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ABSTRACT
Genomic structural variants (SV) have a significant impact on phenotypic differences.
Characterization of such variants can provide insights into genomic evolution and reveal
population dynamics. However, our understanding of structural variants is limited by technical
and methodological challenges in genome-wide SV cataloging. In this study, we characterized
genomic differences with a variety of next-generation sequencing (NGS) resources, and
evaluated their performances on SV detection. As resequencing has its limitations in SV calling,
we constructed high-quality genome assemblies and provided insights for structure comparison
in repeat domains. To the end, we derived a full spectrum of structural variants across 26 maize
lines from whole genome assemblies, and investigated their implication on genome evolution.
Through SV identification with short- and long-reads, we identified differing levels of
genomic damages in biolistic transformants of rice and maize. Our results indicated a high
likelihood of unintended genomic damages by the transformation method and pointed out the
importance of whole-genome variant detection prior to detailed analysis. To capture the true

genomic diversity between the B73 reference and a maize line (B73-Ab10) with an abnormal



chromosome 10, we created a de novo assembly of B73-Ab10. Through the integration of
PacBio, Oxford Nanopore and Bionano technologies, we achieved a highly contiguous assembly
which contains two gapless chromosomes and spans multiple tandem repeat arrays. Two
adjacent inversions were characterized in Ab10 with genome alignment and the internal structure
of tandem repeat arrays was revealed. With the availability of whole-genome assemblies of 26
maize lines, we inferred structural differences and studied the genomic history of Zea genus. We
generated a full SV catalog across 26 maize inbreds, identified ancient haplotypes and
evolutionary strata in pericentromeric area and repeat arrays, and finally inferred the divergence
dynamics of maize. We found that recurrent segregation and introgression events took place over
the past million years among maize ancestors, and the ancient genomic remnants contribute to

the great diversity of maize.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Genomic structure variation and their phenotypic effects

Structural variations are genomic alterations (>1Kb) in copy number, orientation or
chromosome location. These genomic variations are typically categorized into two forms, a
balanced type, which includes inversions and translocations, and an unbalanced type that
involves loss and gain of sequence, such as duplications, deletions and insertions (Escaramis,
Docampo, and Rabionet 2015). Though most SVs are described as single events, multiple types
of complex genomic rearrangement patterns have been reported, from overlapped or nested SVs
such as an inverted tandem duplication (Sedlazeck et al. 2018), to massive chained events
including chromothripsis, breakage-fusion-bridge (BFB) and chromoplexy (Yi and Ju 2018).

Structural variants are major contributors to genomic divergence and have significant
impacts on phenotypic variation (Weischenfeldt et al. 2013). A wide range of SV types have
been implicated as the cause of human diseases, where most SV disrupt functional domains like
genes and regulatory elements (Carvalho and Lupski 2016). For instance, ALK gene fusions are
associated with tumor formation (Stransky et al. 2014), and an architecture change in cis-
ergulatory elements could lead to Williams-Bueren syndrome (Carvalho and Lupski 2016). Copy
number changes of tandem repeats have also been suggested to cause a range of disorders. For
example, expansion of repeat ATTCC is found to be associated with Parkinson’s disease (Schiile

et al. 2017). Complex SV events such as chromothripsis and BFB cause regional shattering and



copy number switches, and potentially have a catastrophic effect on gene expression (Maher and
Wilson 2012). These genomic phenomena are associated with cancer and congenital disorders
(Maher and Wilson 2012; Kloosterman and Cuppen 2013).

In plants, structural variants play an important role in environment adaptation,
domestication, flowering time and stress response (Saxena, Edwards, and Varshney 2014). In
maize, the transposon insertion upstream of genes ZmCCT9 and ZmCCT10 affects flowering
time and leads to domestication in higher latitude environments. In barley, the gene duplication
of Botl increases the tolerance of boron-toxicity in a landrace population (Sutton et al. 2007). In
peach, a 1.67Mb inversion accounts for the alteration of fruit shape (J. Guan et al. 2021).
Chromothripsis and BFB have also been identified in plants and affect reproductivity and
yield (B. McClintock 1941; Mandékova et al. 2019; Carbonell-Bejerano et al. 2017). For
instance, a chromothripsis event caused hemizygous deletions of 313 genes, and resulted in low

gamete viability and decreased fruit production in grapevine (Carbonell-Bejerano et al. 2017).

Mechanisms of SV formation

There are four major mechanisms that contribute to the origination of structural variants,
including errors in recombination, DNA break repair, and replication as well as insertion of
mobile elements. Non-allelic homologous recombination (NAHR) is a type of erroneous
homologous recombination event that involves misalignment of highly identical sequences
(Carvalho and Lupski 2016). Occurrences of NAHR during mitosis and meiosis mediate the
formation of large SVs, including segmental duplications, deletions, and translocations
(Carvalho and Lupski 2016). Error-prone repair pathways such as Non-homologous end joining

(NHEJ) and Microhomology-mediated end joining (MMEJ) fuse the ends of double-stranded



breaks (DSB) with little or short homology. Therefore, DNA repair with these two mechanisms
could lead to insertions, deletions and translocations, and even complex events such as
chromothripsis (Ottaviani, LeCain, and Sheer 2014). Replication-based processes that result in
SV formation include break-induced replication (BIR), microhomology-mediated break-induced
replication (MMBIR)/falk-stalling and template switching (FoSTeS), and serial replication
slippage (SRS) (Carvalho and Lupski 2016; P. Guan and Sung 2016). BIR and MMBIR/FoSTeS
can be triggered by a nick on the template strand, which causes fork collapsing or stalling. The
main outcome of BIR is copy number changes, while MMBIR/FoSTeS results in complex SV
patterns represented by a deletion accompanied by deletion or inversion at breakpoints (Yang et
al. 2013; Carvalho and Lupski 2016). SRS normally occurs in the tandem repetitive areas where
polymerases are paused and disassociated, causing deletions or expansions within repeat arrays
(Usdin, House, and Freudenreich 2015). Finally, mobile element insertion plays an important
role reshaping the genomic architecture through creating insertion events and mediating
formation of indels (Xing et al. 2009). As the above mechanisms result in unique variant
features, the causal events could be inferred from unique characters of SV types and breakpoint

junctions (Carvalho and Lupski 2016).

Identification of genomic variation over the past century
Cytogenetic studies

Genomic variant studies were initiated in the early twentieth century. The first
chromosomal rearrangement was revealed in Drosophila via gene linkage analysis in the 1910s
(Strutevant 1913). Translocations and inversions were later identified in Zea mays via

cytological observation (Barbara McClintock 1931), and tandem duplications were found in



Drosophila through chromosomal banding (Bridges 1936). The power of genomic variations
detection was limited by the low resolution of cytogenetic methods at that time, when only large
visible features could be characterized, such as chromosomal number changes and highly
abnormal variants. The assessment of common variants was not enabled until the emergence of
fluorescence in situ hybridization (FISH) technology in the 1970s. Standard FISH could
accurately identify large variants above 100Kb, and Fiber-FISH further improved the theoretical
power to ~1Kb (Florijn et al. 1995). Up to now, FISH remains to be one of the most reliable
methods to identify large translocations and is widely applied for variant characterization (Abel
et al. 2014). While FISH is effective in comparative genomic study, conventional
implementation of FISH needs to be performed by highly trained professionals and thus has
limited its application in a quantitative way (Abel et al. 2014).
Microarrays

Systematic assessment of copy number variation has become possible since the
availability of microarray technologies in 1997 (Solinas-Toldo et al. 1997). Two major platforms
were developed for genome-wide SV screening, including array Comparative genomic
hybridization (aCGH) and SNP array. The aCGH method was developed earlier than SNP array,
and enabled detection of copy number changes from 5 to 10Kb at the whole-genome scale in a
high-throughput manner (Ren et al. 2005). Compared with aCGH, SNP arrays are more widely
applied due to its high specificity and ability to detect heterozygosity (Peiffer et al. 2006; Levy
and Burnside 2019). Microarray technologies are advantageous in cost and high throughput, but
not adequate to detect copy number neutral rearrangements or identify genomic changes in
repetitive regions (Yiand Ju 2018).

Short-read resequencing



Genomic variant studies were revolutionized by the development of next generation
sequencing (NGS) technologies in the 2010s. A broad range of variant types, including SNPs,
rearrangements and copy number variations, could be characterized in a single experiment at
single-nucleotide resolution. Along with the prevalent use of short-read sequencing in genomic
studies, different algorithms and tools were developed to characterize variants over the past
decade (Kosugi et al. 2019). Four major approaches were used for variant type identification,
including read pair, read depth, split read, and assembly, where the read pair and split read
methods utilize discordant reads and split reads to identify rearrangements, and the assembly
method produces contigs and compares it to reference (P. Guan and Sung 2016; Huddleston et al.
2017; Kosugi et al. 2019; Balachandran and Beck 2020). Aside from simple variants, complex
genomic rearrangements were characterized with short-read technologies, such as chromothripsis
(Tan et al. 2015; Maher and Wilson 2012), breakage-fusion-bridge (BFB) (Nones et al. 2014),
and chromoplexy (Shen 2013).

While the short-read resequencing method is well established, the efficiency of SV
detection is limited by the nature of the data (Huddleston et al. 2017). One major concern is its
ability to identify insertions. While deletions and duplications could be inferred via read depth,
alignment fails for reads derived from non-reference regions. As a result, the ability of insertion
identification is dependent on the read length, and short read data could only capture insertions
smaller than 1Kb (Sedlazeck et al. 2018). Another matter of short-read data is alignment issues,
including a mis-alignment problem and alignment failures in highly repetitive areas. Alignment
errors lead to high error rate in variant detection, while alignment failures result in low
sensitivity in difficult regions (Sedlazeck et al. 2018).

Long-read technologies and optical mapping



Long-read technologies have provided the opportunity to overcome challenges of short-
reads. An average length of 13.5Kb and 25Kb was achieved for PacBio and Oxford Nanopore
PromethION platforms respectively (Dohm et al. 2020; Wenger et al. 2019). The length of long
reads enabled confident mapping in difficult regions and increased the possibility of spanning the
variant breakpoints. Compared with Illumina short-reads, both sensitivity and specificity of SV
detection have been greatly improved for the long-read technologies (Sedlazeck et al. 2018;
Mahmoud et al. 2019). In addition, nested SVs and complex genome patterns like chromothripsis
could be better characterized with long-reads (Lei et al. 2020). The improvement of sequencing
accuracy to 99.8% in PacBio HiFi reads further increased the precision for small indel detection,
matching that of Illumina reads (Wenger et al. 2019). While long-read technologies have
improved whole-genome mapping and the power to accurately detect SVs, large insertions
remain to be a challenge when the variant size exceeds read length. In addition, mapping over
high repetitive domains still lacks confidence.

Optical mapping is another long-range platform that was developed to improve genome
assembly quality and SV calling. This approach creates optical images through marking a
specific sequence motif with fluorescent labels. The average molecule length of optical maps is
225Kb, which is almost 10 times longer than both long-read technologies (Shelton et al. 2015).
As aresult, it is superior in large variant characterization, and could capture mega-base level
insertions (Yuan, Chung, and Chan 2020). However, it does not resolve breakpoints at single-
nucleotide level and could not provide genomic sequences of the alternative form (Shelton et al.
2015). In addition, as the resolution for alignment depends on label density, sensitivity and
specificity for variant characterization varies across the genome.

Whole-genome comparison



The dramatic growth of sequencing technologies over the past decade has allowed us to
construct high-quality assemblies at a reduced cost in both resources and computation (Cheng et
al. 2021). We have observed remarkable improvements for contig assembly and scaffolding,
where assembly contiguity and accuracy have been increased by up to ~100 folds (Jayakumar et
al. 2020). With a combination of long-read sequencing and optical maps, we can potentially
overcome challenges in tandem repeats and heterozygosity and achieve a telomere-to-telomere
construction with fully resolved haplotypes (Miga et al. 2020; Cheng et al. 2021). Along with the
capability to rapidly generate genome assemblies, we have now entered a pan-genome era, where
multiple reference genomes are generated for a single species and integrated for comprehensive
studies (Bayer et al. 2020).

Theoretically, whole-genome assemblies could resolve the two main issues with the read-
mapping methods. First, as whole-genome assemblies have stored the information for genetic
variants among available genomes, and all forms of SVs including large insertions could be
captured. Second, whole-genome alignment greatly improves mapping in repetitive regions and
consequently increases the SV detection accuracy (Chakraborty et al. 2019). In addition,
comparative studies can be carried out among tandem repeat arrays when assemblies traverse
through these areas, which were previously regarded as the ‘dark matter’ among genomes (Liu et
al. 2020). Furthermore, a pangenome graph approach to integrate all the SVs across multiple
assemblies would lead to benefits in population-scale SV genotyping (Eggertsson et al. 2019).
However, to take advantage of the information embedded within whole-genome assemblies,
more tools need to be developed for comparative studies. In addition, the power of SV detection
depends on the assembly quality of the given input genomes, which is still challenging for

complicated genomes, especially regions that involve heterozygosity or tandem repetitiveness.



Inference of evolutionary trajectory from SVs

Despite the long history of structural variant characterization, single nucleotide
polymorphisms (SNPs) have been the major focus for population genetic studies. Evolutionary
inference with structural variants has been impeded by technical difficulties of full-spectrum SV
detection (Conrad and Hurles 2007). In addition, methods to integrate such datasets in population
genetics studies are still under exploration (Redon et al. 2006). Now, availability of high-quality
multi-genome assemblies has given us an opportunity to obtain a full set of SVs at population
level. Through analyzing the frequency of SVs and their distribution in population, we could
understand evolutionary processes related to the formation and persistence of these variants.

Like single-nucleotide mutations, SVs follow evolutionary trajectories (Mérot et al.
2020). Genomic structural variants can spread from a single genome to a population or even
across species through recombination, introgression, and gene drift (Conrad and Hurles 2007).
Upon their formation, variants experience selection and adaptation, which contributes to the
development of population stratification (Wellenreuther et al. 2019). In addition, clustered SVs
are associated with the establishment of haplotype blocks (Todesco et al. 2020), and could result
in linkage disequilibrium through recombination reduction (Mérot et al. 2020). These haplotype
regions can reflect demographic isolation and introgression or gene flow. Thus, investigation of
genomic variant distribution reveals population structure and provides insights into the traces of
introgression events. Comparison of SVs across populations could further enable a survey of
evolutionary history across the whole-genome and allow inference of archaic events (Almarri et
al. 2020). As this is still a relatively new area, we need to modify existing genomic methods and

implement new tools to enable such studies.



The subsequent content of this dissertation details our efforts to study genomic structural
variants along with the improvement of technologies and resources. We started the genomic
variant study primarily with short-reads in 2016, when Illumina sequencing was widely applied
for variant characterization due to its low cost and well-established pipelines. With the
significant advancement of long-read technologies in 2018, we started to recognize the necessity
of creating high-quality assemblies and employ them for structural variant detection and genome
evolution inference. Later in 2020, the release of genome assemblies for 26 maize lines provided
a remarkable resource for us to study genomic differences with whole-genome assemblies at
population level, and investigate the evolutionary of maize with inferring comparative genomic
architecture.

Chapter II is a published manuscript reporting the novel finding that biolistic
transformation could lead to a wide range of genomic outcomes, from simple insertions to
massive rearrangements. We employed short-reads, PacBio sequencing and optical mapping to
characterize the intactness of the transgene and the genomic changes of target plants. Chapter II1
is another published manuscript describing a method for the gapless assembly of maize
chromosomes. We developed an automatic approach to integrate the relative sequencing
advantages of PacBio and Oxford Nanopore, and created a highly contiguous assembly of maize.
Chapter IV details research aimed at inferring evolutionary history through comparing the
genomic structure across 26 maize inbred lines. We characterized the genomic variants across 26
lines, identified haplotypes and evolutionary strata, and interpreted the evolution history of Zea

through estimation of divergence time.
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CHAPTER 2
GENOME-SCALE SEQUENCE DISRUPTION FOLLOWING BIOLISTIC

TRANSFORMATION IN RICE AND MAIZE!

'Liu, J., Nannas, N. J., Fu, F. F., Shi, J., Aspinwall, B., Parrott, W. A., & Dawe, R. K. (2019). Genome-scale
sequence disruption following biolistic transformation in rice and maize. The Plant Cell, 31(2), 368-383.
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Abstract

Biolistic transformation delivers nucleic acids into plant cells by bombarding the cells with
microprojectiles, which are micron-scale, typically gold particles. Despite the wide use of this
technique, little is known about its effect on the cell’s genome. We biolistically transformed
linear 48 kb phage lambda and two different circular plasmids into rice (Oryza sativa) and maize
(Zea mays) and analyzed the results by whole genome sequencing and optical mapping. While
some transgenic events showed simple insertions, others showed extreme genome damage in the
form of chromosome truncations, large deletions, partial trisomy, and evidence of chromothripsis
and breakage-fusion bridge cycling. Several transgenic events contained megabase-scale arrays
of introduced DNA mixed with genomic fragments assembled by non-homologous or
microhomology-mediated joining. Damaged regions of the genome, assayed by the presence of
small fragments displaced elsewhere, were often repaired without a trace, presumably by
homology-dependent repair (HDR). The results suggest a model whereby successful biolistic
transformation relies on a combination of end joining to insert foreign DNA and HDR to repair
collateral damage caused by the microprojectiles. The differing levels of genome damage
observed among transgenic events may reflect the stage of the cell cycle and the availability of

templates for HDR.

Introduction

The creation of genetically modified crop lines through transformation is typically
performed using Agrobacterium-mediated gene transfer (Gelvin, 2017) or particle bombardment
(Klein et al., 1989). Both modes of transformation insert recombinant DNA in a random and

uncontrolled manner. Agrobacterium is viewed as superior because it often delivers complete
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gene constructs bounded by known left and right borders (Gelvin, 2017). The integration of
Agrobacterium transfer DNA (T-DNA) occurs at existing double strand breaks through the
activity of native polymerase theta and microhomology-mediated repair (van Kregten et al.,
2016). Despite its relative precision, most T-DNA insertions are at least dimers (van Kregten et
al., 2016) and many are composed of long arrayed multimers (Jupe et al., 2018; Krizkova and
Hrouda, 1998; Cluster et al., 1996). In addition, Agrobacterium transformation may result in
multiple T-DNA insertions at different locations, large deletions (Kaya et al., 2000; Takano et
al., 1997), chromosomal inversions, translocations, and duplications (Jupe et al., 2018; Zhu et al.,
2010; Clark and Krysan, 2010; Nacry et al., 1998; Takano et al., 1997; Anderson et al., 2016).
Biolistic transformation offers the advantage that it can deliver any form of DNA, RNA,
or protein (Altpeter et al., 2005; Shi et al., 2017; Svitashev et al., 2015; Gil-Humanes et al.,
2017), a property that has been exploited to facilitate gene editing technologies (Belhaj et al.,
2015; Liang et al., 2017; Begemann et al., 2017; Altpeter et al., 2016). When conditions for
biolistic transformation are carefully calibrated, the results can be comparable to Agrobacterium-
mediated transformation in terms of transformation efficiency and transgene copy number
(Jackson et al., 2013; Lowe et al., 2009). Biolistic transformation is also free of the constraints
associated with Agrobacterium-host plant interactions. Unaltered BAC sequences larger than 100
kb (Ercolano et al., 2004; Phan et al., 2007) and an intact linear 53 kb molecule (Partier et al.,
2017) have been integrated into plants by biolistic methods. Similarly, very long PCR products
containing >100 kb of a simple repeating structure (ABS arrays) were co-bombarded with a
selectable marker plasmid to create maize transgenics with inserts ranging from ~200 to 1000 kb
in size (Zhang et al., 2012). However, transgene copy number following biolistic transformation

can be very high (depending on the amount of DNA delivered into cells (Altpeter et al., 2005))
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and very little is known about the process or mechanism of insertion following biolistic
transformation. Prior literature based primarily on DNA gel blots indicates that sequence
breakage and reassembly is common (Shou et al., 2004; Makarevitch et al., 2003; Svitashev et
al., 2002; Pawlowski and Somers, 1998, 1996). The only detailed sequence-level analysis of
transgenes following biolistic transformation revealed a few large fragments and many small
shattered pieces, with 50 of 82 insertions being less than 200 bp in length (Svitashev et al.,
2002). These limited sequence data suggest there may be unexpected and severe genomic
consequences associated with biolistic transformation.

As a means to better understand the mechanistic underpinnings of biolistic
transformation, we transformed linear and circular DNA molecules into rice (Oryza sativa) and
maize (Zea mays sp mays) and subjected the lines to whole genome sequencing and analysis. The
data revealed a wide spectrum of insertions and outcomes, from simple insertions to
extraordinarily long shattered arrays. Multiple forms of genome damage were observed,
including chromosome breakage and shattering and extreme copy number variation. We also
found evidence of homology-directed repair (HDR) at sites that had been damaged during
transformation. The data indicate that transformation involves both damage to the genome and
fragmentation of the input DNA, creating tens to thousands of double stranded breaks that are
repaired by end-joining and HDR in ways that can either create simple insertions or cause large

structural changes in the genome.

Results

General assessments of the genomes after co-bombardment with lambda and plasmid
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We biolistically transformed 48 kb linear lambda phage DNA (Casjens and Hendrix,
2015) and appropriate selectable marker plasmids into rice and maize using a 2-fold (rice) or 4-
fold (maize) molar excess of lambda. All sequence analyses were carried out on genomic DNA
extracted from cultured callus tissue to obtain an unvarnished view of the transformation
process; however three of the rice lines and all of the maize lines were also regenerated to plants
(Table S2.1). After screening the transformed callus by PCR to confirm the presence of lambda,
we sequenced 14 rice lines and 10 maize lines at low coverage. The data revealed that over a
third of the rice events contained less than one copy of lambda while the remaining two-thirds
contained approximately 1 to 43 copies (Table S2.1, where copy number is a sequence coverage
value, and does not imply that any single lambda is intact). The maize transgenic events showed
a similar wide range from approximately 1 to 51 copies (Table S2.1). The selectable marker
plasmids were observed at lower abundances reflecting their lower representations during
transformation.

To interpret the distribution and structure of the insertions, eight rice lines and four maize
lines were sequenced at 20X coverage by 75 bp paired-end Illumina sequencing (Table 2.1). The
data were then interpreted using SVDetect, which employs discordant read pairs to predict
breakpoint signatures through clustering (Zeitouni et al., 2010), and Lumpy, which uses
discordant read pairs and split reads to determine SV types by integrating the probabilities of
breakpoint positions (Layer et al., 2014). The paired end Illumina reads were aligned to the rice
or maize reference genomes with the complete lambda and plasmid sequences concatenated as
separate chromosomes. Insertions were detected as inter-chromosomal translocations between
lambda, plasmid and genome, whereas rearrangements were identified as intra-chromosomal

translocations. Based on simulations using in silico modified forms of rice chromosome 1 with
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randomly inserted lambda/chromosomal fragments, we estimate that our approach identifies
about 84% of the breakpoints involving lambda and about 66.5% of the junctions involving two
chromosomes but no lambda (Table S2.2).

The sequence data also allowed us to identify deletions and duplications of genomic
DNA by changes in read depth as assayed by CNVnator (Abyzov et al., 2011). Unique
breakpoints and regions showing copy number variation were plotted using the Circos
chromosome visualization software (Figure 2.1 and Figure S2.1 and 2.2). We found a wide range
of sequence complexity, ranging from simple insertions to long complex arrays and massive

genome-scale disruptions.

Simple low-copy insertions

Four rice lines and two maize lines had one or few insertions and otherwise did not show
evidence of genome damage (Figure 2.1, Figure S2.1 and 2.2). In these events, there were fewer
than 40 detected breakpoints between lambda, plasmid and chromosomes (Table 2.1), and there
were small chromosomal deletions of less than 20 kb around insertion sites (Figure 2.1, Figure
S2.1 and 2.2). For example, in rice A-1 there is a 27 kb insertion composed of rearranged lambda
(5.8 kb) and plasmid (21.2 kb) fragments in a region of chromosome 8 that has sustained an 18
kb deletion. Similarly, maize A-1 contains 86.3 kb of combined lambda and plasmid DNA in
chromosome 9 with no deletion at the point of insertion, and rice A-4 (discussed in detail below)
contains a long array of lambda and plasmid fragments in chromosome 2 and a small 9 bp
deletion at the site of insertion. In these and other cases of simple insertions, there was no other

evidence of chromosome truncation or duplication as judged by read depth.
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Creation of long arrays

Several transformants had large amounts of lambda DNA. Rice A-4 is the simplest of
these, with lambda junctions involving three genomic locations (chromosome 2, 9 and 12), and
no other evidence of genome damage (Figure 2.1A, 2.1E). As assayed by sequence coverage and
SV estimates, this event contains the equivalent of 37 copies of lambda broken into a minimum
of 552 pieces. Local sequence assembly indicated that the apparent insertions in chromosome 9
and 12 are small sections of chromosomal DNA flanked on both sides by lambda fragments.
Two fragments of chromosome 9 are 102 and 464 bp in length, and one fragment of
chromosome 12 is 108 bp in length (see examples in Figure 2.2, Figure S2.3). In contrast, on
chromosome 2, the assemblies revealed two simple lambda-genome junctions. These data
suggest that rice A-4 has a large insertion on chromosome 2 and that small sections of
chromosome 9 and 12 are intermingled within it. Analysis of 23 self-cross progeny from rice A-4
supported this view showing that the fragments of chromosome 9 and 12 and the junctions on
chromosome 2 are genetically linked (Figure S2.3B).

