homologous gene pairs from different subgenomes of maize, we counted
how many base-pairs of CNSis present in each copy, how many base-pairs are shared and how many
base-pairsin total. b, Between homologous gene pairs from different subgenomes of maize, the copy with
longer CNSis associated with slightly higher expression level. Median values of expression levels across
different tissues are shown here. ¢, Homologous gene pairs with negative expression correlation patterns
share a smaller proportion of CNS compared to those pairs with positive expression correlation patterns.
d, The major copy of homologous gene pairs with negative expression correlation maintained alarger
proportion of CNS compared with the major copy of homologous gene pairs with positive expression

correlation patterns. The major copy was defined as the one with longer CNS for this plot.
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