To confirm our interpretation of the rice A-4 event, we analyzed the original TO plant by
Bionano optical mapping, where long DNA molecules were fluorescently labeled at the
restriction site BspQI, imaged, and assembled into megabase-scale restriction map contigs (Udall
and Dawe, 2017). The data revealed no insertions on chromosome 9 or 12, but an unequivocal
large insertion on chromosome 2 at the location predicted. There are two assemblies over this
region, one for the wild type chromosome 2 and one showing an insertion of at least 1.6 Mb
containing novel sequence. The 48-kb lambda molecule contains six BspQI sites in a distinctive
pattern. However, Bionano alignment software failed to detect any similarity between lambda

and the BspQI recognition pattern within the array on chromosome 2, as expected if lambda
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molecules were broken and rearranged. To more accurately assess the internal structure of the
array, we sequenced a T1 plant that was homozygous for the insertion on chromosome 2 at 25X
coverage using PacBio technology. A total of 1810 (45280/25) lambda fragments ranging in size
from 31 to 11387 bp were identified. Over 96% of the lambda fragments were less than 2kb with
a mean fragment size of 410 bp (Figure 2.2C).

Evaluation of breakpoint junctions provided information on the mechanisms of repair that
operate to create long arrays (Figure S2.4A). The two major forms of non-homologous repair are
nonhomologous end joining (NHEJ), which is typified by blunt end junctions and short
insertions (Pannunzio et al., 2017), and microhomology-mediated end joining (MMEJ), which is
characterized by junctional microhomology of at least 5 bp (McVey and Lee, 2008).
Computational analyses of the junctions in rice and maize transgenic events revealed blunt-end
connections (25%), short insertions varying in size from 1 to 80 bp (21%) and junctions
displaying microhomology in the range of 1-4 nucleotides (50%) and 5-25 nucleotides (4%),
suggestive of both NHEJ and MMEJ (Figure S2.4B). It is also possible that some of the longer
insertions were an outcome of synthesis-dependent strand annealing (SDSA), an alternative form
of homology directed repair pathway (HDR, see below). The four relative orientations of lambda
fragments (tail-head, tail-tail, head-tail, and head-head), were nearly uniformly distributed
(Figure S2.4C) as expected for a random rejoining process. We also investigated whether the
natural overlapping single stranded ends of lambda (the 12-bp cos sites (Casjens and Hendrix,
2015)) may have played a role in multimerization. The data showed that five rice lines and three
maize lines contained a single annealed cos site; a low frequency that supports the view that

homology-based annealing and ligation have minor roles in the assembly of broken fragments.
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Evidence of HDR

A second major form of repair is homology-directed repair (HDR) where double stranded
breaks are seamlessly corrected using undamaged homologous molecules such as sister
chromatids as templates. If a segment of the genome is broken away and not repaired, we expect
to find a deletion at the original coordinates, whereas if the damaged region is repaired by HDR,
we expect to find no evidence of damage at the original coordinates. Incorporation of a displaced
fragment at a new location followed by repair of the original site will result in a total of three
copies of the region affected.

The analysis of rice A-4 revealed that small sections of chromosome 9 and 12 were
included in a long array of lambda fragments but that there were no changes from wild type
where the original damage occurred (as assayed by optical mapping, Figure 2.2A). We also
analyzed the coordinates surrounding the affected sites on chromosomes 9 and 12 (plus or minus
1 Mb) for a clustering of discordant reads or significant changes in read depth and found no
evidence of sequence disruption. Further, PCR analysis of the TO line revealed no evidence of
small deletions at these coordinates. These data are consistent with a model where chromosome
2 and 9 were damaged, broken fragments were included in the assembly of the long chromosome
2 array, and the damaged chromatids were repaired by HDR.

To determine if HDR had occurred in any of the other lines assayed, we identified 78
additional displaced genomic fragments in 4 rice events and 4 maize events. We then
systematically checked for increases in read depth and clusters of discordant reads that map to
the native locations of these displaced fragments. The data provide evidence of HDR in 3 rice
events and 3 maize events (Table S2.3, 2.4). For example, a 110 bp displaced fragment from

chromosome 1 and a 69-bp fragment from chromosome 9 in rice A-5, both flanked by lambda
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pieces, exhibited increased sequence coverage by 50% and no apparent deletions at the original
coordinates (Figure 2.3). While most of the displaced genomic fragments in lambda arrays were
on the order of a few hundred bases, we also found evidence of breakage and repair among the
chromosomes on a larger scale (Table S2.3, 2.4). For example in rice A-8, a 21 kb and a 34 kb
region from chromosome 2 were broken away, connected by a small fragment from lambda and
reinserted in the genome, followed by repair at the original locations. This resulted in duplication
regions clearly visible by read depth (Figure 2.3B). The limits on the size of a deletion that can
be repaired by HDR are not known, but in animals HDR can be used to incorporate new (knock-
in) constructs as large as 34 kb (He et al., 2016).

It is formally possible that some of the displaced fragments are an outcome of SDSA
(Gorbunova and Levy, 1997). SDSA occurs when one strand from a double stranded break
invades an intact DNA molecule and begins to initiate DNA synthesis, but is then released and
processed by end joining (Verma and Greenberg, 2016). Under this model the DNA scored as
displaced would actually have been copied from an undamaged location. However, SDSA events
tend to be short (<50 bases; (Kleinboelting et al., 2015)) and this mechanism probably cannot
explain the longer displaced regions we have observed (13 are larger than 1 kb, Table S2.3, 2.4).
The fact that the majority of displaced fragments are associated with deletions at the original

location is also tends to favor the HDR model over the SDSA model.

Deletions and evidence of breakage-fusion-bridge cycling
Copy number profiling provided evidence for many deletions ranging in size from 3.5 kb
to 11.9 Mb in rice and 115 kb to 62 Mb in maize. Deletions and duplications/triplications greater

than 1 Mb were found in four rice events and three maize events (Figure 2.1E, Figure S2.2B).
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Deletions were particularly common around transgene insertions and at the ends of
chromosomes, and the majority were associated with the presence of lambda or plasmid DNA,
indicating that the breaks occurred as a consequence of the transformation process. Deletions that
appeared to have no connection with lambda or plasmid may either reflect our imperfect (84%)
ability to detect such junctions, or identify regions that were damaged and repaired without the
involvement of introduced DNA. No deletions were observed in the single non-transformed rice
callus line used as a control.

Chromosome breakage is expected to yield a double stranded break that is repaired by
ligation to an introduced DNA molecule or to another broken chromosome. The fusion of two
different chromosomes can cause the formation of a dicentric chromosome that is unstable
during mitosis. When the centromeres on a dicentric chromosome move in opposite directions
during anaphase, the pulling forces cause a re-breaking of the chromosome that initiates a
breakage-fusion-bridge (BFB) cycle that may repeat for many cell divisions (Storchové and
Kloosterman, 2016; McClintock, 1942; Zakov et al., 2013). The BFB cycle can lead to local
duplications and higher order expansions (Mardin et al., 2015; Campbell et al., 2010).
Chromosomes 4 and 7 in rice A-8 show complex rearrangements and evidence of trisomy (Figure
2.4) that is consistent with errors at the level of chromosome segregation. Copy number gains
were observed on chromosome 6 in maize A-4, where the amplified regions are adjacent to a
terminal deletion (Figure 2.4D). At least two inversions of 3.9 Mb and 2.8 Mb were found in the
amplified area. Read depth increases adjacent to a terminal deletion were also found on
chromosome 9 in maize A-3, where the amplified region displayed switches from 2 to 6 copies

(Figure 2.4C).
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Shattering and chromothripsis-like outcomes

Animal cells sustaining chromosome loss or breakage undergo a process known as
chromothripsis that results in complex genomic rearrangements in localized areas, generally
consisting of tens to hundreds of small pieces (Korbel and Campbell, 2013; Stephens et al.,
2011). The reassembly process involves a reshuffling and loss of sections of the genome. Instead
of uniform coverage, a region that has undergone chromothripsis shows oscillations from the
normal copy number state of two to a copy number state of one (haploid) and occasionally three
(triploid) in the context of numerous rearrangements. Analysis of the rice and maize transgenic
events revealed similar oscillating copy number states in regions surrounding what appear as
“impact sites” on Circos displays: large areas of genome damage with multiple lambda and
plasmid fragments.

We found particularly complex rearrangements with copy number oscillations and
interspersed lambda and plasmid fragments in three rice events. In rice A-7, broken fragments
(44bp to 7858bp) from localized regions of chromosome 3, 5, 6, 7, 9 and 11 were interlinked
along with lambda and plasmid fragments in inverted and non-inverted orientations (Figure 2.1B,
2.1C, 2.1D, Figure S2.5). These patchwork assemblages are presumably integrated into one or a
few arrays. The damage imparted during transformation caused large swathes of the same
regions on chromosomes 3, 5, 6, 7, 9 and 11 to be deleted. The combination of retained displaced
fragments and deletions results in oscillating patterns between 1 and 2 copy number states
(Figure 2.1C, 2.1D). Higher order oscillation patterns were identified in rice A-8, where
numerous fragments from chromosome 1 were linked with segments of chromosome 2, 4, 7, 9
and 11 in what is likely another complex array (Figure 2.4A). However in this case the read

depth data indicate that the damaged regions of chromosome 1 were repaired by HDR. The
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combination of retained displaced fragments and repaired regions result in oscillating patterns
between 2 and 3 copy number states (Figure 2.4B).

Similar results were found in three maize events where large deletions and duplications
occurred. The sensitivity of our assay is significantly lower in maize because of the high repeat
content and necessity of using only perfectly mapped reads. Although we can only detect a
fraction of the rearrangements present, the linking patterns between displaced genomic segments
and lambda and plasmid is obvious (Figure 2.4C, 2.4D and Figure S2.2A). For example, maize
A-4 shows lambda and plasmid within an inter-chromosomal network including sections of

chromosomes 1, 5, 6, 7, and 9, as well as evidence of copy number switching (Figure 2.4D).

Similar genome scale disturbances in single plasmid transformations

We were concerned that the linearity of lambda or the high concentration of DNA used
when transforming lambda may have led to new or extreme forms of genome damage. To test
whether this was the case, we transformed rice with circular plasmids designed to knockdown
(pPANIC10A-OsFPGSI) or overexpress (pANIC12A-OsFPGS1) folylpolyglutamate synthetase 1
(chosen for its presumptive role in regulating lignin content). Approximately 125 ng of DNA
was delivered to 100 mg of callus tissue per shot, which is considerably lower than the 585 ng of
DNA delivered for lambda. In addition, we only sequenced the genomes of fully regenerated
plants in these experiments.

The rice lines transformed with single plasmids showed a narrower span of transgene
copy numbers (ranging from 0.5 to 12.3X, Table S2.5), consistent with the lower amount of
DNA used in transformation (Lowe et al., 2009). However, the genome-level damage (average

inter- and intra-chromosome breakages, 17.9) was nearly identical to what we observed for the
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lambda transformation experiments (19.5 for rice and 17.8 for maize). In general, while there is a
natural relationship between transgene copy number and the number of junctions between the
plasmid or lambda and the genome (the transgenes must insert somewhere) the copy number of
the transgene was not correlated with the level of collateral damage at other genomic sites. Lines
with one copy of the transgene are just as likely to have sustained damage elsewhere in the
genome than lines with multiple copies (Figure 2.5E).

As in the lambda experiments, single plasmid transformations caused large-scale
deletions, inversions, duplications consistent with BFB, and rearrangement patterns indicative of
chromothripsis-like processes (Figure 2.5, Figure S2.6 and 2.7). For example, in event 12A-6,
chromosome 4 sustained a large deletion and the remainder of the chromosome was duplicated to
create a region of partial trisomy (Figure 2.5D). Evidence of alternating copy number states was
found on chromosome 1 in event 10A-6 (Figure S2.6B), and chromosome 8 in event 12A-3

(Figure S2.7B).

Discussion

Here we provide data showing that biolistically transformed rice and maize plants contain
a wide diversity of transgene copy numbers ranging from a fraction of a single copy to as many
as 51. While it is known that lowering the amounts of input DNA (<1 ng/kb of input DNA per
shot) can result in more single copy insertions (as high as 54% in maize (Lowe et al., 2009)),
single copy insertions are also commonly observed when higher amounts of input DNA are used
to improve transformation efficiency (~10 ng/kb of input DNA per shot; e.g. (Raji et al., 2018; Li
et al., 2016)). Seven of the 24 events we analyzed had less than 1.5 copies of the plasmid by read

depth (Table 2.1, Table S2.5). Our expectation based on prior work was that lines with multiple
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transgenes would contain complex arrays of broken and rearranged plasmids (Register et al.,
1994; Gorbunova and Levy, 1997; Kohli et al., 1999; Svitashev et al., 2000; Makarevitch et al.,
2003; Jackson et al., 2001; Shou et al., 2004). Key among the early studies was work from the
Somers lab (Makarevitch et al., 2003; Svitashev et al., 2002) showing that plasmids transformed
biolistically are frequently broken into small (<100 bp) pieces and scrambled with genomic
segments. Our results strongly support these interpretations, illustrated most vividly by our
analysis of the long lambda array in rice A-4, which contained total of 1810 lambda fragments
ranging in size from 31 to 11387 bp (Figure 2.2C). The Somers group further speculated that
DNA was broken randomly and rejoined at blunt ends often containing microhomology
(Svitashev et al., 2002). Our more extensive analysis implicates NHEJ as the primary mechanism
for rejoining broken fragments and that MMEJ and perhaps SDSA is involved as a secondary
pathway.

In addition to confirming the broken and rearranged fate of transgenes following biolistic
transformation, we found massive genome rearrangements on a scale that would have been
difficult to anticipate. Our focus on callus tissue gave us a perspective on the outcome of
transformation than might not have been visible had we worked entirely with regenerated plants.
Callus is known to tolerate chromosome instability (Lee and Phillips, 1988) and is presumably
more tolerant of mutations than differentiated tissue. Likewise, our use of long linear molecules
allowed us to visualize DNA rearrangements with greater ease than would have been possible
with plasmids alone. Nevertheless the same types of breakages and copy number variation were
observed with single plasmid transformants assayed in regenerated plants. Most of the major
events were associated with fragments of introduced DNA, implicating the microprojectiles

themselves as the primary mutagens. Such damage is to be expected, as the 0.45 um gold beads
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used for rice transformation are about a quarter of the diameter of a rice nucleus (about 2 um
(Jones and Rost, 1989)) and 225 times larger than the diameter of DNA. When the genome is
damaged in this manner, it can be repaired in one of three ways (Figure 2.6):

1) Repair can occur by homology-directed repair such that the damaged region is completely
restored to its original state (Figure 2.6D).

2) Repair can occur by NHEJ or MMEJ, where the end of any other broken DNA molecule is
used as a substrate. Broken fragments of introduced DNA are a likely substrate particularly
when they contain markers that are under selection. The other end of the newly joined
fragment may then be ligated to a second fragment of introduced DNA or to another
segment of the genome. If this process culminates by reconnecting the two pieces of the
original chromosome, the result will be a “simple insertion” containing a variable number
of conjoined foreign DNA fragments (Figure 2.6A).

3) Repair can be initiated by the process above but not culminate in the reconstitution of the
original chromosome. The break may not be repaired at all or it may culminate in
connecting of two different chromosomes. In this case there can be severe genomic
consequences including large terminal deficiencies, chromosome fusion and BFB cycling,
and more complex events resembling chromothripsis (Figure 2.6B, 6C). These dramatic
chromosomal rearrangements are a natural outcome of the same processes that are used to
create a simple insertion.

The stage of the cell cycle may have a significant impact on the outcome of biolistic
transformation. Data from non-plant systems indicate that while NHEJ is active throughout
interphase, it is particularly important in G1. In contrast, HDR is more likely in S and G2 phases

after DNA replication has provided additional templates for repair (Heyer et al., 2010; Ceccaldi
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et al., 2016; Karanam et al., 2012). Simple insertions may be more probable when the cell is
transformed in S or G2 so that NHEJ can insert the foreign DNA while HDR serves to repair
extraneous damage. Simple insertions may also be an outcome of transformation during mitosis
when chromosomes are distributed in the cytoplasm. DNA introduced during metaphase or
anaphase might find its way into newly-forming telophase nuclei, and subsequently be inserted
into the genome as consequence of routine DNA repair (similar to T-DNA (van Kregten et al.,
2016)).

When chromosomes are broken in G1, deletions and translocations are to be expected.
We observed many examples of chromosomes that were missing large terminal segments of
chromosome arms (Figure 2.1B, 2.3A, 2.4C, 2.4D, and 2.5C, 2.5D). The formation of a stable
truncated chromosome requires that the end be healed by formation of a telomere which is a
process that occurs over a period of cell divisions (McClintock, 1941; Chabchoub et al., 2007).
In the period when there is an unattended double strand break without a stable telomere, the
break is likely be repaired by NHEJ using any other broken chromosome. As famously described
by Barbara McClintock (McClintock, 1941), the fusion of broken chromosomes can initiate a
breakage-fusion-breakage (BFB) cycle and amplification of genome segments on the affected
chromosomes. In several cases we observed copy number states of 4, 5 and 6 that are difficult to
explain by any other mechanism. We also observed partial and fully trisomic chromosomes
(Figure 2.4A, 2.5D). Such large-scale chromosome abnormalities may also be the result of the
tissue culture process itself (Lee and Phillips, 1988), and we cannot rule out the possibility that
some of the chromosomal changes were either present before transformation or occurred after

transformation. However, for most of the large duplications and deletions we observed, there was
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either evidence of inserted foreign DNA or evidence that the lost DNA had been fragmentation
and rejoined with foreign DNA.

In addition, our analyses revealed extreme shattering and chromothripsis-like outcomes.
Chromothripsis was originally described as a process whereby “tens to hundreds of genomic
rearrangements occur in a one-off cellular crisis (Stephens et al., 2011).” Our data meet this
definition in a descriptive sense but the biological underpinnings are presumably different. For
cancer lines, the simplest model (as it relates to our study, for other models, see (Rode et al.,
2016)) requires that a chromosome be partitioned from the primary nucleus, generally as a result
of an error in chromosome segregation that leaves it stranded in the cytoplasm (Zhang et al.,
2015). The resulting micronuclei show aberrant DNA replication (Leibowitz et al., 2015; Crasta
et al., 2012; Zhang et al., 2015) and appear to have fragmented chromatin (Crasta et al., 2012).
The partially degraded chromatin can then be reincorporated into the primary nucleus where it is
evident as broken and reassociated fragments (Rode et al., 2016). Recent data indicate that when
plants sustain errors in chromosome segregation, they too show evidence of chromosome
fragmentation with oscillating copy number states confined to single chromosomes (Tan et al.,
2015). In contrast, our biolistically transformed lines are not expected to undergo regular loss of
chromosomes during cell division. It is possible that microprojectiles severely damage nuclei
such that portions of the genome are released into the cytoplasm. Another plausible explanation
is that acentric fragments formed during the repair process (Figure 2.6B, 2.6C) are lost during
anaphase, become partially degraded, and are reincorporated into a nucleus during a subsequent
cell division.

Taken together our data help to explain the long nearly continuous arrays of 156 bp

repeats we observed following biolistic transformation of PCR products in maize (Zhang et al.,
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2012). At the time we were unable to determine whether the long PCR products had been
transferred intact or were broken and reassembled in planta. Based on the data here it seems
more likely that the PCR products were fragmented and reassembled by NHEJ to create the
observed long arrays. While we did recover simple low copy insertions, the conditions used were
not ideal for recovering this type of event at high frequencies. Researchers wishing to do so
would be well served to lower the amounts of DNA and consider employing linearized plasmids
or amplified fragments that are more likely to be inserted at low copy numbers (Fu et al., 2000;
Tassy et al., 2014). Constructs as long as 53 kb have been recovered with careful selection for
low copy inserts (Partier et al., 2017) although this kind of success is rare.

From a product development perspective, genomic rearrangements were initially
considered to be a food/feed safety hazard (Kessler et al., 1992). To put this hazard in
perspective, Anderson et al (Anderson et al., 2016) noted that the genomic rearrangements from
Agrobacterium-mediated transformation were an order of magnitude lower than those created by
fast-neutron mutagenesis. In turn, rearrangements from fast-neutron mutagenesis were an order
of magnitude lower than the standing genomic structural variations in the cultivated soybean
germplasm pool, all of which has a history of safe use. The frequency of rearrangements from
biolistic transformation may be more comparable to that induced by fast neutrons. Regardless, as
of yet, there is no evidence that a genomic rearrangement has compromised the safety of a plant
used as food (Weber et al., 2012), though its agronomic performance can be compromised. Since
poor agronomic performance is not tolerated in modern cultivars and hybrids, there is a rigorous
selection process that eliminates deleterious mutations during the breeding process (Glenn et al.,

2017).
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From a research perspective, such rearrangements may be acceptable in some cases,
while in others it may be necessary to consider that undetected rearrangements could be
influencing the phenotype. Gene editing applications are a special case where the intent is
usually to make a single precise change. Although there is great appeal in directly introducing
Cas9 ribonucleoproteins (Liang et al., 2017) and repair templates (Altpeter et al., 2016) for this
purpose, our data suggest that there is strong likelihood that the delivery method itself will cause
unintended genome damage. Until new transformation methods become available, the
Agrobacterium-based methods that have been in regular use for decades (Gelvin, 2017) remain

the superior alternative in terms of minimizing genome rearrangements.

Methods
Rice transformation

Rice (Oryza sativa) variety Taipei 309 was transformed as described previously using
0.45 um gold beads (Phan et al., 2007). For the lambda experiments, we mixed 33 ng of the 5839
bp plasmid pPvUbi2H (Mann et al., 2012) which confers hygromycin resistance and a two fold
molar excess (552 ng) of purified lambda DNA cI857 (New England Biolabs #N3011S). This
equates to 5.6 ng/kb of plasmid DNA per shot and 11.0 ng/kb of lambda per shot. After
screening for lambda by PCR (forward primer 5’-GACTCTGCCGCCGTCATAAAATGG and
reverse primer 5’-TCGGGAGATAGTAATTAGCATCCGCC), 14 callus lines were chosen for
sequence analysis. Three of these callus lines were regenerated to mature rice plants (Table
S2.1).

The plasmids pANIC10A-OsFPGS1 (17603 bp) and pANIC12A-OsFPGS1 (17501 bp)

are based on the pANIC backbone (Mann et al., 2012) with inserts designed to silence or
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overexpress folylpolyglutamate synthetase. In these experiments only plasmid DNA was used,
delivering ~125 ng per shot. This equates to 7.1 ng/kb of plasmid per shot. All 12 lines were
regenerated to plants.
Maize transformation

Biolistic transformation of the maize (Zea mays) inbred Hi-II was performed by the lowa
State University Transformation Facility (Ames, [A) as previously described using 0.6 pum gold
beads (Frame et al., 2000). To achieve a four molar excess of lambda DNA, we mixed 20 ng of
the 7121 bp plasmid pBAR184 which confers resistance to glyphosate (Frame et al., 2000) and
528 ng of purified lambda DNA cI857 (New England Biolabs #N3011S). This equates to 2.8
ng/kb of plasmid DNA per shot and 11.5 ng/kb of lambda per shot. Ten callus lines were
screened for lambda by PCR (forward primer 5’-GACTCTGCCGCCGTCATAAAATGG and
reverse primer 5’-TCGGGAGATAGTAATTAGCATCCGCC) and subjected to sequence
analysis. All of these lines were later regenerated to mature maize plants (Table S2.1).
Library preparation and sequencing

DNA was extracted by the CTAB method (Clarke, 2009) and libraries were prepared
using KAPA Hyper Prep kit and KAPA Single-Indexed Adapter kit for [llumina Platforms
(KAPA Biosciences, KK8504 and KK8700). For the lambda experiments, 14 rice and 10 maize
lines were skim sequenced at low coverage (~1x) using Illumina NextSeq PE35. Of those, eight
rice and four maize lines were chosen for deeper sequencing using Illumina NextSeq PE75,
achieving an average coverage of 20X for rice and 15X for maize. For plasmid experiments, six
lines each transformed with either pANIC10A-OsFPGS1 or pANIC12A-OsFPGS1 were

sequenced with [llumina NextSeq PE75 at ~20X.
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Copy number calculation

The lambda and plasmid sequences were added to the rice (Kawahara et al., 2013) and
maize reference genomes (Jiao et al., 2017) as separate chromosomes to construct concatenated
genomes, which were then used as references for read alignment by BWA-mem (version 0.7.15)
with default parameters (Li, 2013). For skim-sequenced lines, the mean coverage of
lambda/plasmid and genome in each event was estimated as the division of the the total number
of reads mapped to individual sequences by their respective genome sizes. For lines sequenced at
high coverage, the average read depth of lambda/plasmid and genome was calculated as the
mean of per-base coverage analyzed by bedtools (version 2.26). The copy number of
lambda/plasmid was then derived by multiplying the mean coverage by two, considering that the
insertions are heterozygous in diploid genomes.
SV calling

After adapter trimming by trimgalore (version 0.4.4) and quality checking by fastqc
(version 0.11.3) at default settings, reads were aligned to the rice/maize concatenated genomes
where lambda and plasmid sequences were added as separate chromosomes, using BWA-MEM
(version 0.7.15) with default parameters. PCR duplicates were removed by Picard’s
MarkDuplicates (version 2.4.1) and MAPQ filter of 20 was applied. The output BAM files were
analyzed for structural variants by SVDetect (version 0.7) (Zeitouni et al., 2010) and Lumpy
(version 0.2.13) (Layer et al., 2014) to call inter-chromosomal translocations and intra-
chromosomal translocations. For SVDetect, step length and window size were calculated
separately for each sample and structural variants supported by fewer than two reads were
filtered. For Lumpy, the mean and standard deviation of insert sizes were calculated for each

sample, with two reads set as minimum weight for a call and trim threshold set as 0. For intra-
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chromosomal translocations, the read cutoff for both Lumpy and SVDetect was set at 3 to
increase accuracy. Structural variants in each event called (from both Lumpy and SVDetect)
were filtered against those of wild type and the other events with an in-house script. Unique
breakpoints were manually inspected with IGV (version 2.3.81) and plotted with Circos (version
0.69) (Krzywinski et al., 2009).
Data simulation

We performed four sets of simulations by embedding shattered and reshuffled fragments
from lambda or other chromosomes into the rice reference chromosome 1 sequence at random
sites (Table S2.2). Subsequently, a heterozygous diploid genome was constructed by
concatenating the modified chromosome with reference chromosome 1. Paired-end Illumina
reads were then simulated by ART (version 2.5.8) (Huang et al., 2012) at coverage 10X. For
ART, the Illumina sequencing system was set as NextSeq 500 v2 (75 bp), average fragment size
and standard deviation were set to 300 and 80 bp respectively. The inter- and intra- chromosomal
translocations in each simulated data set were then identified with the SV calling pipeline
described above. The output of Lumpy and SVDetect was compared with the simulated data to
assess detection performance.
Junction assembly and validation by PCR

Reads that support lambda-genome junctions identified by both SVDetect and Lumpy
were assembled by SPAdes (version 3.10.0) (Bankevich et al., 2012) with default parameters.
The output sequences were aligned against to the reference genome with NCBI BLAST (version
2.2.26) at default parameters and used as templates for primer design. The BLAST output of all

rice events transformed with lambda was then subjected to analyzing microhomology at junction

38



sites and identifying relative orientations between ligated fragments with an in-house script.
Selected products of PCR were sequenced and aligned to the assemblies.
Copy number variation detection

CNVnator (version 0.3.3) (Abyzov et al., 2011) was employed to call copy number
variation on BAM files where mapping quality was set to be at least 20. The bin sizes for rice
and maize genomes were set at 500 and 5,000 bp respectively. The CNVnator output was filtered
by removing calls with q0 > 0.5 and evall > 0.01 using an in-house script. We declared copy
number variation as a deletion if the copy number in specific sample is between 0.5 and 1.5, and
at least 0.5 lower than that in wild type and all other samples (unaltered regions are expected to
have copy numbers between 1.5 to 2.5). We declared copy number variation as duplication if the
copy number in specific sample is between 2.5 and 10, and at least 0.5 higher than in wild type
and all other samples. Copy number variations in non-repetitive regions where breakpoints were
identified were further inspected using IGV.

It is possible that some of the callus samples were chimeric and contained tissue from
more than one independent transformation event. Using our filtering pipeline, if a callus sample
contained two deletion events in roughly equal proportions we might have detected both, but if
the proportions were not equal the less abundant one would most likely not have be detected. We
would be unlikely to detect duplications if they were chimeric.

Bionano optical mapping

High molecular weight DNA was prepared from rice A-4 young leaf tissue using the
IrysPrep Plant Tissue DNA Isolation Kit (RE-014-05) and labeled with Nt.BspQI using the
IrysPrep NRLS labeling kit (RE-012-10). Data were collected at the Georgia Genomics and

Bioinformatics Core facility on a single BioNano IrysChip at 80X coverage with an average
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molecule length of 248 kb. The raw data were assembled with IrysView software (version 2.5.1)
set to “optArgument human”, resulting in 501 BioNano genome maps with an N50 of 1.050
Mbp. The genome maps were then aligned to an silico-digested BspQI cmap of the rice
Nipponbare reference genome. Overall alignment was excellent, yielding a “Total Unique
Aligned Len / Ref Len” value of 0.946, which exceeds the general recommendation of 0.85
(Udall and Dawe, 2017). Potential SVs were identified using Bionano Solve software (version
3.0.1) and analyzed individually by eye. In addition to the large insertion on chromosome 2, the
SV calling software identified several other regions with small (<100 kb), potential insertions in
the rice A-4 sample relative to the Nipponbare reference (Chr3: 31,097,744, Chr12: 20,548,710,
Chrl: 2,287,999, Chr3: 13,461,815, Chr3: 16,548,253, Chr6: 3,287,514, Chr7: 22,897,940). As
none of these correspond to the coordinates of lambda or plasmid junctions identified by
sequence analysis, they may either represent differences between the Taipei 309 line (used for
transformation) and the Nipponbare reference, errors in either assembly, or small insertions
caused by biolistic transformation but not involving lambda or the plasmid.
PacBio sequencing and analysis

High molecular weight DNA was prepared using a modified CTAB method (Healey et
al., 2014) from young leaf tissue. The single plant was one of the 23 progeny from the original A-
4 transformant and was homozygous for the large insertion on chromosome 2. The PacBio
library was prepared following SMRTbell library guidelines. The library was sequenced with
three SMRT cells to generate 10.32 Gb of long reads with N50s ranging from 16-18 kb.
Consensus sequences were created from subread BAM files using SMRTLink (version 5.1) with
parameters: min_length 50, max_length 30,000, minPredictedAccuracy 0.8, minZScore -3.4,

minPasses 0, maxDropFraction 0.34, and polish. The derived consensus reads were then mapped
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to lambda sequence with BLASR (Chaisson and Tesler, 2012) at default settings. The BAM
output file of mapped reads was converted to fasta format by samtools (version 1.3.1) and
aligned against lambda full sequence using NCBI blast (version 2.2.26) at default parameters.
The blast output was filtered by removing reads with E-values higher than 0.1 and lengths
shorter than 30 bp, and by retaining the longest consecutive matches for each read using an in-
house script.
Code availability

The custom code required for analysis in this study is available at the GitHub repository
(https://github.com/dawelab/Genome-Rearrangements).
Accession Numbers

Raw PacBio and Illumina sequence data are available from the NCBI Short Read Archive

under BioProject PRINA508943.
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Table 2.1. Copy number of introduced molecules (lambda and co-bombarded plasmid) and

number of breakpoints in rice/maize transgenic genome

Copy Number Number of breakpoints

Transgenic Genome

Lambda- Lambda- Lambda- Plasmid- Intra- Inter-
Events® coverage Lambda  Plasmid

Lambda plasmid genome genome genome genome
Os A-1 22.45 0.12 3.63 1 11 0 2 2 1
Os A-2 20.95 0.95 0.80 19 1 3 0 2 0
Os A-3 20.84 0.04 1.37 0 3 1 2 1 1
Os A4 19.63 3248 3.87 517 21 14 0 1 0
Os A-5 21.58 37.06 222 420 18 18 0 1 0
Os A-6 21.78 17.35 1.18 257 6 123 0 1 13
Os A-7 19.64 1.72 1.07 51 4 63 3 12 14
Os A-8 21.84 7.83 0.98 152 3 99 1 67 40
Zm A-1 14.07 1.73 1.88 22 22 17 6 1 0
Zm A-2 18.05 19.11 13.97 31 30 15 5 14 19
Zm A-3 15.55 10.33 2.00 12 8 8 1 1 8
Zm A4 17.93 40.48 20.50 241 143 73 4 10 18

*Transgenic events of rice (Oryza sativa) and Maize (Zea mays) are labeled as “Os” and “Zm” respectively.

42



N W b
P i S

-
1

Copy number O

8 10 12 14 16 18~J20

0 2 i i 6 26
Chromosome Coordinates (Mb)
D Chr5
110 kb ‘
€ \ 25,100 kb 25,120 kb 25,140 kb 25,160 kb 25,180 kb
© ' " 0 " \ 0 0 . v 0 )
B
11
2= . =1
=) | i !
. I 1 \
E L TN T T Ty raryrvemwpeg Ty
© g L. s W, s Wi e G = e i S
E
14
12 ’
10 @ Deletion @ Duplication ® Triplication {
a
£38 ‘
£
|
S4 1
> " -
2 1 i =
Q| seeeees——voee— ooedere o Gevores - P o«t—a —— .&.a.....- —— ..&hﬁ-‘....u
-2
M A-2 A-3 A4 A5 A-6 A7 A-8
Events (Os)

Figure 2.1. Spectrum of genomic outcomes following transformation with lambda and plasmid
in rice. All Circos plots are annotated as follows. The twelve rice chromosomes are shown along

with A and plasmid pPvUbi2H magnified at 1,000X and 5,000X. The outer track shows sequence
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coverage over each molecule or chromosome as histograms. The inner ring demonstrates DNA
copy number profiles derived from read depth, with grey shown as 1 copy, orange as 3 copies,
dark red as 4 copies and black as more than 4 copies. The inner arcs designate inter- and intra-
chromosomal rearrangements. Breakpoints within the genome are colored grey while the
breakpoints between A or plasmid and the genome are colored to match the respective
chromosomes.

A) Rice event A-4, which contains a long transgene array in chromosome 2. The coverage values
in histogram tracks of A and plasmid are divided by 15 and 1.5 respectively.

B) Rice event A-7, illustrating a complex event with severe genome damage.

C) A 26 Mb region on chromosome 3 (highlighted in cyan in Figure 2.1B) at high resolution.
The horizontal lines show copy number states and vertical bars represent inter-chromosomal
breakpoints (grey) and breakpoints involving A (plum). The arcing links show local
rearrangements of the deletion-type (grey), duplication-type (red), and intra-chromosomal
translocation-type (blue). For a visual depiction of how local rearrangements are defined using
paired end reads, see Figure S2.5.

D) A region from 25.1 Mb to 25.2 Mb on chromosome 5 (highlighted in cyan in Figure 2.1B) as
visualized with IGV. Deleted regions are shown in red and retained regions in white (upper), as
indicated by the alignment of discordant reads (middle) and read depth (lower).

E) Swarm and violin-plots showing the distribution of the size and number of deletions,
duplications and triplications in all rice events transformed with A. Each dot in the swarm plots
represents a different SV. Violin plots represent the statistical distribution, where the width

shows the probability of given SV lengths.
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Figure 2.2. Characteristics of the long transgene array in rice event A-4.

A) Bionano assembly depicting the 1.6 Mb insertion in chromosome 2. The middle panel
represents the reference genome, and the upper and lower panels depict the assembled transgenic
and wild type chromosomes in this heterozygous line. The blue bars indicate matching
restrictions sites between the reference and assembled contigs, and red bars denote restriction
sites within the insertion. The nucleotide sequences above the upper panel show the breakpoint
sequences, with chromosome sequences highlighted in blue, A sequences highlighted in red, and
novel sequences in black.

B) A 1.1 kb region assembled from Illumina data showing five A pieces and a single fragment of
chromosome 9 in rice event A-4. The direction of the arrows indicates the 3° ends (Tails) of A and
chromosomal genomic fragments. Four different relative orientations between intra- and inter-
chromosomal pieces can be found in this sequence: Tail (3’)-Head (5°), Tail-Tail, Head-Tail,
Head-Head.

C) Size distribution of A fragments in the array as determined by PacBio sequencing.
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Figure 2.3. Evidence of HDR in rice transgenic events.

A) Circos plot of rice transgenic event A-5 annotated as in Figure 2.1. The A coverage is divided
by 15. Region 2,138,442 - 2,139,257 on chromosome 1 and region 11,041,419 - 11,041,484 on
chromosome 9 are displayed in IGV windows, where displaced fragments (110 bp and 66 bp) are

highlighted in red. The upper panels show only discordant reads (where one end maps to the
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fragment and the other maps to another chromosome). The lower panels show all reads,
illustrating the ~50% increase in read depth indicative of an HDR event.

B) Complex rearrangements observed in rice event A-8. Regions from chromosome 2 were
assembled into an array with other broken fragments at an unknown location in the genome. The
damaged regions of chromosome 2 were subsequently repaired as demonstrated by the ~50%

increase in read depth.
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Figure 2.4. Chromothripsis-like outcomes and BFB (breakage-fusion-bridge)-like genomic
rearrangements in rice and maize transgenic events.

A) Circos plot of rice transgenic event A-8 annotated as in Figure 2.1. The coverage of A in the
histogram track is divided by 4.

B) Copy number states of region 29.7 - 43.7 Mb on chromosome 1 (highlighted in cyan in Figure
4A) annotated as in Figure 2.1C.

C) Circos plot of maize transgenic event A-3, with coverage of A in the histogram track divided

by 5. Note the region of increased copy number states on chromosome 9 indicative of BFB.
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D) Circos plot of maize transgenic event A-4, with the coverage of A and plasmid in the
histogram track divided by 15 and 10 respectively. Note the regions of increased copy number

states on chromosome 1 and 6 indicative of BFB.
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Figure 2.5. Similar genomic disturbances following single plasmid transformations. Circos plots
of rice lines transformed with plasmid pANIC10A-OsFPGS1 (A,C) and pANIC12A-OsFPGS1
(B,D).

A) Simple insertion.

B) Complex insertion showing a network of interlinked genomic regions.

C) Extensive damage with a deletion on chromosome 7 and apparent chromothripsis on
chromosome 1 (coverage of the 10A plasmid is divided by 2). See Figure S2.6B for a detailed
view of the chromothripsis region on chromosome 1 (highlighted in cyan).

D) Chromosome-scale disruption with a partially trisomic chromosome 4.

E) Relationship between transgene copy number and genome breakage at sites not involving the
transgene (intra- and inter-chromosomal translocations). Blue triangles and orange circles show
lambda and co-bombarded plasmid from the lambda transformation events. Grey squares show
data from single plasmid transformations. There are no significant correlations. Pearson

correlation coefficient (R) and p-value are indicated.
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Figure 2.6. Models for genomic outcomes after biolistic transformation. The stage of cell cycle
may influence the outcome of biolistic transformation. The models are based on the fact that in
animals and presumably plants, non-homologous end joining (NHEJ) is the most likely repair
pathway in G1 and homology directed repair (HDR) is more likely in S and G2.

A) Simple insertion. Fragments of introduced molecules (yellow) are ligated with broken ends of
native chromosomes by NHEJ (non-homologous end joining).

B) Chromothripsis-like genome rearrangements. Localized regions from native genome are
shattered, resulting in many double stranded breaks. Fragments of chromosomes and introduced
molecules are stitched together through NHEJ, creating complex patterns that involve the loss of
genomic DNA and changes in copy number state (lost regions are circled).

C) Breakage and joining of two different chromosomes and breakage-fusion-bridge (BFB)-like
genome rearrangements. When two chromosomes are broken, they can be ligated together
through NHEJ. The resulting dicentric chromosome is expected to undergo BFB, which can
result in stable terminal deletions.

D) DNA damage repaired by HDR. Double stranded breaks in S or G2 phase may be repaired by

HDR through recombination with an intact sister chromatid.
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CHAPTER 3
GAPLESS ASSEMBLY OF MAIZE CHROMOSOMES USING LONG-READ

TECHNOLOGIES?

2Liu, J., Seetharam, A. S., Chougule, K., Ou, S., Swentowsky, K. W., Gent, J. L, ... & Dawe, R. K. (2020).
Gapless assembly of maize chromosomes using long-read technologies. Genome biology, 21, 1-17. Reprinted
here with permission of the publisher.
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Abstract

Creating gapless telomere-to-telomere assemblies of complex genomes is one of the ultimate
challenges in genomics. We use two independent assemblies and an optical map-based merging
pipeline to produce a maize genome (B73-Ab10) composed of 63 contigs and a contig N50 of
162 Mb. This genome includes gapless assemblies of chromosome 3 (236 Mb) and chromosome
9 (162 Mb), and 53 Mb of the Ab10 meiotic drive haplotype. The data also reveal the internal
structure of seven centromeres and five heterochromatic knobs, showing that the major tandem
repeat arrays (CentC, knob180 and TR-1) are discontinuous and frequently interspersed with

retroelements.

Introduction

Maize is a classic genetic model, known for its excellent chromosome cytology and rich
history of transposon research (Nannas and Dawe 2015). Transposons make up the majority of
the maize genome (Jiao et al. 2017), and their accumulation over millions of years has driven
genes far apart from each other and separated genes from their regulatory sequences (Ricci et al.
2019). There are also large inversions and other structural variations that contribute to fitness
(Pyhédjarvi et al. 2013; Yang et al. 2019) and significant variation in genome size caused by
tandem repeat arrays (Bilinski et al. 2018). Understanding this remarkable structural diversity is
important for the continued improvement of maize, but the high repeat content has impeded
progress (Jiao et al. 2017; Yang et al. 2019). Here we describe an automated assembly merging
approach that yields gapless maize chromosomes and dramatically improves contiguity

throughout the genome, including centromere and knob regions.
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The most challenging genomic regions to assemble are tandem repeat arrays that exceed
the read length of the current sequencing technologies. In most eukaryotes, these arrays are
enriched in centromeres and ribosomal DNA (rDNA). Maize contains a centromeric repeat of
156 bp (Wolfgruber et al. 2009), a 45S rDNA repeat of 9349 bp, and a 5S rDNA repeat of 341
bp. In addition, maize contains two abundant classes of knob repeats that are found on
chromosome arms, the major knob180 repeat (180 bp) (Peacock et al. 1981) and the minor TR-1
repeat (~360 bp) (Ananiev, Phillips, and Rines 1998). Knob repeats occur in arrays that extend
into the tens of megabases and present a significant barrier to full genome assembly. In most
maize lines, knobs appear as inert heterochromatic bulges (Peacock et al. 1981), but in lines with
a meiotic drive system on Abnormal chromosome 10 (Ab10) they have centromere-like
properties and are preferentially segregated to progeny (Dawe et al. 2018). Ab10 is considerably
longer than chromosome 10 and contains two inversions (Mroczek et al. 2006), three knobs, and
long spans of uncharacterized DNA that include a cluster of Kinesin driver (Kindr) genes
required for meiotic drive (Ananiev, Phillips, and Rines 1998). Meiotic drive systems have been
documented in many organisms and often lie within large inversions that contain novel repeat
arrays (Dyer, Charlesworth, and Jaenike 2007), yet no meiotic drive haplotype has been fully

sequenced and assembled.

Results and Discussion

A new maize inbred, B73-Ab10, was created by backcrossing a line containing Ab10 to
the B73 inbred six times and selfing it an additional five times (BCesFs). The B73-Ab10 inbred
differs from B73 by the end of chromosome 10L which carries the Ab10 haplotype, the end of

chromosome 9S which carries a kernel color gene necessary to score meiotic drive, and a 13 Mb
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internal section of of chromosome 6 (coordinates between ~155 Mb-169 Mb). We used DNA
from this line to prepare an optical map with the Bionano Saphyr system and sequenced it to
high coverage using both PacBio and Nanopore technologies. We then implemented a genome
assembly workflow based around the optical map (Figure S3.1). Briefly, the PacBio data were
assembled using Canu (Koren et al. 2017), the Nanopore data assembled using miniasm (Heng
Li 2016) and the two independent assemblies merged with miniasm and integrated with the
optical map as hybrid scaffolds. Hybrid scaffolds were then used to guide further gap closing and
create a pseudomolecule assembly (Figure 3.1A). Our approach of one-step contig merging and
error correction using optical maps as a reference differs from other methods that rely on local
assemblies to fill gaps and correct errors (Du and Liang 2019; Vollger et al. 2019). While PacBio
provided an overall superior assembly, it tended to fail in large repetitive regions (Figure S3.2A,
B) and heterozygous areas (Figure S3.2C) where the Nanopore assembly succeeded due to a
longer read length distribution. This was particularly evident in TR-1, knob180, and
subtelomeric arrays as well as other tandemly duplicated regions (Figure S3.2B). Alignments of
the optical map to the independent assemblies (Udall and Dawe 2017) and standard genome
completeness measures demonstrate that the approach is highly accurate (Table S3.1 and S3.2).

The final assembly has a contig N50 of 162 Mb (Table 3.1), which far exceeds the
contiguity of any prior maize genome assembly (Jiao et al. 2017; Yang et al. 2019). Of particular
note is the complete 236 Mb assembly of chromosome 3, which was assembled gaplessly
without manual intervention — a first for any chromosome from a large complex genome. While
the human X-chromosome was also assembled gaplessly (Miga et al. 2019), this outcome
required extensive manual inspection and correction. The entire B73-Ab10 genome is

represented by 63 contigs where 90% are longer than 20.4 Mb (the N90). In addition to the
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expected gaps in repeat arrays, there were two gaps associated with residual heterozygosity on
chromosome 9. Regions of heterozygosity reduce effective coverage and lead to assembly
chimeras that are broken during hybrid scaffolding. We filled these heterozygosity-associated
breaks by choosing the dominant Bionano path and performing local assemblies over the gaps.
Nanopore reads were also used to span a gap within a CentC array to complete the chromosome
9 telomere-to-telomere assembly. Aside from these manual interventions, some efforts to
manually improve within-knob assemblies, and a correction to the Kindr gene complex region of
Ab10, the assembly was automated. Our success in assembling chromosomes 3 and 9 can be
attributed to the fact that these chromosomes have the fewest cytologically visible repeat arrays
(Albert et al. 2010). All remaining gaps in the assembly are marked at the edges by tandem
repeats (Figure 3.1, Figure S3.2D).

Seven of the ten functional centromeres as defined by ChIP-seq of CENP-A/CENH3
(Wolfgruber et al. 2009) were assembled without gaps (Table S3.3). Alignment of partial BAC-
based assemblies of B73 centromeres showed excellent agreement overall (Figure S3.3). Only a
subset of maize centromeres are composed of long CentC arrays, and even within those arrays
the majority of reads (65%) can be uniquely mapped, reflecting a high degree of sequence
polymorphism (Table S3.3 and S3.4). Three centromeres have no CentC at all and are composed
of transposons of different forms. These include known Centromeric Retroelements (CRM)
(Wolfgruber et al. 2009) as well as other common retrotransposons. We found no tendency for
CENH3 to interact with CentC and CRM over any of the other repeats present (Table S3.4). The
lack of sequence specificity can be seen on centromere 3, where CENH3 localized over a 771-kb

CentC array as well as a variety of other transposons in flanking sequence (Figure 3.1A, inset).
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Prior maize assemblies have succeeded in obtaining only small fragments of knob repeat
arrays. In contrast, a knob180-rich knob on chromosome 9 (850 Kb), a TR-1-rich knob on
chromosome 4 (1.3 Mb) and three TR-1-rich knobs (4.2 Mb, 2.6 Mb, and 2.1 Mb) on Ab10 were
fully assembled in the B73-Ab10 assembly. The data show that knobs, like centromeres
(Wolfgruber et al. 2009; Jiao et al. 2017), often contain more transposons than tandem repeats
(Figure 3.1C). Centromeric Retrotransposons target areas with CENP-A/CENH3 (Wolfgruber et
al. 2009; Jiao et al. 2017) and occupy on average 31.9% of functional centromeres, including
within CentC arrays (Figure 3.1A and Table S3.3 and S3.6). The new knob assemblies reveal
that the Cinful-Zeon family of Gypsy elements (Sanz-Alferez et al. 2003) preferentially target
knobs. Cinful-Zeon elements occupy 27.0% of the assembled TR-1-rich knobs and 8.2% of the
knob180-rich knobs, but only 3.8% percent of CentC arrays (Figure 3.1A and Table S3.6 and
S3.7). Cinful-Zeon elements are also abundant in other heterochromatic regions throughout the
genome (Figure 3.1A).

In addition to revealing the internal structure of knobs, the data provide the first complete
view of the Ab10 haplotype that provides the selective force for the accumulation and
maintenance of knobs (Dawe et al. 2018). The meiotic drive haplotype on Ab10 contains three
fully assembled TR-1 knobs, a much larger knob180 knob that was not assembled, and two large
inversions (4.4 and 8.3 Mb) that are homologous to normal chromosome 10 (Figure 3.1C). These
major structural differences help to explain why recombination between the Ab10 haplotype and
normal chromosome 10 is suppressed (Rhoades 1942). Ab10 also contains 22.4 Mb of novel
sequence with no synteny to other regions of the maize genome or related grass genomes. Within
this domain is the complete cluster of nine Kindr genes that are integral components of the drive

system (Dawe et al. 2018), as well as hundreds of other expressed genes, many of which have
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only one exon or overlap with transposons and are likely non-functional (Table S3.8). Additional
meiotic drive functions associated with the movement of knobs at meiosis and their delivery to

egg cells (Hiatt and Dawe 2003) remain to be identified in this newly discovered sequence.

Conclusions

Gapless genome assemblies remove all uncertainty about the order, spacing and
orientation of genes and their regulators. We have shown that this can be achieved using long
reads and well-known assembly algorithms, with significant improvements in contiguity
obtained by integrating independent assemblies around an optical map scaffold. Given that most
contigs end in telomeres, centromeres or knobs, we presume that virtually all of the genes and
associated regulatory information are represented in this genome assembly. The assembly
merging pipeline also revealed the internal structure of repetitive domains that were previously
known only by cytological techniques, thereby opening these regions to annotation and future
epigenomic profiling. Similar results should be achievable for other complex genomes, although
higher sequence coverage, longer reads, and/or additional scaffolding information may be

needed for species with polyploidy or higher levels of heterozygosity.

Methods
PacBio assembly

High molecular weight DNA was extracted from young leaves using the protocol of
Doyle and Doyle (Doyle and Doyle 1987) with minor modifications. Young maize leaves flash
frozen at -80°C were ground to a fine powder in liquid N2 followed by very gentle extraction in

CTAB buffer (that included proteinase K, PVP-40 and beta-mercaptoethanol) for 1 hr at 50C.
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After centrifugation, the supernatant was gently extracted twice with 24:1 chloroform:iso-amyl
alcohol. The upper phase was adjusted to 1/10" volume with 3M KAc, gently mixed, and DNA
precipitated with iso-propanol. DNA was collected by centrifugation, washed with 70% EtOH,
air dried for 20 min and dissolved thoroughly in 1x TE at room temperature.

Sequencing libraries were constructed following PacBio’s template prep protocols
(Procedure & Checklist — Preparing gDNA Libraries Using the SMRTbell Express Template
Preparation Kit 2.0, PN 101-693-800 Version 01) for the Express Template Prep Kit 2.0 (Cat#
100-939-900) and sequenced using Sequel SMRTLink V5.1 and Sequel binding and sequencing
chemistry v2.1. The longest 50X out of 62X PacBio raw sequences were error-corrected using
falcon_kit pipeline v0.7 (Chin et al. 2016) without repeat masking by TANmask and REPmask (-
e 0.75 -13000 --min_cov 2 --max_n_read 200). The error-corrected reads (43X, N50=22.3 Kb)
were then trimmed and assembled with Canu (Koren et al. 2017) (v1.8) with the following
parameters: correctedErrorRate=0.065 corMhapSensitivity=normal ovIMerThreshold=500
utgOvIMerThreshold=150. The read error correction process that is necessary for PacBio
assembly may have homogenized some repeats and limited the assembly in long repeat regions.
The accuracy of the Canu-generated contigs was increased by aligning the raw PacBio reads to
the assembly using pbmm?2 (v1.2.0) from pb-assembly (Chin et al. 2016) and running the PacBio
consensus algorithm tool Arrow (v2.3.3)
(https://github.com/PacificBiosciences/GenomicConsensus) with default parameters to generate
sequenced polished contigs. The contig assembly was further polished using 73X PE150
Illumina sequence by first aligning the reads to the Arrow polished assembly using minimap2

(Heng Li 2018), followed by running the assembly tool Pilon (Walker et al. 2014) (v1.22) to
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correct individual base errors and small indels using the following parameters: --fix bases --

minmgq 30.

Nanopore assembly

Two different DNA extraction methods were used to generate high molecular weight
(HMW) DNA for Oxford Nanopore (ONT) sequencing. CTAB DNA was prepared as described
above for the PacBio assembly. Nuclear DNA was prepared using the protocol of Luo and Wing
(Luo and Wing 2003) with minor modifications. Young leaves flash frozen at -80°C were ground
with liquid nitrogen and incubated with NIB buffer (10 mM Tris-HCL, PHS8.0, 10mM EDTA
PHS8.0, 100mM KCL, 0.5 M sucrose, 4 mM spermidine, | mM spermine) on ice for 15 min.
After filtration through miracloth, Triton X-100 (Sigma) was added to tubes at a 1:20 ratio,
placed on ice for 15 minutes, and centrifuged to collect nuclei. Nuclei were washed with NIB
buffer (containing Triton X-100) and re-suspended in 40 ml of the same buffer and centrifuged
again. After removal of all liquid, 10 ml of Qiagen G2 buffer was added followed by gentle
resuspension of nuclei; then 30 ml G2 buffer with RNase A (to a final concentration of 50
mg/ml) was added. Tubes were incubated at 37°C for 30 min. Proteinase K (Invitrogen), 30 mg,
was added and incubated at 50 C for 2 hr followed by centrifugation for 15 min at 8000 rpm, at
4°C, and the liquid gently poured into a new tube. After gentle extraction with
Chloroform:isoamyl alcohol (24:1), DNA was precipitated with two thirds volume iso-propanol.
The DNA pellet was washed with 70% EtOH, air dried for 20 min and dissolved in TE at room
temperature.

DNA from both the CTAB and nuclear prep was used to generate either a rapid (SQK-

RADO004) or one dimensional (1d; SQK-LSK109) sequencing library for ONT. The resulting
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libraries were run on either a MinlON or GridION sequencer running for 48 hrs. All bases were
called on the GridION using Guppy (v2.1.3), and the resulting fastq files were used for genome
assembly. A total of 121 Gb (~50x) of ONT sequence was generated over 27 MinlON R9.4
flowcells. The data were filtered for reads >10 Kb using seqtk (https://github.com/lh3/seqtk),
resulting in an estimated 30x coverage (N50=29,311 bp) of the maize genome. The resulting
uncorrected reads were aligned (overlap) with minimap2 (v2.13;-x ava-ont -t 64) (Heng Li 2018)
and an assembly graph (layout) was generated with miniasm (v0.3; -f <reads> <overlaps>)
(Heng Li 2016). The resulting graph was inspected using Bandage (Wick et al. 2015). The fact
that the Nanopore assembly was carried out with uncorrected reads may have contributed to its
better performance in long repeat regions (Fig. S2). A consensus genome assembly was
generated by mapping reads >10 Kb to the assembly with minimap2, and then running racon
(v1.3.1) (Vaser et al. 2017); the consensus process was repeated three times. The contig
assembly was further polished using 73X PE150 Illumina sequence by first aligning the reads to
the consensus assembly using minimap2 (Heng Li 2016) followed by running the assembly tool

pilon (v1.18) (Walker et al. 2014) two times using 73X PE150 Illumina sequence.

Optical map assembly

Ultra high molecular weight DNA was isolated from maize seedlings using a modified
version of the Bionano Genomics Plant Tissue DNA Isolation Base protocol. Approximately 0.5
g of healthy aerial tissue was collected from young B73-Ab10 etiolated seedlings grown in soil-
free conditions for 2 weeks. The leaves were treated with a 2% formaldehyde Bionano fixing
solution, washed, chopped and homogenized using a Qiagen TissueRuptor in homogenization

buffer. Free nuclei were pelleted at 2,000X g, washed, isolated by gradient centrifugation, and
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embedded in a low melting point agarose plug. The nuclei were lysed by treating with proteinase
K and RNase A treatments as described previously (Deschamps et al. 2018), and washed four
times in Wash Buffer and five times in TE buffer. The purified high molecular weight nuclear
DNA was recovered by melting the plug, digesting it with agarase and subjecting the resulting
sample to drop dialysis against TE.

The Bionano Saphyr platform was used in combination with the Direct Label and Stain
(DLS) process to generate chromosome-level sequence scaffolds (Belser et al. 2018). Direct
labeling was performed using the Direct Labeling and Staining Kit (Bionano Genomics, San
Diego CA) according to the manufacturer’s protocol, except that one microgram of DNA was
used and DNA Stain was added to a final concentration of 1 microliter per 0.1 microgram of
final DNA. The labeled sample was loaded into a Saphyr chip and molecules separated, imaged
and digitized using a Saphyr and Compute server. Data visualization, map assembly and hybrid
scaffold construction were performed using Bionano Access (v1.3) and Bionano Solve (v3.4.0).
A subset of 1,580,077 molecules with a minimum size of 150 Kb and combined length of
424,488 Mb were assembled without pre-assembly using the non-haplotype, no-CMPR-cut

parameters without extend-split.

Assembly merging and gap closing

We developed a pipeline to integrate independent contig assemblies and curate assembly
errors using Bionano maps as an anchor. The pipeline consists of five steps: 1) conflict
resolution, 2) assembly error curation, 3) contig merging, 4) hybrid assembly and contig overlap
removal, and 5) manual curation and gap filling (Figure S3.1). The first four steps were

automated. A gapless chromosome 3 was generated upon contig merging in the third step, and
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the complete assembly of chromosome 9 required manual curation. While contig merging with
miniasm can be applied to any two sequence assemblies, the availability of de novo assembled
Bionano maps is necessary to perform conflict-cutting in step 1, contig error correction in step 2,
and hybrid scaffolding in step 4 of the pipeline.

Step 1: Conflicts between the optical map and DNA sequence assemblies were resolved
using Bionano Solve software (https://bionanogenomics.com/support-page/data-analysis-
documentation/). Sequence assembly can occasionally connect two regions that share a repetitive
sequence but do not belong together (making a chimeric contig). These appear as conflicts
between bionano maps and sequence assemblies when they are aligned. Optical maps were
aligned to in silico digested representations of the DNA sequence assemblies using RefAligner
(v3.4.0) and conflicts identified with the AssignAlignType.pl script. Conflicts with chimeric a
quality score higher than the default threshold were split using cut_conflicts.pl (using default
parameters from optArguments nonhaplotype noES DLE1 saphyr.xml) and a sequence file
was produced with custom script cut_conflict NGS.py. Removing chimeric joins increases the
chance of complementary contig merging in Step 3.

Step 2: Assembly errors in the conflict-resolved PacBio contigs were identified and
automatically curated with ONT contigs. In this step, PacBio and ONT contigs were aligned to
rescaled optical maps and structural discrepancies detected using the structural variant calling
pipeline from BionanoSolve (v3.4.0). Homozygous insertions and deletions with a confidence of
at least 0.1 and size larger than 1 Kb were classified as true assembly errors in the PacBio
contigs. On the condition that no structural discrepancies were found in the corresponding ONT
contigs, the ONT contigs were used to replace the erroneous sequences in PacBio contigs using

custom script SV_fix.py.
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Step 3: ONT contigs were used to close gaps and improve contiguity of the PacBio contig
assembly. ONT contigs were mapped to PacBio contigs with minimap2 (Heng Li 2018) (v2.13; -
k28 -w28 -Al -B9 -016,41 -E2,1 -z200 -g100000 -r100000 --max-chain-skip 100), and overlap
regions merged using miniasm (Heng Li 2016) (v0.3; -1 -2 -r0 -el -n1 -h250000 -g100000 -
025000). This step creates PacBio/ONT hybrid contigs that are called unitigs. The unitigs were
then combined with the remaining contigs from the PacBio backbone assembly to create a
merged contig assembly. After this step a gapless chromosome 3 was generated (a region of
heterozygosity from 164.5 to 166.2 Mb on chromosome 3 was automatically resolved). The
merged contigs were then aligned to Bionano maps, where overlaps between adjacent contigs
were detected and merged with minimap2 (v2.13) and miniasm (v0.3) using the custom script
Overlap merge.py. This step only identifies large overlaps (roughly >200 Kb) that can be
detected at the level of de novo Bionano label alignment. Identifying all overlaps, including
smaller overlaps, requires hybrid scaffolding with the optical map (Step 4). If proceeding to Step
4, overlap merging in Step 3 is optional.

Step 4: Bionano maps were integrated with the sequence contigs by hybrid scaffolding
using the hybridScaffold.pl script from BionanoSolve (v3.4.0) with default parameters from
optArguments nonhaplotype noES DLE1 saphyr.xml. This step orders and orients sequence
contigs and facilitates the resolution of remaining overlaps between contigs. As the optical maps
are aligned and rescaled with the sequence maps repeatedly during hybrid scaffolding, more
accurate overlaps between contigs are identified and annotated as 13N gaps. These overlaps were
removed through contig merging with miniasm (v0.3), as described in Step 3. Due to the extreme

repetitiveness in the 45S rDNA repeat region on chromosome 6, both the contig assemblies and
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hybrid scaffolding in this area are erroneous. Therefore, we left the contigs in the NOR un-
merged and marked the incorrectness with 13N gaps.

Step 5: Manual curation was performed to correct assembly errors, close gaps in
repetitive and heterozygous regions, and assemble telomeres.

Repeat assembly manual curation. In highly repetitive regions, erroneous read joins at the
tips of contigs were not detected as conflicts or assembly errors in Steps 1 or 2 due to the limited
resolution of Bionano alignment. In these regions, we trimmed and removed the unaligned
regions to reveal eligible ends for overlap merging using miniasm (v0.3). These modifications
extended the contiguity of repeat arrays at the edges of longer contigs. Contigs composed
exclusively of knob and CentC repeats arrays lack pan-genome anchor markers and are not
present in the pseudomolecules.

Chromosome 9 manual curation. Seven gaps, ranging from 2 Kb to 236 Kb, were present
in the chromosome 9 assembly after hybrid scaffolding. Two large gaps of 236 Kb and 41 Kb
were caused by heterozygosity (76.29-76.80 Mb), one 21 Kb gap was due to repetitiveness in a
CentC array (58.43-58.67 Mb), and the remaining four gaps were smaller than 7 Kb (two of
these were in the 843 Kb knob on the tip of 9S). The four small gaps were first filled by running
three iterations of LR Gapcloser (Sep 24, 2018 commit) (Xu et al. 2019) at default settings using
PacBio error-corrected reads. To resolve the 236 Kb gap caused by heterozygosity, all contigs
anchored to chromosome 9 were re-scaffolded using the longest chromosome 9 Bionano map as
the sole anchor. This reduced the 236 Kb gap to 58 Kb. Local assemblies were run with Flye
(v2.6) (Kolmogorov et al. 2019) using ONT reads surrounding gaps to fill the remaining 58 Kb
and 41 Kb gaps. Flye-assembled contigs were integrated with the flanking contigs by unitigging

with miniasm (v0.3), and aligned to Bionano maps for inspection. An 8 Kb gap remained, which
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was filled with a single ONT read that spans it. The gap in the CentC array was filled by
manually selecting two long ONT reads (>50 Kb) that spanned the gap, creating a consensus at
the overlap and placing the resulting sequence in the gap.

Kindr complex manual curation. The assembly over the ~1 Mb tandem array of Kindr
genes (each within an ~100 Kb repeat) was erroneous due to collapsing in the PacBio sequence
contig and improper scaffolding. We manually selected the most contiguous ONT contig over
this region, carried out hybrid scaffolding for the scaffold containing Kindr, placed an excluded
contig in the correct area, and removed an overlap region through contig merging.

Telomere manual curation. Fifteen telomeres were assembled by extending the ends of
scaffolds with the longest uniquely mapped ONT read that contained telomeric repeats
TTTAGGG/CCCTAAA (>=1 Kb). The regions with newly assembled telomeres include 1L, 2L,
3S, 3L, 48, 4L, 5L, 6L, 7S, 7L, 8S, 8L, 9S, 9L,10S.

The final scaffolds were polished with PacBio subreads using tools from pb-assembly
(Chin et al. 2016). Read alignment was performed with ppbmm?2 (v1.2.0) and polishing was
executed with GCpp (v1.0.0) at default parameters. Scaffolds were further polished with 73X
PE150 Ilumina reads using Pilon (v1.23) with default parameters (Walker et al. 2014). The
error-corrected PacBio reads and Illumina reads often mapped incorrectly in highly repetitive
regions (Figure S3.2B,C,D). Regions with excessive incorrect mapping are expected to be
overpolished, whereas regions with few correctly mapped reads are expected to retain a higher

frequency of sequencing errors.
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AGP construction

The pseudomolecules were constructed from the hybrid scaffolds using ALLMAPS
(v0.8.12) (Tang et al. 2015). Both pan-genome anchor markers (Lu et al. 2015) and the IBM
(Intermated B73 x Mo17) genetic map (Lee et al. 2002) were used with equal weights for
ordering and orienting the scaffolds. Pan-genome anchor markers were obtained from the
CyVerse Data commons (“CyVerse Data Commons” n.d.) and processed to generate a bed file
with 50bp upstream and downstream of B73 V3 coordinates. The extracted markers were
mapped to a HiSat2 (v2.1.0)**-? indexed assembly of B73-Ab10 by disabling splicing (--no-
spliced-alignment) and forcing global alignment (--end-to-end). Very high read and reference
gap open and extension penalties (--rdg 10000,10000 and --rfg 10000,10000) were also used to
ensure full-length mapping of marker sequence. The final alignment was then filtered for
mapping quality greater than 30 and tag XM:0 (unique mapping) to retain only high-quality,
uniquely mapped marker sequences. The mapped markers were merged with the predicted
distance information to generate a CSV input file for ALLMAPS. Only scaffolds with more than
20 uniquely mapped markers, with a maximum of 100 markers per scaffold, were used for
pseudomolecule construction. The IBM genetic markers were downloaded from MaizeGDB
(https://www.maizegdb.org/complete map?id=887740) (Portwood et al. 2019) and were
processed to generate a bed file similar to pan-genome markers. For the markers with
coordinates, 50 bp flanking regions were extracted from the B73 v4 genome. For markers
without coordinates, marker sequences were used as-is, and those missing both coordinates and
sequences were discarded. Mapping of the markers was done similar to the method described
above for the pan-genome anchor markers, with all uniquely mapped markers retained. The

genetic distance information for these markers was converted to a CSV file before use in
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ALLMAPS. ALLMAPS was run with default options, and the pseudomolecules were finalized
after inspecting the marker placement plot and the scaffold directions. Of the 50 Bionano
scaffolds anchored with sequence contigs, 26 with uniquely mapped genetic markers were
included in the pseudomolecules. Among the 24 unplaced scaffolds with a total size of 19.4 Mb,

22 are composed entirely of knob180 and/or TR-1 arrays (17.7 Mb).

Comparing PacBio and Nanopore assemblies in repetitive and heterozygous regions

To determine how tandem repeats and regions of heterozygosity impacted the assemblies,
we identified tandemly repeated areas by chromosome self alignment with minimap2 (v2.17; -
PD -k19 -w19 -m200) and heterozygous regions by manual inspection using Bionano Access
software. PacBio gap coordinates were projected onto the final assembly using minimap2 (v2.17;
-cx asm5 --cs), followed by coordinate liftover using paftools.js (Heng Li 2018). Gaps that were
complemented by Nanopore contigs were identified as gaps present in the PacBio assembly but
absent in the final assembly. The PacBio adjusted gap coordinates, complemented gaps, and final
assembly gaps were mapped to tandem repeats and heterozygous regions with bedtools (Quinlan
2014) (v2.28.0; window -r 500000 -1 500000). The co-occurence of PacBio gaps with tandem
repetitiveness and heterozygous regions was assessed by two-tailed Fisher’s exact test using
bedtools fisher (v2.28.0) at default settings.

To assess read coverage over gap areas, a total of 36.9X error-corrected PacBio reads
(>=10 Kb), 20.7X error-corrected Nanopore reads (>=10 Kb), and 30X PE150 Illumina reads
were mapped to the final assembly. Long-read mapping was performed using minimap2 (v2.17)
with default parameters and short-read mapping was carried out with bwa (v0.7.17) at default

settings. Read gap regions were defined as areas mapped with fewer than 3 reads for PacBio and
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[llumina datasets, and fewer than 2 reads for the Oxford Nanopore dataset. Basepair level
genome coverage was calculated with bedtools genomecov (v2.28.0; -bga) and regions with
fewer reads than the cutoff were extracted. The length distributions of PacBio and Oxford
Nanopore reads mapped to a tandem repeat (chr8: 31-33.5 Mb) and heterozygous area (chr3:

164-167.6 Mb) were obtained with SAMTools (v1.9).

RNA-seq

Ten tissues were sampled throughout development for evidence-based gene annotation
including: primary root (1) and coleoptile (2) at six days after planting; base of the 10" leaf (3),
middle of the 10" leaf (4), tip of the 10" leaf (5) at the Vegetative 11 (V11) growth stage; meiotic
tassel (6) and immature ear (7) at the V18 growth stage; anthers at the Reproductive 1 (R1)
growth stage; endosperm (9) and embryo (10) at 16 days after pollination. For each tissue, two
biological replicates were harvested and each biological replicate was made up of tissue from
three individual plants. Endosperm and embryo tissues were harvested from 50 kernels per plant
(150 total per biological replicate). Tissues 1-5 above were collected from greenhouse-grown
plants and tissues 6-10 were from field-grown plants. Greenhouse-grown plants were planted in
Metro-Mix300 (Sun Gro Horticulture) with no additional fertilizer and grown under greenhouse
conditions (27°C/24°C day/night and 16h/8h light/dark) at the University of Minnesota Plant
Growth Facilities. Field grown plants were planted at the Minnesota Agricultural Experiment
Station located in Saint Paul, MN with 30-inch row spacing at ~52,000 plants per hectare. RNA
was extracted using the Qiagen RNeasy plant mini kit following the manufacturer's suggested

protocol.

77



Total RNA samples were assayed by Bioanalyzer to determine RNA integrity and
normalized in 25ul. of nuclease-free water prior to library preparation. Sequencing libraries were
prepared using KAPA’s Stranded mRNA-seq kit (#KK4821) according to the manufacturer's
instructions. The mRNA was enriched using oligo-dT beads, fragmented, and converted to
double stranded cDNA using random hexamer priming and amplification. Libraries were pooled

at equimolar ratios and sequenced on NextSeq 500 instruments using the PE75 protocol.

Gene annotation

For evidence-based predictions, genome-guided transcript assemblies were generated
from five different assemblers viz., Trinity (v2.6.6) (Altschul et al. 1990; Grabherr et al. 2011),
StringTie (v1.3.4a) (Pertea et al. 2015), Strawberry (v1.1.1) (Liu and Dickerson 2017), Cufflinks
(v2.2.1) (Pertea et al. 2015; Trapnell et al. 2012) and Class2 (Pertea et al. 2015; Trapnell et al.
2012; Song, Sabunciyan, and Florea 2016), and the best set of transcripts were identified and
annotated as genes using Mikado (v1.2.4) (Venturini et al. 2018). Briefly, the RNA-seq reads
from each library were mapped to a STAR (v2.5.3a) (Dobin et al. 2013) indexed B73-Ab10
genome using a 2-pass mapping approach (the initial round of alignments provides splice
information for the subsequent round of mapping reads). Default options were used for mapping
with few post-processing options enabled (print all SAM format attributes --outSAMattributes
All; downstream compatibility --outSAMmapqUnique 10; and number of mis-matches --
outFilterMismatchNmax 0). Individually mapped RNA-seq libraries were then pooled, sorted
and indexed using SAMTools (v1.9) (H. Li et al. 2009), for use with the transcript assembly
programs. For all genome-guided transcriptome assemblers, default options were used except, if

it allowed minimum transcript length setting, it was set to 100 bp (Trinity using --
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min_contig_length 100, StringTie using -m 100 and Strawberry using -t 100), and if it allowed
RNAseq strandedness, it was set to stranded (Trinity using -SS_lib_type FR, Cufflinks using --
library-type fr-firststrand). For Trinity, maximum intron size was also set to 10000 (--

genome guided max_intron 10000). All assemblers generated a GFF3 as the final output except
for Trinity, for which assembled transcripts in fasta format were mapped back to the gmap
(v2019-05-12) indexed genome to generate a GFF3 file (by setting the output format option -f to
gff3 match cdna). Portcullis (v1.1.2) (Mapleson et al. 2018) was used to generate a high
confidence set of splice junctions for the B73-Ab10 genome from the merged mapped reads.
Mikado was configured to use all transcript assemblies (with strandedness marked as True for all
except for Trinity, and with equal weights), portcullis generated splice sites and a plants.yaml
scoring matrix. Preliminary transcripts prepared by Mikado, through merging all transcripts and
removing the redundant copies, were processed using TransDecoder (v5.5.0) (Haas et al. 2013)
(to identify open reading frames) and blastx (v2.9.0)(Altschul et al. 1990) against SwissProt
viridiplantae proteins (for identifying full-length transcripts). Default options were used for
TransDecoder, and for blastx, maximum target sequences were set to 5 (-max_target seqs 5) and
output format to xml (-outfmt 5). These were provided as input for Mikado for picking and
annotating the best transcripts for each locus. The obtained GFF3 file was used to extract
transcripts and proteins using the gffread utility from the Cufflinks package.

Additional structural improvements for the Mikado generated transcripts were completed
using the PASA (v2.3.3) (Haas et al. 2003) genome annotation tool. The inputs for PASA
included 2,019,896 maize EST derived from genbank, 83,087 Mikado transcripts, 69,163 B73
full length cDNA from genbank and 46,311 maize iso-seq transcripts from 11 developmental

tissues that were filtered for intron retention (Wang et al. 2018). PASA was run with default
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options, with a first step of aligning transcript evidence to the masked B73-Ab10 genome using
GMAP (v.2018-07-04) (Wu and Watanabe 2005) and Blat (v.36) (Kent 2002). The full length
cDNA and Iso-seq transcript ID’s were passed in a text file (-f FL.acc.list) during the PASA
alignment step. Valid near perfect alignments with 95% identity were clustered based on genome
mapping location and assembled into gene structures that included the maximal number of
compatible transcript alignments. PASA assemblies were then compared with B73-Ab10 Mikado
transcript models using default parameters. PASA updated the models, providing UTR
extensions, novel and additional alternative isoforms. PASA generated models were passed
through the MAKER-P (v3.0) (Campbell et al. 2014) annotation pipeline as model gff along
with all the transcript and protein sequences to obtain Annotation Edit Distance (AED) (Eilbeck
et al. 2009) scores to assess the quality of annotations. Transposon element (TE) related genes
were filtered using the TEsorter tool (Altschul et al. 1990; Zhang et al., n.d.), which uses the
REXdb (viridiplantae v3.0 + metazoa v3) database of TEs. Finally the gene annotations were

verified for translation errors using the EnsemblCompara pipeline (Vilella et al. 2009).

BUSCO assessment

The gene space completeness of the B73-Ab10 genome assembly was assessed using the
GenomeQC (Manchanda et al. 2019) tool, which provides a summary of the number of
complete, fragmented and missing Benchmarking Universal Single-Copy Orthologs (BUSCO) in
the assembly. The Embryophyta database (embryophyta odb9; consisting of 1440 conserved,
single-copy plant genes) and the genome assembly in the fasta file format were provided as input

to the tool to calculate the BUSCO metrics.
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TE annotation

The manually curated transposable element library (maizeTE11222019) derived from the
Maize TE Consortium (MTEC; https://github.com/oushujun/MTEC) was used as the base TE
library. Novel TEs of the maize Ab10 genome not included in the MTEC library were
structurally identified using the EDTA pipeline (v1.6.5) (Ou et al. 2019) with parameters “-
species maize -curatedlib maizeTE11222019”. The MTEC library augmented with Ab10 specific
TEs was used to annotate TE fragments using RepeatMasker. Coding sequences of the maize
B73 v4 assembly were downloaded from MaizeGDB and used to remove gene sequences in the
EDTA-generated TE library. Whole-genome TE annotations were generated using the EDTA
augmented MTEC library (-anno 1). The LTR Assembly Index (LAI) (Ou, Chen, and Jiang
2018) scores of genome assemblies were calculated using LAI (beta3.2) within the
LTR retriever (v2.8) (Ou and Jiang 2018) package with parameters “-iden 94.8550 -totLTR

76.34”.

Centromere and repeat analyses

The overall accuracy of the centromere assemblies was assessed by aligning previous
BAC-based B73 centromere assemblies (“CyVerse Data Commons” n.d.) to the B73-Ab10
genome using Bionano RefAligner (v3.4.0) with default parameters. Although the BAC-based
assemblies do not traverse CentC arrays, there is excellent overall agreement in sequence and
contiguity (Figure S3.3).

Active centromere locations were determined by identifying the CENH3 ChIP-seq
enriched regions in the final assembly using genomic reads as a control. The SE150 Illumina

ChIP-seq reads were obtained from SRA (SRX2737618) (Gent, Wang, and Dawe 2017) and the
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73X PE150 Illumina genomic reads were subsampled to 30X with seqtk
(https://github.com/lh3/seqtk). Both the ChIP-seq reads and the genomic reads were trimmed
with Trim Glore (v0.4.5; https://github.com/FelixKrueger/TrimGalore/) with default parameters
and aligned to the final assembly with BWA-MEM (v0.7.17) (Heng Li 2013). Epic2 (Stovner
and Setrom 2019) was employed to call peaks with the CENH3 ChIP-seq alignment set as
treatment, genomic read alignment as control, MAPQ (mapping quality) as 20, effective genome
size as 0.8, bin size as 5000 and gap size as 0. The effective genome size of the final genome was
calculated as the fraction of unique 150-mers over total 150-mers using Jellyfish (v2.26)
(Margais and Kingsford 2011) (-m 150 -s 2193M -out-counter-len 1 -counter-len 1). The
coordinates of active centromeres were identified as islands with a score above 250 and a fold
change higher than 4.

The coordinates of repeat arrays were identified by blasting the knob180 and CentC
consensus sequences (Gent, Wang, and Dawe 2017), a TR-1 consensus
(TTCTTTATATTCCAACTTTTTAGCAACTGTATGGTGGAAAAAGGTGTCTTACAACCT
TAACCTATGTTTGGACAGTTCTCTCGTGCAATTTGGCTAAATTTCCCATGGTCTTTAT
TTTATTTTGAGAAACGATGTGGTATAATGATGTGCGATGTTTTACTTGAGTGGACAT
AAACACCATTTAGGTATGCCTTGAATAGAGGGGATTATTGGAAACCTGGTATCACAA
AAGGTCATTAGCTAGCCCAATAACGTCTTCATCCACTAGTTATACTCTAATACCCTCT
AGTGTGAATACAATGCCCACAATATCATAGAAACGTCATTTGAGGTTTAAAAGGTG
ATCTATTGTTTTGAA), subtelomeric repeat (NCBI CL569186.1) and ribosomal DNA
intergenic spacer sequences (NCBI AF013103.1) against the B73-Ab10 genome. Knobs were
defined as repeat clusters (>=500 Kb) that are composed of at least 10% repeat consensus

sequences (knob180 and TR-1) with no more than 100 Kb spacing between repeat units. This
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definition of knob180 knobs excludes the subtelomeric knob180 arrays. CentC arrays are defined
as repeat clusters (>=100 Kb) that are composed of at least 10% CentC consensus sequences.

Non-overlapping repeat units were quantified in each repeat array with custom script
repeat_analyses.py. Five major families of the long terminal repeat (LTR)-retrotransposons in
knobs, CentC arrays and active centromeres were individually quantified with bedtools (v2.28.0)
(Quinlan 2014). The Opie-Ji family includes Opie, Ji, Ruda and Giepum and the Prem family is
composed of Prem 1, Xilon, Diguus, and Tekay (SanMiguel and Vitte 2009). Centromeric
retrotransposons CRM1 and CRM2 were quantified together and annotated as CRM in active
centromeric regions.

To assess the enrichment of mappable repeat elements in functional centromeres, each of
the elements were first classified into uniquely mappable or non-uniquely mappable groups. A
cutoff of MAPQ20 was applied to the alignment file, and bedtools (v2.28.0) was used to estimate
genome coverage at the base pair level (-bga). Non-uniquely mapped locations (<=2 or >=101
aligned reads) were merged into islands with a maximum interval of 1 Kb. CENH3 ChIP-seq
enrichment for the unique and non-unique fractions of CentC, CRM and five major LTR
retrotransposon families were then individually assessed. ChIP enrichment was calculated by
normalizing ChIP-seq against the input genome-seq alignment bam files using a RPKM
normalization method with deepTools (v3.2.1) (Ramirez et al. 2014). Default options were used
except for the following parameters: --operation ratio --scaleFactorsMethod None --

normalizeUsing RPKM.
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Availability of data and materials

The B73-Ab10 inbred can be obtained as PI 690316 at the Germplasm Resources
Information Network (GRIN), Ames, lowa. All genomic sequence and Bionano data can be
obtained at the NCBI SRA under Bioproject PRIEB35367 [69]. The RNA-seq data is deposited
in EBI (Accession number E-MTAB-8641) [70]. The code used in this study is available at the

GitHub repository https://github.com/dawelab/Ab10-Assembly [71].
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Table 3.1. Assembly metrics of the B73-Ab10 genome.

Contigs Pseudomolecules
N50 (Mb) N90 Max Size Contig | Total Length | Gap® Length
(Mb) (Mb) Number (Mb) (Mb)
Nanopore 2.0 0.5 8.3 1673 2161.1 93.2
PacBio 41.2 7.1 156.3 216 2162.7 2.6
Merged 162.0 204 2359 63 2162.8 1.3

2Gaps longer than 10 Ns.
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Figure 3.1. Assembly of the B73-Ab10 genome. A) Whole-genome view. For each
chromosome, the top to bottom tracks are: gene density, cinful-zeon retrotransposon density,
Gypsy superfamily retrotransposon density in 10 Kb sliding windows, repeat location (knob180
in blue, TR-1 in red, 45S rDNA in teal, CentC in magenta), and the distribution of gapless
contigs. CENH3 ChIP-seq peaks identifying centromeres are marked by orange rectangles. The
inset shows the centromere on chromosome 3, TR-1-rich knob on chromosome 4, and knob180-

rich knob on chromosome 7. The five most common retroelement families are shown for each
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panel, along with Centromeric Retrotransposons (CRM) for the centromere. CENH3 enrichment
in chromosome 3 is displayed in a heatmap. B) The impact of assembly merging over a CentC-
rich region on chromosome 9. Seven contigs (orange, above) from the PacBio assembly were
originally misassembled, as can be seen in the alignment to the Bionano map (connecting lines
show matching sites). CentC tracts and gaps are annotated. Assembly merging corrected the
output, leaving an 11 Kb gap that was filled with nanopore reads. C) Sequence alignment
between normal chromosome 10 from B73 (N10) (140Mb-152Mb) and Ab10 (140Mb-195Mb)
from B73-Ab10. Annotation is as in A, with Kindr genes marked with black bars in the top track.

Links show homologous regions larger than 500bp.
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CHAPTER 4
ARCHAIC INTROGRESSION DIVERSIFIED AND EXPANDED THE MAIZE

PANGENOME?

3Liu, J.& Dawe, R. K. (2021). To be submitted to Nature Genetics.
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Abstract

The full extent of genomic variation in maize and its wild relatives has yet to be fully evaluated
at a whole genome scale. Here we used alignments of 26 genomes to demonstrate that much of
the structural diversity in maize accumulated is a result of differential transposon insertion in
archaic lineages. We observed age-stratified haplotype patterns in the pericentromeric areas of
all chromosomes representing multiple introgression events in the last 0.5 million years.
Signatures of ancient introgression were also observed in the repeat arrays of centromeres,
heterochromatic knobs and nucleolus organizer regions. These forces and large historical
population sizes gave rise to a maize pangenome of roughly 7.9 Gb -- well over three times
larger than any single genome. Analysis of variation in cis regulatory regions and gene
expression patterns indicate that ancient genomic remnants contribute important genetic

diversity.

Introduction

Maize was domesticated about 9,000 years ago from large populations of Zea mays
subspecies parviglumis, a tall grass with freely shattering seeds (Matsuoka et al. 2002). The early
domesticated form was grown in the lowlands and highlands of Mexico, where subsequent gene
flow with Zea mays subspecies mexicana introduced additional genetic variation. Humans then
transported the crop in two directions, northward through the American desert and into Canada
and southward to the Andes and the islands of the Caribbean (Ross-Ibarra et al. 2009; van
Heerwaarden et al. 2011; Hufford et al. 2013). Along the way, native Americans cultivated
hundreds of local landraces that not only retained much of original variation, but expanded the

range of diversity as a result of strong selection for local environments (Vigouroux et al. 2008).
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In the early twentieth century modern breeding lines were developed from a rich mixture of US
and Caribbean landraces (Unterseer et al. 2016) that are crossed in pairs to maximize yield by
heterosis. This unique domestication history, involving large population sizes and selection
through diverse environments, provided the underpinnings of the modern crop that is now grown
on every continent.

Molecular data show that there is extraordinary variation in genome size, gene content,
methylation status and repeat composition among maize lines (Chia et al. 2012; Sun et al. 2018;
Haberer et al. 2020; Hufford et al. 2021). Whole-genome identity between any two maize lines
can be as low as 50% (Anderson et al. 2019; Haberer et al. 2020). The genomic diversity is
mainly a result of transposon insertion over the past three million years, which inflated genome
size by two to five fold (Sanmiguel and Bennetzen 1998) and altered gene spacing and
arrangement (Fu and Dooner 2002; Morgante et al. 2005; Brunner et al. 2005). Transposons not
only restructure the genomic landscape but contribute important regulatory information that can
alter genetic networks (Feschotte 2008). For example, a Hopscotch transposable element acts as
an enhancer of the Teosinte branched 1 gene to repress branch outgrowth (Studer et al. 2011);
promoting the single stem growth habit that differentiates cultivated maize from its highly
branched wild ancestors.

What the evolutionary precursors of maize looked like at the time of the major TE-
mediated genome expansions can only be inferred. However the existence of ancient, deeply
divergent haplotypes in modern maize suggest the ancestral populations were diverse and
structured (Goloubinoff et al. 1993; White and Doebley 1999; Ching et al. 2002). In a recent
study of the sugaryl locus, the authors observed two distinct haplotype groups differentiated by

165 SNPs in a ~9 kb gene region, where each haplotype group was observed in both maize lines

97



and teosinte accessions, suggesting an ancient origin (Hu et al. 2021). Another dramatic example
was provided by Fu and Dooner (Fu and Dooner 2002), who characterized two haplotypes of the
bz1 region. They observed almost total absence of homology in the intergenic spaces: among the
23 transposons annotated over a ~ 180kb of combined sequence, only one transposon was
conserved. The authors suggested that the two regions evolved separately but survived the
domestication bottleneck to segregate in modern maize. The same reasoning may apply to maize
centromeres, where a small number of highly differentiated haplotypes have been described
(Schneider et al. 2016).

Here we provide evidence that the deep haplotype diversity in maize can be attributed in
part to introgression among highly differentiated archaic lineages. Using genome assemblies
from 26 inbreds, we integrated structural variant and SNP datasets to identify haplotypes and
estimate divergence times. Regions of high linkage disequilibrium, as is typical of
pericentromeric areas and regions composed primarily of tandem repeats, showed clear evidence
of evolutionary stratification at periodic intervals. These periods are not associated with major
changes in estimated population size, suggesting that the patterns are a result of intercrossing and
introgression among archaic subpopulations. The mixture of haplotypes from different lineages
enlarges the functional pangenome to roughly 7.8 Gb, roughly 3.7 times larger than any single

genome, and adds genetic variation that significantly alters measured gene expression patterns.

RESULTS
Extreme structural variation revealed by whole-genome alignment
We recently completed 26 high quality genomes for the founders of the Nested

Association Mapping (NAM) population (Hufford et al. 2021), a rich collection chosen to
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represent the diversity of maize, including temperate lines, tropical lines, sweet corn and popcorn
(McMullen et al. 2009). The PacBio and optical-map based assemblies have excellent contiguity
over genic and intergenic regions, as well as centromeres and heterochromatic knobs (megabase-
scale heterochromatic regions; (Dawe et al. 2018)). The release included expression data from
ten tissues for each inbred, and full annotation for genes, transposons, functional centromeres (by
CENP-A/CENH3 ChIP-seq) and unmethylated domains representing regulatory regions. As such
they present an exceptional resource to study the diversity and genomic history of maize.
Previous studies of the NAM lines have described structural variation and haplotype
structure by aligning resequencing data to the primary B73 reference genome, using both short
and long-reads (Hufford et al. 2021; Chia et al. 2012; Gore et al. 2009). However this approach
necessarily fails for insertions that are larger than the read length and preferentially recovers
deletions. Using the read alignment method, we identified ~250 Mb of deletions and fewer than
~7 Mb of insertions for each line (Hufford et al. 2021). A partial solution to this problem is the
merged alignment blocks method that was used to identify structural variants with whole-
genome alignments across six European flint lines (Haberer et al. 2020). While this approach
identifies deletions and insertions in roughly equal proportions, it fails to capture complex events
where there is variation in both query and reference (Figure S4.1). As a third approach to identify
both simple and complex events, we implemented the longest increasing subsequence (LIS)
algorithm (Rani and Rajpoot 2016; Abouelhoda and Ohlebusch 2005) in a two-step chaining
procedure (Figure S4.2 and S4.3). The pipeline was executed in an all-by-all format such that
there were 325 comparisons for each chromosome. As rearranged and small segments were
incorporated in the chain, we were able to characterize ~270,000 indels embedded in rearranged

domains that are not detected by the merged alignment blocks method with all-by-all comparison
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(Haberer et al. 2020) (Figure S4.6). Among the ~19 million unaligned segments identified across
26 lines (Table S4.3 and S4.4), 22.5% were simple deletions or insertions and 77.5% were more
complex, where the unaligned regions differed in size and SVs were called on both reference and
query.

We identified over three times as many indels and ten times as many large inversions in
the NAM lines than the previous estimate based on long long-read mapping (Hufford et al.
2021). We also identified 5314 large tandem duplications (>10Kb), including simple segmental
duplications (Figure S4.5A) and nested duplications (Figure S4.5B). Over 50% of tandem
duplications overlap with unmethylated regions (UMRs, likely regulatory domains) and
expressed genes (Figure S4.5B). Many inversions and large duplications have sustained
additional insertions and rearrangements, suggesting ancient origins (Figure S4.6). A complete
file of all indels, inversions, and duplications in the NAM lines are available in Supplemental
Dataset 1. The improved SV database will be useful for linkage and GWAS analysis in these

inbreds, for which there is already extensive phenotypic information (Wallace et al. 2014).

Ancient diversity visible in retained haplotype blocks

Our whole genome alignments revealed numerous megabase-scale haplotypes around
centromeres. A dramatic example of alternative pericentromeric haplotypes can be seen in a 10
Mb region of chromosome 8 (position 43-53 Mb), where CML52, HP301, IL14H, Mo18W, and
P39 differ from all other inbreds (Figure 4.1A). Pairwise alignment among the five lines with the
alternative haplotype showed that they share a common ancestor (Figure 4.1B). There is
substantial variation in TE subfamilies for each haplotype (Figure 4.1C, 4.1D), suggesting

genetic isolation over long time spans where different TE subfamilies proliferated. The
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haplotypes also differed in gene distribution (Figure S4.9A, S4.9B). Among the 91 potential
protein-coding genes in the chromosome 8 haplotype region, 42% were found to be non-
syntenic, suggesting positive selection in the source populations. Additional haplotypes were
identified in pericentromeric areas in six other chromosomes, including a 7 Mb region on
chromosome 2 (95-102 Mb), a 10 Mb segment on chromosome 3 (82-92 Mb), an 8 Mb section
on chromosome 5 (104-112 Mb), a 6 Mb area on chromosome 9 (55-61 Mb) and a 7 Mb region
on chromosome 10 (42-49 Mb) (Figure S4.7 and S4.8). The temperate (corn belt) lines tend to
have different pericentromeric haplotypes than the northern flint lines (sweet and popcorn)
(Table S4.5), providing further support for the expectation that the alternative haplotypes provide
beneficial alleles in different environments.

We also observed a 3 Mb segment of DNA with apparent ancestry to Tripsacum, the
sister genus to Zea. This introgressed region is embedded in the nucleolus organizer region of a
subset 20 NAM lines (NOR) (Figure S4.13C). There is no homology between the introgressed

segment and any other region in maize, making it difficult to interpret the origin of this region.

Evidence for repeated genetic isolation and introgression over a 0.5 mya timespan

To estimate the age of the visible haplotypes and the overall divergence of the NAM
inbreds, we identified SNPs differentiating the NAM genomes, and inferred divergence time
using an average mutation rate of 3.3 x10°8. We scored SNPs in all syntenic alignments using
B73 as a reference. Ancestry profiling of the pericentromeric haplotypes demonstrated that they
are archaic, with divergence times as old as 0.5 million years (Figure 4.2A). Ancient haplotypes
often contained segments of lesser age (Figure 4.1E, Figure S4.10, Figure 4.2C), indicating
periodic recombination among haplotypes. Clustering of divergence times over pericentromeric

areas revealed strata across every chromosome with differing dates of divergence (Figure 4.2C).
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For example, while a divergence of 0.45 million years was found between the two major
haplotypes in region 43.5-46.5 Mb on chromosome 10, we observed a younger stratum of 0.13
million years in lines CML322, Ki3, M162W, Tx303 and Tzi8 (Figure 4.2C, Figure S4.9).

The estimated age of the haplotypes greatly exceeds the time frame of maize
domestication (9,000 years) as well as the radiation of the Zea lineage (~100-300 kya; (Ross-
Ibarra et al. 2009)). Therefore we expected to see similar haplotype diversity in the wild teosinte
relatives of maize. Maize was originally domesticated from Zea mays ssp parviglumis and later
introgressed with ssp mexicana (Hufford et al. 2013). The Zea clade also includes Zea mays ssp
huehuetenangensis and the related species Zea diploperennis (Iltis et al. 1979; Doebley and
Others 1990). Short read data are available for numerous accessions of these teosintes.
Divergence analysis confirmed all the observed maize pericentromeric haplotypes and revealed
additional haplotypes (Figure S4.11). In the NAM lines there is only one major pericentromeric
haplotype on chromosome 1 and 6, while in teosinte there are two alternative haplotypes (Figure
S4.11), consistent with prior data showing that domestication reduced genetic diversity (Wang et
al. 2017). There were also differences in the distribution of haplotypes. The B73 haplotype of
chromosome 2 is only present in six maize inbreds, but it is the prevalent haplotype (82%)
among teosinte lines (Figure S4.10 and S4.11).

When all pericentromeric regions were analyzed together, a multi-modal distribution was
observed, with local peaks found at 0.001, 0.015, 0.05, 0.08, 0.13, 0.3, and 0.45 million years
(Figure 4.2D). A similar distribution was identified for divergence time across the whole
genome, with local maxima at the same intervals (Figure 4.2B). The enrichment at particular
divergence times could be a result of introgression between isolated populations, contractions or

expansions in effective population size, or combinations of introgression and changes in
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population size. We tested for historical changes in population size using the Multiple Markovian
Coalescent (MSMC) model (Schiffels and Durbin 2014). Consistent with previous studies (Wang
et al. 2017), we observed a continuously decreasing trend in effective population size from 0.5
million years ago to 200 years ago (Figure 4.2E). The absence of periodicity in historical
population size estimates suggests that the observed evolutionary stratification most likely

reflects repeated introgression.

Ancient haplotypes in repeat arrays of centromeres, knobs and NOR

The fact that evolutionary strata are most apparent in pericentromeric regions can be
attributed to the fact that recombination is low in these domains. Low recombination helps to
preserve ancient genetic linkages. In contrast, high recombination intersperses older and newer
regions and erases visible stratification. By this reasoning, any region where recombination is
low, such as centromeres, nucleus organizer regions (NOR) and knobs (Gore et al. 2009; Shi et
al. 2010; Ghaffari et al. 2013), and should contain visible signatures of ancient introgression with
periodicities roughly matching what we observed genome wide.

We assessed structural similarity in centromeres (CentC), knobs (knob180 and TR-1) and
NOR (rDNA) repeat arrays through independent alignment of monomers and syntenic
transposons. Repeat monomers do not align well using whole-genome alignment methods due to
the low frequency of unique kmers in long arrays. Instead of LIS we used a dot matrix alignment
method where the similarity of each monomer pair was assessed by BLAT (Mount 2007).
Divergence time of knobs was estimated with SNPs in uniquely aligned TEs. The data show that
the haplotypes inferred from pericentromeric regions correspond to distinctive centromere repeat

array haplotypes (Figure 4.3A, Figure S4.16 and S4.17). For example, CentC arrays in lines with
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the alternative haplotype on chromosome 8, including CML52, HP301, IL14H, Mo18W, and
P39, align well to each other, while no homology was identified between them and the haplotype
represented by B73 (Figure 4.13A). Nevertheless, multiple structural variants were detected
among centromeres in the same each haplotype group, suggesting rapid evolution in these repeat-
rich regions (Figure 4.3A, Figure S4.16).

A hierarchical degree of divergence was also observed in the NOR and knobs (Figure
4.3C). All by all alignment revealed three distinct clusters for the NOR array (Figure S4.15) and
the upstream array of knob180 repeats on the short arm of chromosome 6, with progressive
divergence times of 0.1, 0.22 and 0.3 million years (Figure 4.3D, 4.3E). Likewise, among the
eight classical knobs we surveyed (Albert et al. 2010; Hufford et al. 2021), five have diverged
for over 0.2 million years (Figure S4.19). The knob on the short arm of chromosome 9 is found
in 22 inbreds and these separated into three clusters, where two clusters diverged from B73 over
0.3 million years ago (Figure S4.14). However, we do not expect all knobs in maize to be
ancient; knobs are subject to meiotic drive and should occasionally sweep across populations
(Hall and Dawe 2017). The knob180-rich knob on 5L and 7L, and the TR-1-rich knob on
chromosome 4 have divergence times less than 0.1 million years (Figure S4.18, S4.19). These
knobs also show low diversity in parviglumis, mexicana, huehuetenangensis, and diploperennis,

consistent with a more recent emergence (Figure S4.11, S4.12C).

Total pangenome size far exceeds the size of any single genome
The observation that maize retains structural polymorphism dating to introgression events
from hundreds of thousands of years ago suggests a large and fluid pangenome. To estimate the

total pangenome size, we merged the overlaps from all-by-all comparisons to arrive at a total
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pangome estimate of 7.9 Gb (Figure 4.4A) which is ~3.7 times larger than the average assembled
size of any single genome (Hufford et al. 2021). Permutation of 26 genomes showed that over
80% of the pan-genome is identified in 10 inbreds, and beyond that additional sequences are
mainly line-specific (Figure 4.4A). Only ~4.9% of the total pangenome (0.38 Gb) is conserved
among all lines with the remaining 7.5 Gb segregating among lines at various frequencies

(Figure 4.4B).

Ancient regions significantly expand gene regulatory diversity

The sequence diversity introduced during ancient introgression events likely affected
phenotype, perhaps with adaptive value (Arnold 2004). Although we cannot assess the
phenotypic impacts, we can assess how the divergent sequences impact gene expression. We
were particularly interested in testing how divergent sequences in the intergenic spaces might
alter gene expression. Regulatory domains can be identified in the NAM genomes by
unmethylated regions (UMRs) (Hufford et al. 2021), which are known to correlate with cis
regulatory elements (Ricci et al. 2019). As many as a third of these potential regulatory regions
lie in sequence with homology to transposons (Oka et al. 2017).

High polymorphism was observed for UMRs between NAM lines and B73, among which
more than 20% was found to be non-syntenic due to genomic dissimilarity, and 10% overlap
with regions with a divergence time over 0.2 million years (Figure 4.5A, 4.5B). To test the effect
of UMR divergence on gene expression, we divided them into groups according to their relative
genetic distance to B73, and evaluated the corresponding gene expression change for UMR
groups of various diversity. A significant differential gene expression level was identified

between the groups of high diversity (>0.2 million years) and the 0-50K group (Figure 4.5C),
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indicating that the high sequence polymorphism in UMRs affected transcription factor binding

and in turn altered gene expression level.

Discussion

Like single-nucleotide mutations, SVs follow evolutionary trajectories (Mérot et al.
2020). SVs can spread from a single genome to a population or even across species through
recombination, introgression, and drift (Conrad and Hurles 2007). Inversions or clustered SVs
can reduce local recombination (Rowan et al. 2019), creating haplotype blocks identifiable by
patterns of linkage disequilibrium and distinct age estimates (Thompson and Jiggins 2014).
Haplotype blocks that link favorable alleles can spread through populations (Kirkpatrick and
Barton 2006) and have outsized impacts on phenotype. Adaptive haplotypes formed by the
accumulation of SVs are known to be associated with sex chromosomes (Ross et al. 2005), social
organization in ants (Purcell et al. 2014), wing color in butterfly (Joron et al. 2011) and
flowering time in sunflower (Todesco et al. 2020).

The distribution of haplotypes can also reflect demographic isolation and introgression,
as illustrated by the large literature on admixture among early humans and extinct Neanderthal
and Denisovan lineages (Li and Durbin 2011; Almarri et al. 2020). These archaic, reproductively
isolated populations accrued different SV and SNP profiles, which are identifiable as segregating
polymorphisms in modern humans. Similar arguments have been made for many plant lineages
(Rieseberg et al. 2003; Arnold 2004; Harrison and Larson 2014; Suarez-Gonzalez et al. 2018)
which are far more likely to undergo hybridization than animals (Mallet et al. 2016). Whether or

not these events provide adaptive value is often unclear (Abbott et al. 2013), however, it is
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evident that hybridization and introgression are diversifying forces that rapidly introduce
complex alleles and multigene traits.

Our detailed analysis of SV-based haplotype profiles show that multiple introgression
events occurred during the evolutionary history of maize over the last 1 million years (Figure
4.6). We identified ancient haplotypes among the maize NAM population in the areas of high
linkage disequilibrium, including pericentromeric areas, centromeres, knobs and NOR.
Introgression was particularly frequent around 0.5, 0.35, 0.25, and 0.1 and 0.015 million years
ago. The most recent hybridization event that accounted for 13.2% of genomic diversity took
place around 6,000 years before domestication. A 3 Mb introgressed segment of DNA from a
relative of Tripsacum was also identified, however it is difficult to estimate the date of this
ancient hybridization event.

During domestication, there were introgressions between the early domesticated maize
derived from Z. parviglumis and the closely related teosinte Z. mexicana (Matsuoka et al. 2002;
Hufford et al. 2013). We observed that the major archaic haplotypes are present in both Z.
parviglumis and Z. mexicana with maize having higher similarity to Z. parviglumis (Figure
S4.11). We also observed higher polymorphism in the parviglumis population, consistent with
the known loss of genetic diversity that occurred during the domestication bottleneck (Wang et
al. 2017). The Z. mexicana introgressions are thought to have alleviated the severity of the
bottleneck by bringing in lost diversity (Hufford et al. 2013) and serve to illustrate the longer-
term dynamics of the Zea lineage, where multiple waves of hybridization and introgression help
to build the rich genetic diversity in this species.

It is noteworthy that the most conspicuous structural variation in maize is localized

around centromeres. We observed that seven chromosomes segregate for at least two major,
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ancient haplotypes. Regions of reduced recombination are expected to show a higher rate of
deleterious variants and have particularly strong contributions to inbreeding depression
(Charlesworth and Willis 2009). Genotyping data from maize demonstrate that pericentromeres
are more likely to retain heterozygosity in serially inbred lines (McMullen et al. 2009). Further, a
higher proportion of quantitative trait loci (QTL) for hybrid vigor (heterosis) map to
pericentromeric areas than expected by chance (Thiemann et al. 2014; Martinez et al. 2016),
These data support the dominance theory for hybrid vigor, where deleterious alleles in one
genotype are complemented by the second genotype. In this context, the hybridization and
retention of distinct centromeric haplotypes may reflect natural selection for improved vigor in
the wild. Genomic comparisons across multiple inbred lines may help to explain the differential
heterosis effects that are observed among maize elite lines (Springer and Stupar 2007), facilitate
the fine mapping of candidate loci that help predict heterotic effects.

Hybridization and introgression over hundreds of thousands of years have created a
remarkably large and diverse pangenome. We find that only 4.6% of the sequence is conserved
across all 26 lines. We estimate that the pangenome totals ~7.9 Gb in 26 genomes, however, it is
clear that pangenome size will continue to increase with the addition of new genomes (Figure
4.4A). Each new accession will contain additional structural variation with novel genes and

neoUMRs that further expand the pool of genetic variation available to breeders.

Methods
Genome alignment and structural variant characterization

The accuracy of structural variant detection is dependent on the reliability of sequence
alignment. As maize genomes are highly repetitive and divergent, non-syntenic alignments were

frequently observed when comparing sequence assemblies with whole-genome aligners (Sup
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Fig3). To remove the background alignment noises caused by transposable elements in genome
alignment output, we aimed to identify the syntenic aligned segments (anchors) in the optimal
chain through implementing the Longest Increasing Subsequence (LIS) problem (Rani and
Rajpoot 2016; Abouelhoda and Ohlebusch 2005) (Figure S4.2 and S4.3).

Our workflow for SV identification is consisted of three phases: 1) perform pairwise
whole-genome alignment, 2) chain aligned segments with LIS, 3) characterize structural variants
through identifying alignment gaps. For the second phase, we performed independent chaining
for anchors located in syntenic aligned regions and rearranged segments, as rearrangements
(inversions and translocations) break colinearity and form a separate chain.

Alignment

Pairwise genome alignments were carried out with minimap2 (Li 2018) (v2.17) using
parameters: -c -cx asmS5 --no-kalloc --print-qname --cs=long. Prior to chaining, alignments were
sorted according to the position in the reference sequence.

Chaining

A two-round chaining procedure was implemented to identify the longest set of anchors,
where the first round identifies the optimal chain and the second round finds lower-scoring
anchors to fill the gaps in the first chain (Figure S4.2). During each round, we calculate the
chaining score for individual anchors, and identify non-overlapping anchors in the global optimal
path using the backtracking approach. The computation of chaining score differs between these
two rounds, as the second one was carried out aiming to incorporate anchors of low mapping
quality.

The chaining score of anchor i in the first round was calculated as:f (i) = max{f (j) +

len(i) * log10(q(i) + 0.001) — gap(i,j)/100},i > j > 1, where len(i) and q(i) are
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respectively the length and the mapping quality of anchor i. Gap (i,)) is the distance between
anchors i and j, which was computed as abs (ix — jy), and x and y are the start and end
coordinates. Upon score calculation, the backtracking method was used by repeatedly finding the
best predecessor of anchor i. After the first round, anchors identified in the optimal chain were
combined with the remaining anchors with a size larger than 15Kb and were subjected to round
two. To eliminate the effect of mapping quality, the score calculation of anchor i was modified
from stepl as: (i) = max{f(j) + len(i) — gap(i,j)/100},i >j > 1.
Structural Variant characterization

Independent transposable elements insertion and indels mediated by this process result in
a pairwise unaligned pattern among maize lines. This special variant structure could not be
characterized by softwares developed to score small variants or variants with simple junctions.
To accurately characterize structural changes in both reference and query genomes among maize
lines, we defined variants as pairwise unaligned regions (Figure S4.1B). For each pair of
unaligned regions, the region in reference is a deletion, and its counterpart in query is an
insertion (Figure S4.1B). As to rearrangements, breakpoints for inversions, translocations and
tandem duplications were inferred from alignment chains and orientation. True variants were
further filtered with a 20Kb cutoff for inversions, 10Kb for tandem duplications, and 50Kb for

translocations.

Variant identification among NAM lines
To identify structural changes among 26 NAM lines, we performed 325 pairwise
alignments for each chromosome and carried out chaining and SV characterization with the

workflow described above. Chaining was conducted with script “chaining.py” and SV calling
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was accomplished with “sv_detect.py” (see WholeGenome-SV section in github). The number
and size of variants, including un-alignments, tandem duplications, and inversions, were

quantified for individual genomes and plotted with custom script using karyploteR.

Pan-genome analysis
Frequency of B73 genome space in NAM population

The frequency distribution of B73 genomic sequences was calculated through quantifying
the presence/absence of every loci among 25 NAM lines. The start and end coordinates of each
unit are intervals between adjacent alignment breakpoints of B73. For each chromosome, the SV
breakpoints were extracted and sorted by position, and adjacent breakpoints smaller than 20bp
were merged as their midpoint. Intervals between breakpoints were derived, and the occurrences
of each interval were counted across NAM based on genome alignment. B73 segments present in
25 lines were represented by an allele frequency of 26, and an allele frequency of 1 depicts B73-
specific regions. The above steps were conducted with script allele frequency cal.py. Genes and
UMRs that overlap with each interval were identified with bedtools intersect, and subsequently
quantified for every allele frequency.
Pangenome space

We employed the all-by-all syntenic alignments among NAM lines to calculate the pan-
genome space. The added non-redundant genome size was calculated upon the addition of each
genome, which was subsequently used as the reference to investigate the expanded genomic
space. Aligned segments between the nth genome and all its predecessor genomes (n-1) were
merged, and unaligned segments of the nth genome were derived. The unaligned parts of each

additional line are the novel regions added to the pan-genome space. Order of NAM lines was
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shuffled for a 1000 times, and pan-genome was calculated for every case. The pipeline for

pangenome computation and permutation was implemented in script pangenome_cal.py.

Structural comparison among repeat arrays

To measure the genetic distance of syntenic repeat arrays among NAM inbreds, we
employed the dot-matrix method to perform pairwise sequence alignment for repeat arrays, and
calculated pairwise distance based on the number of monomer matches between reference and
query. This pipeline was carried out for the structural comparison of ten CentC arrays, ten
classical knobs and one nucleus organizer region (NOR) across 26 NAM lines. As large knobs
are intermingled with knob180 and TR-1 monomers (Liu et al. 2020; M. B. Hufford, Seetharam,
and Woodhouse 2021), we performed alignment with the dominant monomer type in the array.
Syntenic repeat arrays identification

The coordinates and of syntenic knobs, CentC, and NOR arrays were obtained from study
(M. B. Hufford, Seetharam, and Woodhouse 2021). We identified CentC arrays located within
5Mb upstream and downstream of the active centromeres for each chromosome as true
centromeric arrays. Classical knobs located on 2L, 3L, 4L, 5L, 6S1, 6S2, 6L, 7L, 8L, 9S were
selected for structure analysis. The nucleus organizer regions (NOR) are present in syntenic areas
on the short arm of chromosome 6 across all lines.
Pairwise alignment via dot-matrix

As minimap?2 failed to align tandem repetitive areas, we employed the dot-matrix
approach to perform pairwise alignments between repeat arrays (Gibbs and Mclntyre 1970).
Traditional dot-matrix method compares two sequences through identifying nucleotide or amino

acid matches on the main diagonal. In our pipeline, repeat arrays from reference and query were
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regarded as two sequences, where each repeat monomer was analyzed as a single residue. To
identify the monomer pairs that share a common ancestor, we aligned all monomers from the
reference array to those from the query array and measured their genetic distance. A match was
assigned to a monomer pair when their similarity exceeds a certain threshold, and a dot was
placed in the matrix. Structural similarity between the two repeat arrays was evaluated through
manually inspecting the main diagonal in the dot-matrix.

To construct the dot matrix, monomer indexes from reference and query arrays were
written along the two axes, where n represents the nth monomer from each array. Sequences of
indexed monomers were extracted with bedtools getfasta (v2.29.2; -nameOnly -s). Genetic
distance between any monomer pairs was measured through all-by-all alignments (i x j) with
BLAT (vxx;-minldentity=70 -maxGap=10 -minScore=0 -repMatch=2147483647). The similarity
score for each monomer alignment was calculated with Jaccard Index: Len(4, B) / {Len(4) +
Len(B) — Len(A, B)}, where Len(A4) and Len(B)represent the lengths of monomers A and B,
and Len(A4, B)is the number of matched nucleotides between them. Monomer pairs with a
jaccard index above 0.98 were classified as matches and marked in the matrix. Dot matrices were
plotted with R and structural similarity between any two repeat arrays from NAM lines was
manually evaluated.

Similarity calculation and clustering

To assess the overall similarity between two repeat arrays in a quantitative way, we
measured the total number of monomer matches for each alignment, and normalized it against
the length of the smaller array to account for the difference in array length. The similarity of each
pair of repeat arrays among NAM was calculated and used as input to construct a correlation

matrix. This correlation matrix was visualized as a network through ggraph in R.

113



Divergence-time estimation with the whole-genome alignment method
Whole chromosome and intergenic spaces

As the syntenic anchors represent the true common ancestry between reference and query
genomes, SNPs located in these syntenic regions could be used to accurately infer the divergence
time for individual aligned segments. The syntenic aligned segments in a minimap2 paf format
were identified based on coordinates derived from the synteny identification step, and were
subjected to variant calling with paftools.js call (v2.17) using parameters: -L50 -q0 -150. To
obtain a more accurate estimation of divergence time of intergenic spaces, we filtered SNPs
located in genes and unmethylated regions with bedtools intersect (v2.29.2), and computed the
SNP ratio of each block by counting the alignment length and SNP number for intergenic
regions. Divergence time for each aligned segment was estimated with a molecular clock of
3.3X108.
Knobs

As knobs are interspersed with a high variety of transposable elements (Liu et al. 2020;
M. B. Hufford, Seetharam, and Woodhouse 2021), a great portion of knob sequence could be
uniquely aligned between genomes and thus high-confidence syntenys were detected within
knobs. Inspection of alignment blocks suggested that a certain amount of syntenic monomer
sequences were included in the alignment chain and SNPs were called within these tandem
repeats. To eliminate the effect of incorrect chaining of repeat sequences as well as the
differential mutation rate between monomers and transposable elements on divergence

calculation, we removed SNPs in TR-1 and knob180 repeat sequences with bedtools intersect
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(v2.29.2) and computed the divergence time of each aligned segment with SNPs located in non-

tandem repetitive areas.

Divergence-time estimation with short-read mapping
Source of data

Paired-end Illumina data of 49 parviglumis lines from Palmar Chico in Balsas river
drainage of Mexico were obtained from Bioproject PRINA616247 (SRR11448786-
SRR11448838). Illumina reads of 14 parviglumis lines TILO1 (SRR447882), TIL02
(SRR447886), TILO3 (SRR447894-SRR447895), TIL04 (SRR447962-SRR447964), TILOS
(SRR447755-SRR447757),TIL06 (SRR447827-SRR447829), TILO7(SRR447960-SRR447961),
TIL09 (SRR447954-SRR447955), TIL10 (SRR447825-SRR447826), TIL11 (SRR5976511),
TIL12 (SRR447997), TIL14 (SRR447780-SRR447782), TIL15 (SRR447859-SRR447860) and
TIL17 (SRR447896-SRR447898) were from HapMap II project SRPO11907. Paired-end reads of
two mexicana lines, TILO8 (SRR447933-SRR447934) and TIL25 (SRR447936-SRR5976310),
were obtained from study SRP011907, and the data of other mexicana lines (SRR7758236 and
SRR7758237) were downloaded from project PRINA487810. Reads for Huehuetageneis
samples Hue2 and Hue4 were downloaded from PRINA384363, and that of diploperennis
(SRR13687522) is from project PRINA700589. Paired-end data for two tripsacum lines
TDD39103 (SRR447804-SRR447807) and Trip ISU 1 (SRR7758238) were respectively from
SRP011907 and PRINA487810. Short-reads of NAM lines were obtained from PRJEB31061
and PRJIEB32225.

SNP calling
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[llumina reads were trimmed with trimgalore (v0.6.5) and aligned to B73 reference
genomes with bwa-mem (v0.7.17). Variant calling was conducted on bam files with a mapping
quality above 20 using bcftools mpileup (v1.6; -Ou -f -C50). To remove the artifact of read
mapping on variant calling, we filtered the sites with too low or too high read depth with beftools
filter, where the lower and upper bounds were respectively defined as 74 and 4 times of the mean
read depth of input bam files with MAPQ>20. High-confidence calls were obtained by further
applying a quality cutoff of 20, and homozygous SNPs were extracted with beftools view.
Divergence calculation and normalization

To estimate the divergence of each line from the reference with short reads, we calculated
the genetic distance between each sample and reference in a fixed window. The reference
genomes were divided into 20Kb non-overlapping windows with bedtools (v2.29.2). Genetic
distance was measured as the proportion of intergenic SNPs over effective SNPable lengths in
each window. We applied the same coverage cutoff used for SNP calling to estimate effective
length, which is between % and 4 times of the mean read depth. The portion of SNPable
segments that overlap with genes and UMRs were removed with bedtools (v2.29.2) to account
for intergenic regions. Divergence time over each window was estimated with d/2/u, where u =
3.3x10°8,

Upon divergence calculation in each 20Kb window, we compared the values estimated
by short-reads with those by whole-genome alignment among NAM lines (Table S4.1 and S4.2.
We sampled 10,000 points from the whole dataset, and investigated the relationship between
divergence time and biases of the short-read method (Figure S4.13A, S4.13B). In the cases
where divergence time is younger than 0.4 million years, a small variation was identified

between values estimated with the two methods (Figure S4.13A, S4.13B). However, the short-
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read alignment approach is not sensitive enough to capture SNPs in highly divergent regions and
often underestimate the divergence time when it’s ancient (Supplementary Fig 13A, B). To
estimate the introgression time of the 3Mb segment on chromosome 6 (17.8-20.96Mb), we
calculated the mean divergence time of the target area between two tripsacum samples and B73
using SNPs called by short-reads (Figure S4.13C). This value was later normalized against the
median divergence fold difference between the short-read method and whole-genome alignment

method to accommodate biases of the Illumina read-mapping approach.

MSMC (Multiple Sequentially Markovian Coalescent) analysis

To infer the dynamics of maize effective population size over the past million years, we
employed the MSMC method to analyze syntenic SNPs between 25 NAM lines and B73. As low
residual heterozygosity was identified among NAM inbreds, one haplotype was used for each
line for MSMC analysis. To generate input files for msmec2 (Schiffels and Durbin 2014; Schiffels
and Wang 2020), SNPs in VCF format across 25 lines were merged with bcftools (v1.6;
http://samtools.github.io/bcftools) and phased with BEAGLE (Browning, Zhou, and Browning,
n.d.). Syntenic aligned regions between NAM and B73 were used as mappability masks to define
high-confidence mapping. Phased haplotypes and mask files for 25 lines were concatenated into
a single file with generate multihetsep.py, and used as input for msmc?2 (Schiffels and Wang

2020). The time segment patterning parameter was set as 5*4+25*2+5*4 for msmc?2 analysis.

UMR and differential gene expression

We evaluated the effect of UMR divergence on gene expression between each NAM and

B73. UMR coordinates for 26 lines were obtained from MaizeGDB

117



(https://maizegdb.org/download). For each line, UMRs were classified into syntenic UMRs and
neoUMRs based on their genetic background compared with B73. UMRs located on syntenic
aligned segments were classified as syntenic UMRs, and the ones completely overlapped with
query-specific sequences were categorized as necoUMRs. UMRs syntenic to B73 were further
divided into groups, including 0-50K, 50-250K, 250-500K, 500K+, according to the divergence
time of each syntenic segment they overlap with using bedtools intersect (v2.29.2; - 0.5).

We identified the genes that individual UMRSs regulate across NAM lines based on the
condition that -10bp to +400bp from gene transcription start site overlap with UMR. Annotated
genes of each NAM line were classified according to their corresponding UMR group, and
selected for differential expression analysis. The pan-gene matrix was employed to correlate
annotated genelDs from 26 lines for synteny identification, where TPM values were scored with
TPMCalculator (v0.0.4). Differential expression value for each syntenic gene pair between NAM
and B73 was calculated as log2FC (fold change). The distribution of differential gene expression

values among the 5 groups described above were compared.
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Figure 4.1. Diverse haplotype blocks in pericentromeric regions of chromosome 8. A) Whole-
chromosome alignments between NAM lines and B73. Syntenic aligned regions and inverted
segments are respectively colored as grey and red. Tandem repeats and CENH3-defined
centromeres are displayed in the bottom track, where centromeres are marked by a yellow box,
and CentC, Knob180, TR-1, NOR, and subtelomere repeats are represented as orange, blue, red,
cyan, and black lines. B) Whole-chromosome alignments between 25 lines and P39. Annotation
is the same as A). C) Pairwise alignments between CML322, CML52 and B73 from region
46.1Mb to 47.1 Mb on chromosome 8 (B73 coordinates). D) Comparison of transposable
element content between B73 and CML52 over the 1Mb region in C). The abundance of
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individual TE types (Gypsy superfamily) was shown in a stacked bar plot. Transposons classified
as the same subfamilies are colored the same. E) Divergence time (K years) between NAM lines
and B73, estimated with syntenic SNPs. Maximum divergence time was set as 0.6 million years
in the heatmap, where the lowest divergence colored as light grey and highest divergence as
black. White spaces depict unaligned regions between query genome and B73. Tandem repeats

are shown in the bottom track and annotated as A).
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Figure 4.2. Repeated isolation and introgression over the past 0.5 million years inferred from
divergence time. A) Divergence time between NAM and B73 over a 20Kb window across the

whole genome. B) Density plot of divergence times displayed in A), with the left embedded

121

61> 8> P2 9 S v e (2% 20

ouw



panel depicting the distribution between 0 to 0.05 million years and the right embedded panel
representing that of 0.05 to 1 million years. Local maximums in density plot are highlighted as
red dots, which were calculated with stat peaks in R. C) Divergence time between NAM and
B73 over pericentromeric areas. The left panel shows the range from 0 - 1 million years, and the
right panel highlights divergence time between 0 to 0.05 million years. D) Density plot of
divergence times displayed in the left panel of C). The insets were annotated as B). E) Effective
population size of maize over the past 0.5 million years, estimated with syntenic SNPs via
MSMC analysis. The arrows are labeling local peaks found in B) and D), respectively at 0.015,
0.05, 0.1, 0.25, and 0.5 million years.
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Figure 4.3. Haplotypes and evolutionary strata in repeat arrays. A) Pairwise alignments between
25 lines and reference genome (left: B73 and right: CML52) over the CentC repeat arrays on
chromosome 8. Each alignment is represented in a dotplot, where the x and y axes depict the
monomer indexes of query and reference arrays. Each dot reflects the similarity (Jaccard Index)
between a pair of monomers, where jaccard similarity values higher than 0.98 are regarded as
matches and shown in a gradient format. B) Clustering of chr8 CentC arrays across 26 lines
based on all-by-all alignment in A). Flint, temperate, mixed, and tropical lines are respectively
highlighted in pink, blue, red and green. C) Pairwise alignment between 25 NAM lines and B73
over the 6S knob180, which is adjacent to NOR (chr6:18-21 Mb). D) Alignment and divergence
time estimation over the 6S knob and NOR region. Tandem repeats are annotated as Figure 1A.
E) Clustering of NAM lines based on all-by-all alignment in C). Divergence time (million years)

estimated is labeled for each group.
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Figure 4.5. Gene regulatory diversity and impacts of divergent UMRs on gene expression. A)
Example of UMR diversity between CML52, P39 and B73 (Chr2: 233-234 Mb). UMRs for each
line are depicted in red boxes and SNPs in CML52 and P39 are shown in black lines. Examples
of NeoUMRs, highly divergent UMRs and lowly divergent UMRs in CML52 are respectively
highlighted with yellow, red and blue boxes. In certain cases, UMRs are splitted into small
segments due to transposon insertion (e.g., second UMR cluster in B73). B) Distribution of
UMRs divergence among NAM lines compared with B73. C) Gene expression affected by
UMRs of different diversification level.
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Figure 4.6. Schematic model for pangenome accumulation of maize over the past 1 million
years, through recurrent isolation and introgression. Introgression among archaic populations
were represented by arrows and teosinte groups that underwent domestication were highlighted

in black.
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CHAPTER 5

CONCLUSION AND DISCUSSION

Technology advancements over the past 10 years have greatly improved the power for
structural variants characterization across genomes. The low cost and high-throughput of
hybridization techniques and short-read resequencing provided us a valuable resource to study
genomic variations at a large scale. Long-read technologies further improved the accuracy and
sensitivity of short-read in variant identification, revealing hidden genomic variants in
complicated areas (Alonge et al. 2020; Hufford, Seetharam, and Woodhouse 2021). Now with
the availability of multiple high-quality assemblies for model organisms, we have transitioned
from a single-reference phase to a pan-genome era, which profoundly broadened our
understanding of genomic diversity and complexity (The Computational Pan-Genomics
Consortium et al. 2016; Danilevicz et al. 2020).

Along with the improvement in technologies and resources during the past five years, we
have performed genomic variant identification with multiple platforms, from short-reads to long-
reads, from resequencing and mapping to a single reference to the multi-reference genome
assemblies. Consistent with previous studies (Sudmant et al. 2015; Tattini, D’ Aurizio, and Magi
2015), we found that while short reads are capable of capturing a great portion of variations, the
nature of this data impeded its efficiency in complex genomes and difficult regions. Greater

genome accessibility and higher accuracy have been achieved with long-reads, but variants in
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complicated and highly repetitive regions can only be revealed with a combination of optical
maps and long-read sequencing technologies.

With the availability of 26 maize whole-genome assemblies (Hufford, Seetharam, and
Woodhouse 2021), we resolved the variant detection biases of resequencing technologies and
achieved a full catalog of SVs across these lines, where we carried out all-by-all alignments and
identified variants in a pairwise manner. Evolutionary dynamics of maize lines was inferred
through integrating structural variants and SNPs. Functional impacts of variant regions were
further explored with epigenetic profiling and gene expression analysis. The high assembly
contiguity over tandem repeat arrays enabled structural comparison of centromeres, knobs and
ribosomal DNA regions (NOR), of which internal structure was previously known only by

cytological studies (Albert et al. 2010).

Future directions

Graph-based interpretations of pangenome data. While our approach for SV cataloging
with whole-genome assemblies provides a confident set of variants, this method has the
following limitations: 1) all-by-all alignment is computationally expensive, 2) SVs are not
projected or concatenated to a single reference genome, 3) visualization and downstream
analysis of SVs derived from all-by-all comparisons can be difficult. Theoretically, coordinate
preservation and SV interpretation could be achieved by a pangenome sequence graph that
encodes multiple genomes (Garrison et al. 2018; Danilevicz et al. 2020; Li, Feng, and Chu
2020). This approach represents full genomic diversity through retaining representative paths and
collapsing redundant variants (Garrison et al. 2018; Danilevicz et al. 2020; Li, Feng, and Chu

2020). An alignment-based model was proposed by Li et al to construct pangenome graph
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through iteratively adding poorly mapped regions to the reference genome (Li, Feng, and Chu
2020). This method employs progressive alignments and achieves high computation efficiency.
Additionally, the final pangenome graph could be further used as a sequence reference genome
for read mapping and variant calling. However, the current version does not keep sample
information, and fails in complex SVs and diverse areas. The mapping algorithm needs to be
reimplemented to work on highly repetitive and divergent genomes such as maize (Li, Feng, and
Chu 2020). Other models such as the De Bruijn graph were also developed to construct
pangenome graphs, yet not efficient enough to handle large numbers of genomes (Baier, Beller,
and Ohlebusch 2015; Chikhi, Limasset, and Medvedev 2016; Li, Feng, and Chu 2020). Despite
the above limitations, the pangenome graph approach is a promising strategy for future SV
analysis, especially in cataloging, visualization, and downstream integration of various data
formats.

The dark genome: repeat arrays. Comparative studies in tandem repetitive regions were
recently enabled by the advancement of long read sequencing and development of highly
contiguous assemblies (Miga et al. 2020; Liu et al. 2020). Our work on structural comparison
over repeat arrays has revealed the substantial structural diversity in centromere, knobs, and
ribosomal DNAs in maize, of which internal structure was previously known only by cytological
studies (Albert et al. 2010).The above findings have helped us pave a way to investigate the
evolutionary dynamics of repeat arrays, but our understanding of tandem repetitive regions is
still preliminary. For example, previous studies have proposed a co-evolution model between
centromeres and centromeric histones to explain the paradox where the rapid evolution
of centromeric regions does not align with their stable function (Henikoff, Ahmad, and Malik

2001). Now with resources to study centromere repeat structural changes and centromeric
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histone sequence evolution, we could resolve this mystery through identifying the evolutionary
dynamics between these two factors. In addition, neocentromeres have been characterized in
nonrepetitive areas, but its formation is poorly understood (Scott and Sullivan 2014). The de
novo origin of neocentromeres might be attributed to the structural changes of ancestral
centromeres, which can be explored via genomic comparisons. Furthermore, with the completion
of multi-genome assemblies for single species, the homogenization, expansion, deletions of
repeat arrays could be characterized for non-human organisms.

Interpreting the impact of SVs on phenotype. While third-generation sequencing and
whole genome assemblies have facilitated the detection of structural variants, functional
interpretation of SVs remains to be a challenge (Weischenfeldt et al. 2013). As SVs span genic
and intergenic areas, they can cause phenotypic effects in various ways, from directly altering
coding regions to indirectly influencing gene expression over a long distance (Ricci et al. 2019;
Alonge et al. 2020). Impacts of SVs that disrupt coding sequences or involve in copy number
changes could be estimated with the mRNA expression level of associated genes. As to SVs
located in intergenic areas, they potentially interfere with regulatory elements and induce
modifications in chromatin topology. These three-dimensional changes in genome structure can
be characterized with Hi-C or Hi-ChIP, which associates chromatin looping with chromatin
modification status (Mumbach et al. 2016; Spielmann, Lupiafiez, and Mundlos 2018). In addition
to epigenetic regulation and gene expression, investigation on protein-level is crucial to verify
the transcriptomic changes and characterize the linkage between genomic variants with
phenotypes (Weischenfeldt et al. 2013). In summary, the integration of multi-omics provides a
powerful resource for assessing the functional impacts of SVs on a large-scale (Salzberg 2019).

Though a high-quality annotation in genes and cis-regulatory regions can be technically difficult,
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improvements in sequencing technologies could help us overcome this challenge and lead to a

better interpretation of the functional roles for SVs in the near future.
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Table S2.1. Copy number of lambda and co-bombarded plasmid in rice/maize transgenic genome

Sample Transgenic Mapped reads Copy number' Plant
name events Genome Lambda  Plasmid Lambda  Plasmid regenerated
Os A-1 RiceE6" 7,668,253 110 242 0.23 4.20 Y
Os A-2 RiceE10" 9,215,152 575 69 1.00 1.00 N
Os A-3 RiceE24" 1,510,262 20 27 0.21 2.38 Y
Os A-4 RiceE29" 200,676 527 42 42.57 27.89 Y
Os A-5 RiceE37" 5,013,058 10,924 65 35.32 1.73 N
Os A-6 RiceE17" 3,578,356 4,821 41 21.84 1.53 N
Os A-7 RiceE26" 5,496,295 574 71 1.69 1.72 N
Os A-8 RiceE16" 650,951 841 31 20.94 6.35 N
Os A-9 RiceE20 7,174,824 90 81 0.20 1.50 N
Os A-10 RiceE34 4,554,076 126 211 0.45 6.17 N
Os A-11 RiceE18 5,016,781 213 578 0.69 15.35 N
Os A-12 RiceE30 3,993,241 2,420 68 9.82 2.27 N
Os A-13 RiceE38 3,386,957 2,709 39 12.96 1.53 N
Os A-14 RiceE15 7,694,158 19,485 208 41.05 3.60 N
Zm A-1 MaizeE14" 17,755,010 220 29 1.19 0.82 Y
Zm \-2 MaizeE12" 11,246,844 2,397 68 20.42 3.03 Y
Zm A-3 Maize E16 17,098,938 1,703 13 9.54 0.38 Y
Zm A-4 MaizeE4" 34,630,686 18,401 179 50.92 2.59 Y
Zm \-5 MaizeE29 803,052 6 8 0.72 4.99 Y
Zm A-6 MaizeE15 40,124,819 977 30 2.33 0.37 Y
Zm \-7 MaizeEl11 36,291,405 2,379 50 6.28 0.69 Y
Zm \-8 MaizeE3 50,713,019 3,352 123 6.33 1.21 Y
Zm X-9 MaizeE6 56,322,297 3,800 52 6.47 0.46 Y
ZmA-10 MaizeE25 30,680,847 7,569 59 23.64 0.96 Y

T Copy number in the diploid rice/maize genome
* Lines selected for deep sequencing
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Table S2.2. Sensitivity and precision evaluation of SV detection pipeline by simulation

Simulation Set 1 Simulation Set 2 Simulation Set 3 Simulation Set 4
Introduced fragments Lambda:1-48502 Lambda:1-48502 Chr2:160,000-560,000 Chr3:3000,000-3500,000
Translocation type Inter- Intra- Inter- Intra- Inter- Intra- Inter- Intra-
chromosomal chromosomal chromosomal chromosomal chromosomal chromosomal chromosomal chromosomal
Number of breakpoints 20 10 100 40 484 180 100 46
Lumpy Total 25 11 109 45 455 162 99 45
TP 18 10 73 32 306 120 71 32
Sensitivity* 0.90 1 0.81 0.80 0.63 0.67 0.71 0.71
Precision** 0.72 0.91 0.67 0.71 0.67 0.74 0.72 0.58
SVDetect Total 22 11 127 40 699 389 129 66
TP 18 10 79 32 342 146 80 38
Sensitivity* 0.90 1 0.88 0.80 0.71 0.81 0.80 0.84
Precision** 0.82 0.91 0.62 0.80 0.49 0.38 0.62 0.58
Shared between Total 21 11 93 36 430 158 89 43
Lumpy and TPt 18 10 70 31 301 120 71 32
SVDetect
Sensitivity* 0.90 1 0.78 0.78 0.62 0.67 0.71 0.71
Precision** 0.86 0.91 0.75 0.86 0.70 0.76 0.80 0.74

T True positives
* Sensitivity = Number of True positives/Number of total actual variants in simulation
** Precision= Number of True positives/Number of total calls by program

141



Table S2.3. Evidence of HDR in non-repetitive regions in rice transgenic events

Event Fragment Chromosome Start End Copy  Deletion HDR
Size (bp) Coordinate (bp) Coordinate (bp) number (+1Mb)
Os A-5 44 1 23,365,247 23,365,290 3 N Y
64 1 24,390,575 24,390,638 3 N Y
110 1 2,138,740 2,138,849 3 N Y
240 6 27,010,714 27,010,953 2 Y N
79 7 14,434,733 14,434,811 3 N Y
67 9 11,041,419 11,041,485 3 N Y
83 10 7,121,994 7,122,076 3 N Y
155 10 1,802,221 1,802,375 3 N Y
Os A-7 44 2 5,131,996 5,132,039 2 Y N
128 3 22,282,746 22,282,619 2 Y N
333 3 1,107,330 1,107,662 2 Y N
736 3 25,096,178 25,096,913 2 Y N
7,858 3 25,073,805 25,081,671 2 Y N
186 5 3,731,248 3,731,433 2 Y N
204 5 25,097,248 25,097,451 2 Y N
366 5 25,095,010 25,094,645 2 Y N
757 5 3,738,178 3,738,934 2 Y N
1,217 5 3,733,416 3,734,633 2 Y N
1,461 5 25,113,647 25,115,110 2 Y N
6,248 5 25,170,023 25,176,277 2 Y N
301 9 18,785,456 18,785,756 2 Y N
867 9 18,541,230 18,542,097 2 Y N
293 11 4,751,079 4,751,371 2 Y N
Os A-8 233 2 28,182,792 28,183,024 2 Y N
20,551 2 28,320,680 28,341,230 3 Y N
31,370 2 2,927,273 2,958,642 3 N Y
33,590 2 1,764,729 1,798,318 3 N Y
68,479 3 206,466 274,944 3 N Y
206 4 20,082,930 20,082,725 3 N Y
264 4 24,319,871 24,319,608 3 N Y
4,512 7 11,886,889 11,891,400 3 N Y
5,946 7 7,387,487 7,393,432 3 N Y
12,098 7 7,206,838 7,218,935 3 N Y

142



Table S2.4. Evidence of HDR in non-repetitive regions in maize transgenic events

Event Fragment ., omosome Start End Copy  Deletion .0
Size (bp) Coordinate (bp) Coordinate (bp) number (+1Mb)
Os A-5 44 1 23,365,247 23,365,290 3 N Y
64 1 24,390,575 24,390,638 3 N Y
110 1 2,138,740 2,138,849 3 N Y
240 6 27,010,714 27,010,953 2 Y N
79 7 14,434,733 14,434,811 3 N Y
67 9 11,041,419 11,041,485 3 N Y
83 10 7,121,994 7,122,076 3 N Y
155 10 1,802,221 1,802,375 3 N Y
Os A-7 44 2 5,131,996 5,132,039 2 Y N
128 3 22,282,746 22,282,619 2 % N
333 3 1,107,330 1,107,662 2 Y N
736 3 25,096,178 25,096,913 2 Y N
7,858 3 25,073,805 25,081,671 2 Y N
186 5 3,731,248 3,731,433 2 Y N
204 5 25,097,248 25,097,451 2 Y N
366 5 25,095,010 25,094,645 2 Y N
757 5 3,738,178 3,738,934 2 Y N
1,217 5 3,733,416 3,734,633 2 Y N
1,461 5 25,113,647 25,115,110 2 Y N
6,248 5 25,170,023 25,176,277 2 % N
301 9 18,785,456 18,785,756 2 Y N
867 9 18,541,230 18,542,097 2 Y N
293 11 4,751,079 4,751,371 2 Y N
Os A-8 233 2 28,182,792 28,183,024 2 Y N
20,551 2 28,320,680 28,341,230 3 Y N
31,370 2 2,927,273 2,958,642 3 N Y
33,590 2 1,764,729 1,798,318 3 N Y
68,479 3 206,466 274,944 3 N Y
206 4 20,082,930 20,082,725 3 N Y
264 4 24,319,871 24,319,608 3 N Y
4,512 7 11,886,889 11,891,400 3 N Y
5,946 7 7,387,487 7,393,432 3 N Y
12,098 7 7,206,838 7,218,935 3 N Y
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Table S2.5. Copy number of introduced molecules (single plasmid) and number of
breakpoints in rice transgenic genome

Plasmid Number of breakpoints
Transgenic events Genome copy Plasmid-  Plasmid- Intra Inter-
coverage
number plasmid genome  chromosome chromosome
PANICI10A-  Os 10A-1 20.34 3.73 22 2 0 1
OsFPGSL (5 10A-2 21.04 12.33 50 4 1 1
Os 10A-3 22.94 2.62 9 8 1 0
Os 10A-4 23.18 5.34 16 8 2 0
Os 10A-5 24.72 3.80 8 33 4 2
Os 10A-6 22.93 1.43 17 16 36 47
PANICI2A-  Os 12A-1 19.54 1.67 3 11 0 3
OsFPGS1 0 1242 18.05 2.53 5 5 27 29
Os 12A-3 21.15 1.12 1 7 16
Os 12A-4 20.78 2.36 1 4 3
Os 12A-5 17.93 3.20 26 26 8 27
Os 12A-6 20.70 2.33 3 7 2 0
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Figure S2.1. Circos plots of additional rice lines transformed with A and plasmid

pPvUDi2H. For rice event A-6, the coverage of A is divided by 8.
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Figure S2.2. Additional data from maize lines transformed with A and plasmid pBAR184. A. For
maize event A-2, the coverage values of A and plasmid are divided by 10 and 8 respectively.
B. Swarm and violin-plots showing deletions, duplications and triplications in all maize events
transformed with A. Each dot in the swarm plots represent a different SV. Violin plots
represent the statistical distribution, where the width shows the probability of given SV

lengths.
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Figure S2.3. Linkage analysis of fragments from the 1.6 Mb array of rice A-4 in self pollinated
progeny. A. Schematic diagram of three genomic fragments flanked by lambda pieces
embedded within the 1.6 Mb array on chromosome 2. Two of the fragments are from
chromosome 9 (colored black), of size 102 bp and 464 bp respectively, while the other is a 108
bp segment from chromosome 12 (colored red). The arrows indicate the 3’ ends of A and
genomic fragments. The positions of primers P1 to P10 for five amplicons are indicated. B.

Three fragments from chromosome 9 and 12 are genetically linked with the insertion borders
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on chromosome 2. Among the 23 T1 plants, 12 are heterozygous for the insertion on

chromosome 2 (blue), 5 are wild type (grey), and 6 are homozygous for the insertion (orange).

A

CTTCAGCCCCCGTTTTCACACGAAGGTCGATGCGGCGACCAAATCGTTGTAAATCCCCGTAAAGGCA!

AAC

FATCCTGAGCCGTCTGCAGGTTCAGTGAGTCACCCGGCATCAGGTGCGGTACTTTTGCGCCTCCCAGCCGGA
CCGGCGCTGCGGCGTAATACGCGGCAATTTCACCAATCCAGCCGGTCAGCCTTTCCCGCTGCTCCTGACTGTTCGCGCCCAGAATAAAATCCATC

B C

0.5- 0.30 -

0.4- 0.24 -
go03- g o.18-
g g
g &
E0.2- :':’ 0.12 -

0.1- 0.06 -

0 0
Blunt Novel 1-4bp 5-25bp >25bp HH HT TH TT
Breakpoint junction Relative orientation

Figure S2.4. Distributions of microhomology at junction sites and relative orientations of
rejoined fragments. A. Sequence of the 1.1 kb rearranged fragment from rice event A-4, where
the color code matches that in Figure 2B. Regions of microhomology at the breakpoint junctions
are highlighted in cyan, and novel insertions are highlighted in magenta. B. Distribution of
blunt-ends, insertion of novel sequence, and microhomology of 1-4 bp, 5-25 bp and >25 bp at
breakpoint junctions. C. Distribution of four relative orientations of rejoined fragments, HH
(head-head), HT (head-tail), TT (tail-tail), and TH (tail-head).
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Figure S2.5. Three major intra-chromosomal SV types and the strand orientations of paired-end
reads. A. Deletion-type intra-chromosomal rearrangement. B. Duplication-type intra-
chromosomal rearrangement. C. Two types of intra-chromosomal translocation-type

rearrangements.
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Figure S2.6. Additional data from rice lines transformed with plasmid pANIC10A-
OsFPGSI1. A. The coverage of plasmid 10A is divided by 2 in 10A-1 and 10A-4, and by 5 in
10A-2. B. Copy number states of the chromothripsis region of chromosome 1 of Figure 5C

(region 0 - 4.5 Mb, highlighted in cyan) annotated as in Figure 1C.
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Figure S2.7. Additional data from rice lines transformed with plasmid pANIC12A- OsFPGSI. B.
Copy number pattern of the highlighted region on chromosome 8 in 12A-3. C. Swarm and
violin-plots showing the distribution of the size and number of deletions, duplications and

triplications in all events transformed with single plasmids 10A and 12A. Each dot in the
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swarm plots represent a different SV. Violin plots represent the statistical distribution, where

the width shows the probability of given SV lengths.
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Table S3.1. Assembly statistics and gaps in B73-Ab10 assemblies.

Metrics Nanopore PacBio Merged
N50 (Mb) / L50 2.0/325 | 41.2/16 | 162.0/6
N60 (Mb) / L60 1.7/440 | 31.5/22 111.4/8
N70 (Mb) / L70 1.3/584 | 23.8/30 [ 88.8/10
0 N80 (Mb) / L8O 0.9/775 152/42 | 50.1/13
g N90 (Mb) / L90 0.6 /1061 7.4/ 64 20.4 /21
© Total contig number 1912 1103 1016
Total sequence (Mb) 2120.5 2232.9 2241.4
Contig number in Bionano scaffolds 2 1699 211 1324
Contig sequence in scaffolds (Mb) ? 2072.5 2156.5 2174.2
Number 43 25 50
N50 (Mb) 125.7 162.9 161.8°¢
% Max (Mb) 201.2 236.5 235.9
@g Total length (Mb) 2170.1 2162.2 2178.1
A Contig overlaps ° 929 114 12
Gaps of known size © 728 73 51
Total known gap size (Mb) 95.1 2.6 2.3
LTR Assembly Index (LAI) 8.57 27.98 2781
BUSCO (% Complete) 90.7 95.6 95.8
s B Total length (Mb) 2161.1 2162.7 2162.8
== Contig overlaps ° 910 114 5
3 % Gaps of unknown size 30 16 17
= Gaps of known size © 728 73 31
Total known gap size (Mb) 93.2 2.6 1.3
Assembled telomeres 1 9 15

2 Contigs included in scaffolds are conflict-resolved contigs after hybrid assembly.

b Contig overlaps are identified when the contigs are integrated with the optical map. The
Bionano hybrid scaffolding software marks them with 13 Ns.

¢ Gap sizes are estimated by Bionano maps during hybrid assembly.

4Only 63 are included in pseudomolecules; the remaining 59 are anchored to small scaffolds (<
3Mb) containing CentC or knob arrays that lack genetic and pan-genome markers and could not
be placed on chromosomes (Suppl. Table 5).

¢The N50 is smaller in Merged than PacBio due to the correction of the CentC array on

chromosome 9 (Figure 1B).
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FLAI is lower in the Merged than PacBio due to a reduction in the total number of LTRs,

presumably because sequence overlaps were removed.
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Table S3.2. Accuracy of genome assemblies as assessed by comparison to Bionano maps.

Nanopore | PacBio Merged
Contig misjoins / Conflict cuts 425 18 1
Number of collapsed repeats > 25 Kb 705 56 3
Sequence lost by collapse of repeats > 25 Kb (Mb) 44.80 3.65 0.13
Number of expanded repeats > 25 Kb 22 13 10
Sequence gained by expansion of repeats > 25 Kb (Mb) 1.28 1.49 0.57
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Table S3.3. Coordinates and composition of centromeres defined by CENH3 ChIP-seq in the
B73-Ab10 assembly.

Chr Start (bp) | End(bp) | Size(bp) | 100N C(‘f,zt)c C(];};A "i“fzf}/:jeo“ gr(i}z;je }E‘j/‘:;‘ OI(’j/‘Z;ji pzﬁ/z‘;l
chrl | 137,090,000 | 138,130,000 | 1,040,000 | Y | 548 [ 411 0 0 0 0.9 0.1
chr2 | 95,290,000 | 97,165,000 | 1875000 | N 13 | 315 14 32 | 63 | 25 7.6
chr3 | 85,880,000 | 87,705,000 | 1,825,000 | N 147 | 372 8.8 0 48 2 46
chrd | 108,485,000 [ 110,135,000 | 1,650,000 | N 1 [446] 102 05 | 36 | 35 63
chrs | 104,255,000 | 106,220,000 | 1,965,000 | N 0 [163] 192 08 | 22 1.5 8.1
chr6 | 53,825,000 | 54,655,000 | 830,000 Y [ 491 [414 0.8 0 15 | 02 0.0
chr7 | 56,220,000 | 56,860,000 | 640,000 Y | 308 [ 545 03 0 0 0 0.0
chr8 | 51,095,000 | 52,795,000 | 1,700,000 | N 0 [253] 179 3.9 15 13 43
chro | 54,840,000 | 56,275,000 | 1435000 | N 0 | s1 18.8 64 | 28 | 22 11.1
chrl0 | 50,845,000 | 52,505,000 | 1,660,000 | N 93 [ 223 131 18 | 32 | s2 7.1

2 Gaps marked by 100 Ns are of unknown size.
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Table S3.4. CENH3 enrichment and mappability of Illumina reads in active centromeres.

CentC CRM cinful-zeon grande huck opie-ji preml
Chr | Mappability? | length (kb) / | length (kb)/ | length (kb)/ | length (kb)/ | length (kb)/ | length (kb)/ | length (kb)/
fold change® | fold change | fold change | fold change | fold change | fold change | fold change
chrl Unique 339.3/10.0 59.7/17.3 0/NA 0/NA 0/NA 9.3/8.6 0/NA
Non-unique | 226.5/1.7 390.6/4.3 0/NA 0/NA 0/NA 0/NA 0/NA
chr2 Unique 249/32.7 167.2/18.2 | 229.1/16.0 | 24.5/19.2 113.0/11.6 | 27.4/20.6 543/214
Non-unique 0/NA 470.0/8.4 51.7/8.1 36.0/6.0 0/NA 239/44 12.7/4.2
chr3 Unique 213.5/15.1 | 166.5/12.2 | 121.4/14.6 0/NA 61.5/74 23.7/11.7 25.1/15.6
Non-unique 53.8/1.3 598.1/7.8 38.6/9.1 0/NA 27.0/1.1 183/2.2 85/7.1
Unique 17.1/23.6 178.3/14.0 | 138.4/17.7 4.7/42.5 59.3/73 51.1/16.2 52.4/19.1
e onmunique | 0/NA 6225/9.1 | 459757 0/NA 0/NA 336757 0/NA
chrs Unique 0/NA 26.5/10.1 354.3/20.3 15.0/10.0 27.4/3.1 32.0/18.1 132.1/18.2
Non-unique 0/NA 321.7/6.6 33.4/4.0 0/NA 15.6/2.3 0/NA 0/NA
chr6 Unique 242.4/11.0 | 57.7/11.4 63/5.5 0/NA 124/2.9 1.8/21.8 0/NA
Non-unique | 162.8/1.8 313.0/5.8 0/NA 0/NA 0/NA 0/NA 0/NA
chr7 Unique 101.2/10.4 66.2/6.3 2.1/18.5 0/NA 0/NA 1.5/23.2 0/NA
Non-unique 95.0/2.4 317.1/54 0/NA 0/NA 0/NA 0/NA 0/NA
Unique 0/NA 2758/17.8 | 54.0/19.8 65.4/18.2 25.6/22.7 26.9/22.3 53.0/19.7
chr8 Non-unique 0/NA 49.4/4.7 418.0/7.4 0/NA 0/NA 0/NA 16.6/12.7
chr9 Unique 0/NA 245/333 | 227.4/19.6 | 89.0/27.3 40.9/16.3 31.6/29.4 102.0/20.2
Non-unique 0/NA 73.6/15.6 46.4/4.2 0/NA 0/NA 9.0/9.9 29.8/10.3
chrl0 Unique 119.6/13.5 | 140.2/16.5 | 196.1/22.8 19.3/40.0 525/72 73.3/18.0 76.3/22.5
Non-unique 334/15 264.7/7.6 333/4.7 8.6/4.6 1.5/11.6 343/6.5 0/NA
Total Unique 1058.1/12.4 | 940.7/18.7 | 1550.9/14.4 | 218.0/23.9 | 392.7/10.6 | 257.8/18.8 | 495.1/19.8
Non-unique | 571.4/1.8 3798.1/5.9 | 298.7/7.4 44.6/5.7 44.1/1.9 86.2/54 67.7/9.3

2 Non-unique regions are defined as sequences with too low (<3) or low high (>100) numbers of

mapped [llumina reads. The total genome coverage was 30X.

® Fold change is expressed as the ratio of CENH3 ChIP-seq reads to genomic reads for each

repeat type.
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Table S3.5. Repetitive components in B73-Ab10 assemblies.

Repeat Type Nanopore PacBio Merged

knob180 (bp) 3,962,210 9,893,818 16,861,684

= TR-1 (bp) 2,324,807 4,984,957 7,253,994

ﬁz CentC (bp) 708,654 3,233,366 2,881,960
A rDNA intergenic spacer (bp) 185,738 789,045 755,420
Subtelomere (bp) 99,243 504,890 563,144

knob180 (bp) 3,469,793 9,894,164 10,371,693

S 8 TR-1 (bp) 1,824,356 4,984,826 4,979,336

E Eﬂ CentC (bp) 708,574 3,233,759 2,939,574
& g rDNA intergenic spacer (bp) 185,513 789,045 622,630
Subtelomere (bp) 99,218 554,866 598,330
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Table S3.6. Composition of CentC arrays.

Chr | Start(bp) | End(bp) | Size(bp) | 100N C(?,Zt)c C((';S" Ci“f?o]/('je"“ gr(ao/r:;ie }z‘j/‘:;‘ "F(’j/:;ji pzﬁ/?)‘l
chrl | 133,797,033 | 134,161,088 | 364055 | N | 282 | 1.9 | 90 38 | 62 | 26 | 37
chrl | 136,702,219 | 138370323 | 1,668,104 | Y | 457 | 388 | 24 00 | 15 | 09 | 06
chr2 | 95886484 | 96,018,046 | 131562 | N | 19.0 | 458 | 107 00 | 00 | 68 | 65
chr3 | 83.463,110 | 83,579253 | 116143 | N | 299 | 0.0 | 64 123 | 112 | 00 | 68
chr3 | 85,837,492 | 86,608,170 | 770,678 | N | 37.8 | 413 | 38 00 | 37 | LI 33
chrd | 109,241,724 | 109,363,707 | 121983 | N | 142 | 613 | 40 00 | 00 | 00 | 00
chrs | 107,727,923 | 107,946,850 | 218927 | N | 418 | 343 | 45 00 | 00 | 00 | 31
chré | 53,802,144 | 54,696,183 | 894039 | Y | 505 | 408 | 0.7 00 | 14 | 02 | 00
chr7 | 56,131,392 | 56883231 | 751,840 | Y | 326 | 545| 03 00 | 00 | 00 | 00
chr7 | 58725452 | 59,026217 | 300,765 | N | 737 | 23 | 0.0 00 | 00 | 61 | 53
chr8 | 49.443,032 | 49,660,040 | 217,008 | N | 609 | 238 | 34 00 | 00 | 00 | 37
chr8 | 50,101,170 | 50244111 | 142941 | N | 478 | 286 | 9.9 00 | 00 | 00 | 00
chr9 | 58430781 | 58,672,011 | 241230 | N | 597 | 158 | 00 00 | 00 | 00 | 85
chr9 | 58.867,400 | 59002849 | 135449 | N | 612 | 31.0| 04 00 | 00 | 00 | 00
chrl0 | 49448433 | 49,559,148 | 110715 | N | 678 | 00 | 0.0 00 | 1.1 | 00 | 86
chrl0 | 52,128,660 | 52443218 | 314558 | N | 492 |3L1| 52 00 | 00 | 42 | 32

2 Gaps marked by 100 Ns are of unknown size.
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Table S3.7.

Composition of knob180 and TR-1 knobs.

Chr Start (bp) | End(bp) | Size (bp) |[100N* I‘(‘%P knz%so T(};;)l c;;;l;ll gr(aozzie l?;:;( O?j/eoiji pif/lol;l
)
chr4 | 231,661,938 |232,984,750| 1,322,813 | N | 0.0 0.1 510 [ 303 | 00 | 00 | 19 | 19
—~ | chrl0 | 142,321,698 | 146,554,927 | 4,233,230 | N | 0.0 1.1 971273 07 | 12 | 12 | 31
E [ ehri0 150,506,817 | 153,088,305 | 2,581,489 | N | 0.0 00 [420] 297 | 12 | 1.7 | 14 | 22
chrl0 | 157,208,255 | 159,276,069 | 2,067,815 | N | 0.0 0.5 369 | 209 | 06 | 25 | 49 | 59
chr5 | 198,844,996 200,124,258 | 1,279,263 | N | 0.0 59.3 50 | 120 | 1.1 11 | 20 | 50
chr6 1 623,495 | 623495 | N | 149 | 567 | 23 | 47 | 23 | 19 | 00 | 45
chr6 | 176,451,347 [177,079,220| 627,874 | N | 0.0 289 | 184 | 11.9 | 45 15 | 40 | 0.8
2 | chr7 | 155,073,718 | 157.644.910| 2,571,193 | Y | 7.0 660 | 27| 59 | 00 | 06 | 28 | 16
;é chr8 | 160,828,702 | 162,735,401 | 1,906,700 | Y | 150 | 582 | 37 | 63 | 00 | 07 | 14 | 16
chr9 1,630 842,889 | 841,260 | N | 0.0 67.0 | 43 | 74 17 | 59 | 43 | 09
chrl0 | 174,217,005 | 178,146,998 | 3,929,994 | Y | 7.8 636 | 08 | 76 | 04 | 1.7 | 20 | 15
chrl0 | 180,357,409 | 182,945,132 2,587,724 | N | 0.0 539 | 00 | 98 1.1 | 05 | 56 | 40

2 Gaps marked by 100 Ns are of unknown size.
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Table S3.8. Gene and transposon distributions in the Ab10 haplotype and corresponding N10

regions.
Region I};Irlo(zgzll(z Ab10 Shared ® | Ab10 Specific ©
Size (bp) 20,000,000 12,716,384 22,438,721
Genes 521 580 450
Gene density (genes/Mb) 26.1 45.6 20.1
CDS content (%) 8.8 15.0 5.5
Average gene length (bp) 3,377 3,284 2,757
Average CDS length (bp) 1,465 1,425 911
Single exon gene (%) 35.5 36.0 49.1
Genes oveglg%:)?;) ;Vlth TE by 49 43 79
TE content (%) 74.2 76.4 88.1

2Sequence in a 20 Mb region left of the first TR-1 knob that is not a part of the Ab10 haplotype

(122.3 - 142.3 Mb).

®Sequence in two large inversions with shared synteny between the Ab10 haplotype and N10

(153.0 -157.4 Mb and 159.4 - 167.7 Mb).

¢ Sequence present in the Ab10 haplotype but not the B73 N10 genome, including a region
between the first two TR-1 knobs (146.6 - 150.5 Mb), a region from the end of the second

inversion to the large knob (167.7 - 174.3 Mb), and a region from the large knob to the end of
Ab10 haplotype (183.1 - 195.0 Mb).
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Fig S3.2. Complementation of PacBio assembly gaps by Nanopore contigs. A) Co-occurrence of
PacBio assembly gaps with tandem repeats and heterozygosity. Tandem repeat arrays were
defined as having at least 25 Kb of tandem repetitiveness with a maximum interval of 300 Kb
between repeat units. The table illustrates that the majority of PacBio assembly gaps, either from
contig overlaps (indicated by 13N) or gaps of known size, were complemented by ONT contigs.
The correlations between PacBio assembly gaps and tandem repeat arrays or heterozygous
regions are also shown (where P values were calculated by Fisher’s exact test). The boxplot on
the right shows the size distribution of repeat arrays (with at least 25 tandem repeats) that were
fully assembled by PacBio data, those that were not assembled but successfully complemented
by ONT data, and those associated with gaps that remain in the final assembly. The tandem
repeat highlighted with a triangle is displayed in B. B) Example of a large tandem repeat region
on chr8: 31-33.5 Mb. PacBio and ONT read alignment (MAPQ>=0) is shown as a heatmap with
10 Kb windows. Read gaps were defined as regions with fewer than three reads for PacBio error-
corrected reads and Illumina reads, and fewer than two reads for ONT error-corrected dataset.
Tracks showing no information have no gaps. Length distributions of PacBio and ONT reads
mapped to the corresponding region are displayed in a histogram on the right. C) Example of a
large heterozygous region on chr3: 164-167.6 Mb. Tracks are annotated as in B. Length
distributions of PacBio and ONT reads mapped to the corresponding region are displayed in a

histogram on the right. D) Whole chromosome view of assembly and read mapping on chr§.

166



Merged

Chr1
BAC

Merged

Chr2
BAC

Merged

Chr3
BAC

Merged

Chr4
BAC

Merged

Chr5
BAC

Merged

Chr6
BAC

Merged

Chr7
BAC

Merged

Chr8
BAC

Merged

Chr9
BAC

Merged

Chr10
BAC

Fig S3.3. The alignment of BAC-based assemblies of B73 centromeres to the merged assembly

in optical map format. The connecting lines represent matching regions between the two

assemblies.
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Table S4.1. Total aligned length between NAM and B73 measured by whole-genome alignment

and PE 150 Illumina (~30X) mapping.

Line
B97
CMLI103
CML228
CML247
CML277
CML322
CML333
CML52
CML69
HP301
IL14H
Kill
Ki3
Ky21
M162W
M37W
Mol18W
MS71
NC350
NC358
Oh43
Oh7b
P39
Tx303

Tzi8

Syntenic

alignment (bp) alignment (bp)

1,325,115,734
1,324,911,096
1,319,400,491
1,312,190,860
1,336,866,082
1,333,242,180
1,335,335,563
1,300,117,745
1,315,702,061
1,334,953,758
1,300,631,195
1,311,632,415
1,337,938,727
1,364,521,736
1,338,289,415
1,332,311,592
1,340,314,676
1,377,887,393
1,348,407,125
1,327,636,556
1,345,404,924
1,376,148,050
1,281,660,640
1,355,443,879

1,354,141,118

I1lumina

1,270,493,615
1,194,424.303
1,163,459,933
1,150,090,533
1,165,338,185
1,173,807,099
1,194,522,220
1,161,810,391
1,171,189,452
1,212,145,301
1,155,244,846
1,176,837,965
1,169,454,355
1,260,287,824
1,212,297,460
1,225,372,604
1,179,452,545
1,253,060,533
1,176,251,628
1,190,975,090
1,256,204,921
1,266,086,044
1,135,148,694
1,205,445,046

1,186,206,493

Overlap between

Syntenic and
[llumina (bp)

1,153,590,959
1,115,192,179
1,081,168,409
1,069,822,484
1,092,849,542
1,095,183,706
1,114,386,638
1,068,116,205
1,089,183,315
1,132,206,557
1,060,541,220
1,095,894,055
1,095,112,089
1,169,279,963
1,130,767,813
1,135,204,551
1,103,339,503
1,175,346,201
1,105,733,900
1,103,694,180
1,158,891,636
1,176,882,047
1,056,861,788
1,131,753,658
1,110,333,969
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Syntenic
specific (bp)

171,524,775
209,718,917
238,232,082
242,368,376
244,016,540
238,058,474
220,948,925
232,001,540
226,518,746
202,747,201
240,089,975
215,738,360
242,826,638
195,241,773
207,521,602
197,107,041
236,975,173
202,541,192
242,673,225
223,942,376
186,513,288
199,266,003
224,798,852
223,690,221
243,807,149

[llumina
specific (bp)

116,902,656
79,232,124
82,291,524
80,268,049
72,488,643
78,623,393
80,135,582
93,694,186
82,006,137
79,938,744
94,703,626
80,943,910
74,342,266
91,007,861
81,529,647
90,168,053
76,113,042
77,714,332
70,517,728
87,280,910
97,313,285
89,203,997
78,286,906
73,691,388

75,872,524



Table S4.2. Total number of SNPs between NAM and B73 identified through whole-genome

alignment and PE 150 Illumina (~30X) mapping.

Line
B97
CML103
CML228
CML247
CML277
CML322
CML333
CMLS52
CML69
HP301
IL14H
Kill
Ki3
Ky21
MI162W
M37W
Mo18W
MS71
NC350
NC358
Oh43
Oh7b
P39
Tx303

Tzi8

Syntenic SNPs
6,197,993
6,730,490
6,965,258
7,158,720
6,874,060
6,838,927
6,500,059
4,508,345
6,893,343
6,235,003
4,609,801
6,800,227
6,795,702
5,891,467
6,689,237
6,554,498
6,778,761
6,226,986
7,065,739
6,483,247
6,114,159
5,743,370
6,971,739
6,628,981
6,697,618

[1lumina SNPs
6,161,448
6,830,644
6,968,422
7,294,828
7,119,973
6,912,696
6,805,154
7,076,563
7,047,833
6,771,250
7,080,577
7,144,224
7,015,615
6,071,431
6,871,150
6,633,441
6,864,045
6,461,529
7,070,570
6,898,899
6,310,233
5,764,260
7,146,653
6,792,916
6,905,435
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Overlap
4,216,286
4,772,059
4,726,010
5,031,943
4,841,051
4,706,061
4,530,645
3,469,902
4,870,856
4,465,255
3,518,008
4,831,586
4,739,719
4,007,662
4,756,459
4,598,319
4,735,088
4,399,553
4,962,877
4,506,731
4,211,563
3,922,016
4,850,483
4,718,395
4,653,253

Syntenic specific
1,981,707
1,958,431
2,239,248
2,126,777
2,033,009
2,132,866
1,969,414
1,038,443
2,022,487
1,769,748
1,091,793
1,968,641
2,055,983
1,883,805
1,932,778
1,956,179
2,043,673
1,827,433
2,102,862
1,976,516
1,902,596
1,821,354
2,121,256
1,910,586
2,044,365

Illumina specific
1,945,162
2,058,585
2,242,412
2,262,885
2,278,922
2,206,635
2,274,509
3,606,661
2,176,977
2,305,995
3,562,569
2,312,638
2,275,896
2,063,769
2,114,691
2,035,122
2,128,957
2,061,976
2,107,693
2,392,168
2,098,670
1,842,244
2,296,170
2,074,521
2,252,182



Table S4.3. Structural variants (unalignment, inversion, tandem duplications) relative to B73

across the whole genome.

Unalignment Inversion (>20Kb) Tandem Duplication (>10Kb)
Query line Number Size (bp) Number Size (bp) Number Size (bp)
B97 68,177 854,555,595 16 7,911,444 42 2,965,189
CML103 75,254 912,440,700 32 9,663,765 69 4,284,020
CML228 76,732 957,952,494 33 17,588,048 98 10,227,982
CML247 79,421 977,139,534 33 9,326,837 77 6,550,994
CML277 78,097 955,286,509 35 9,045,158 130 6,740,525
CML322 76,040 930,445,780 47 50,164,694 49 5,376,904
CML333 75,460 931,264,895 33 13,235,980 59 6,488,305
CML52 77,374 970,469,033 40 36,504,989 120 7,502,433
CML69 77,768 949,798,670 34 19,113,898 55 5,052,287
HP301 73,209 893,388,514 30 11,582,644 36 3,056,711
IL14H 76,179 932,864,278 44 37,826,184 66 5,931,792
Kill 77,548 959,218,817 37 17,999,235 58 5,937,488
Ki3 76,847 958,284,549 29 12,466,038 57 3,919,777
Ky21 68,555 849,838,736 34 19,909,991 61 3,900,881
M162W 74,937 908,212,468 32 23,492,103 31 2,235,391
M37TW 73,446 905,759,884 37 19,253,776 42 3,580,080
Mol18W 76,111 937,095,984 40 23,294,264 47 3,126,914
MS71 69,614 864,510,512 29 9,868,632 33 2,559,303
NC350 77,539 975,398,973 35 15,006,973 40 3,629,420
NC358 75,690 923,553,028 24 9,498,126 46 3,856,304
Oh43 68,736 850,618,690 34 23,197,191 39 3,347,196
Oh7b 64,488 848,093,802 28 34,566,458 68 3,505,848
P39 77,436 957,486,311 49 61,198,656 32 2,366,083
Tx303 73,671 908,204,734 27 10,108,385 46 4,204,799
Tzi8 76,236 935,198,368 34 12,032,167 102 6,119,089
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Table S4.4. Structural variants (unalignment, inversion, tandem duplications) across 26 lines

through all-by-all alignment.

Reference
line

B97
CML103
CML228
CML247
CML277
CML322
CML333
CML52
CML69
HP301
IL14H
Kill
Ki3
Ky21
M162W
M37W
Mo18W
MS71
NC350
NC358
Oh43
Oh7b
P39
Tx303

Tzi8

Unalignment
Number Size (bp)
1,864,565 23,201,614,623
1,868,630 23,446,644,923
1,888,044 23,036,601,666
1,840,373 23,177,351,167
1,887,346 23,400,065,853
1,889,855 23,307,921,784
1,883,076 23,048,432,319
1,876,380 23,214,366,620
1,884,483 23,796,325,894
1,882,911 23,105,136,853
1,929,453 23,839,242,115
2,001,973 24,629,586,697
1,876,900 23,344,115,131
1,859,022 22,977,561,730
1,873,056 23,036,486,134
1,874,963 23,064,980,850
1,875,313 23,257,462,325
1,894,367 23,170,980,625
1,871,729 23,184,055,773
1,863,788 23,417,290,145
1,859,653 22,692,949,899
1,875,159 23,255,390,826
1,807,681 23,386,610,941
1,892,385 23,400,128,539
1,861,358 22,867,471,386

Inversion (>20Kb)
Number Size (bp)
846 485,865,505
908 491,579,352
1,062 523,874,260
968 642,391,508
946 465,732,603
977 518,883,162
1,216 1,318,651,366
1,016 579,514,019
1,107 975,680,447
1,014 690,755,700
1,145 609,019,793
1,162 1,034,308,544
1,009 829,422,782
894 514,402,839
934 667,807,244
951 774,967,091
1,056 658,529,895
1,103 843,131,859
918 489,907,781
945 580,050,596
793 465,656,495
991 774,997,779
942 995,707,702
1,318 1,473,044,687
873 519,414,980
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Tandem Duplication (>10Kb)

Number
361
493
866

1,624
1,159
2,296
715
787
2,020
917
666
939
892
1,170
1,023
655
841
977
878
834
1,144
963
1,370
759

1,204

Size (bp)
31,614,270
36,128,222
47,803,359
82,660,871
69,208,086
98,269,413
49,587,368
62,513,384

123,215,200
63,656,299
50,888,192
84,965,425
79,134,551
85,187,168
79,817,185
51,076,286
71,737,714
81,226,572
75,683,812
86,318,493
94,734,533
77,356,690
86,458,035
64,723,417

105,642,153



Table S4.5. Distribution of the B73-alternative haplotypes in pericentromeric areas among NAM

lines.
Inbreds with the
Chromosome alternative haplotype Flint Temperate Mixed Tropical
1 0 0 0 0 0
2 20 3 6 3 8
3 3 2 1 0 0
4 0 0 0 0 0
5 2 2 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0
8 5 3 0 1 1
9 1 1 0 0 0
10 2 0 1 0 1
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A Indels with single-junctions

Ref

Query
Insertion Deletion

B Pairwise un-alignment patterns

Deletion Deletion

Ref

Query —
Insertion Insertion

Figure S4.1. Indels with a single junction and those with pairwise-unaligned structure. A)
Insertions and deletions with a single-junction feature. Variant regions are highlighted in black.
Variant types and breakpoints could be inferred from read alignments. B) Insertions and
deletions with an unalignment pattern. Deletions can be characterized with read mapping

whereas the reciprocal insertions that exceed read length cannot be identified.
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|

6 10 5 4 7 8 1 9
l 1) Find optimal chain

l 2) Fill in chain gap

Chaining of
syntenic segments

1 2 4 5 6 7 8 1
Query I N I I s
1 2 6 5 4 7 8 1
Chaining of l 1) Find optimal chain
rearranged segments l 2) Fill in chain gap
1 2 4 5 6 7 8 1
Ref - _ - l _
Query N . I
1 2 6 5 4 7 8 1
Variant detection l Identify pairwise unaligned regions
1 2 4 5 6 7 8 1
Ref I N EE e . e
Query I I I NN S .
1 2 6 5 4 7 8 1

Figure S4.2. Workflow for synteny detection and structural variant characterization between
reference and query genomes upon whole-chromosome alignment. Syntenic and inverted areas

are respectively colored in orange and grey, and variant regions are highlighted in cyan.
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Before chaining (minimap2 alignment: size >=5000 bp, mapping quality >=5)

873 | . U [ | | . | | Glj
0710 20 73040 50 60 7080 90 100 110 120 130 140 150 160 170 180

Mo18W )

10 20 B0 140 ®0 60 1 70 |80 90 100 110 120 130 140 150 1dd 170 & 180
Chr8 (Mb)

After chaining ( minimap2 (size >=0 bp, mapping quality >=0)

]
B73 | 1 ) Hll ‘I I‘| T U T ‘ ‘ ‘ g |
0790 720 30 4050 60 70 80 90 100 110 120 130 140 150 10 170180

| I
| I
Mo18W ) | | LK . . . . '
010 20 30 140 5' 60 [ 70 180 90 100 110 120 130 140 150 1@ 170 180
Chr8 (Mb)

Figure S4.3. Spurious alignment removal through chaining. The upper panel exhibits the
alignment between B73 and Mo18 before chaining, where blocks with a size above 5 Kb and a
mapping quality higher than 5 are shown as links. The lower panel depicts alignment after
chaining, where no size or mapping quality is applied. Inverted regions are highlighted in red.

Centromeres and tandem repeats are annotated as Figure 1A. Dashed lines indicate 100N gaps.
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Figure S4.5. Examples of tandem duplications in B73. A) Simple tandem duplication on Chr3
(40KDb). B) Nested tandem duplication on Chr5 (300Kb). The Ngaps of known size indicate

contig assembly failure in this area.
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chrl 35 AG 60 B0 160 130 146 160 180 360 330 340 360 380 360

chr2 AT 60 80 160 136 146 160 180 300 330 340

chr3 3546566 B0 160 136 140 160 180 300 330

chrd 6554660 80 100 130 140 160 180 200 330 340

chrS 564660 80 100 120 140 160 180 200 220

| A i |
chré 55646 60 80 160 130 140 160 180

chr? TTSETTAG 60 80‘ 60130 140 160 T80
|

chr8 554566 80 160 130 T30 160 180

chrd §SETAG 6080 100 130 140 160

chrll 6554566 80 160 130 140

Figure S4.6. Structural variants between NAM lines and B73 reference. The bottom to top tracks
represent lines: B97, CML103, CML228, CML247, CML277, CML322, CML333, CML52,
CML69, HP301, IL14H, Kil 1, Ki3, Ky21, M162W, M37W, Mo18W, MS71, NC350, NC358,
Oh43, Oh7b, P39, Tx303, Tzi8.
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Figure S4.8. Whole-genome alignments between 25 lines and P39. Syntenic aligned regions are
colored grey and Inverted segments are highlighted in red. Centromere and repeats are displayed

in bottom track, and annotated as Figure 1A.
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A

W unique [ shared

cML322,

coordinates). Syntenic and non-syntenic genes are respectively colored in orange and black. D)

Gene synteny between NAM lines and B73 across the whole chromosome 8. Genes in forward

Figure S4.9. Distribution of genes in the pericentromeric haploblock on chromosome 8. A)

Pairwise alignments between CML322, CML52 and B73 from region 46.1Mb to 47.1 Mb (B73

orientation are highlighted in red while those of reverse orientation are colored with black.
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Figure S4.10. Divergence time estimated with syntenic SNPs between B73 and NAM lines
across the whole genome. Divergence time (K years) between NAM lines and B73, estimated
with syntenic SNPs. Maximum divergence time was set as 0.6 million years in the heatmap,
where the lowest divergence colored as light grey and highest divergence as black. White spaces

depict unaligned regions between query genome and B73. Tandem repeats are shown in the
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Figure S4.11. Divergence time (K years) estimated with short-reads mapping across 10
chromosomes. Maximum divergence time was set as 0.6 million years in the heatmap, where the
lowest divergence colored as light grey and highest divergence as black. The order of samples
from bottom to up is: 25 maize NAM lines, 15 Parviglumis lines from the HapMap II project
(TILO1, TILO2, TILO3, TILO4, TILOS, TILO6, TILO7, TIL09, TIL10, TIL11, TIL14, TIL1S5,
Pav_1), 4 Mexicana lines (Mex1, Mex2, ,TILOS, TIL25), 2 Huehuetageneis samples (Hue2,
Hued), I Diploperennis (dipl) and 2 Tripsacum lines (Tripl, TDD39103), and 48 Parviglumis

lines from Palmar Chico in Balsas river of Mexico.
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Figure S4.13. Divergence time estimation of the 3Mb segment on chromosome 6 between
Tripsacum and maize. A) Comparison of divergence times inferred from whole-genome
alignment method and short-read mapping method. B) Correlation between divergence time and
the variation between the two methods. C) Divergence time estimation of the 3Mb region based

on short reads.
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Figure S4.14. Haplotypes and divergence estimation of the 9S knob180 among NAM lines. A)
Pairwise alignments between 21 NAM lines and B73 over the 9S knob180. B) Divergence time
between NAM and B73. Tandem repeat Knob180 and TR-1 are colored as blue and red. C)
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Figure S4.16. Pairwise alignments between NAM and B73 over CentC arrays across 10

chromosomes.
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Figure S4.17. Clustering of CentC arrays based on all-by-all alignment across 26 lines. Flint,

temperate, mixed, and tropical lines are respectively colored in pink, blue, red and green.
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Figure S4.18. Clustering of knob arrays across NAM lines based on all-by-all alignment. Flint,
temperate, mixed, and tropical lines are respectively colored in pink, blue, red and green. White

circles indicate lack of syntenic knob for that line.
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Figure S4.19. Divergence time estimation of eight classical knobs across 25 NAM lines. Each
dot represents the divergence value inferred from an individual syntenic aligned transposon

fragment. Mean divergence times are labelled and highlighted in red.
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