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Abstract

The growing human population worldwide and the changing growth environments require
significant crop improvement, which can be accelerated by plant genome engineering. Developing
plant cultivars amenable to transformation and improving understanding of the genetic bases of
important phenotypic traits can facilitate the use of advanced genome engineering technologies.
This dissertation is focused on the genetic analysis of maize transformation and wheat resistance
to the disease of leaf rust. The results will provide knowledge to improve crop transformation and
wheat disease resistance.

Plant transformation is a powerful tool for crop improvement and gene function validation.
However, the transformation efficiency of maize is highly dependent on the tissue types and the
genotypes. The maize inbred line A188 is amenable to transformation. A188 also exhibits many
contrasting traits to the inbred line B73, which is recalcitrant to transformation. B73 was used to
generate the first maize reference genome. The lack of genome sequences of A188 limits the use
of A188 as a model for functional studies. Here, a chromosome-level genome assembly of A188
was constructed using long reads and optical physical maps. Genome comparison of A188 with
B73 based on both whole genome alignments and sequencing read depths identified approximately
1.1 Gb syntenic sequences as well as extensive structural variation. Further, transcriptome and
epigenome analyses with the A188 reference genome revealed enhanced gene expression of
defense pathways and altered DNA methylation patterns of embryonic callus. The A188 genome
assembly provides a foundational resource for analyses of genome variation and gene function in
maize. In maize, morphologic types of calli induced from immature embryos are associated with
the regeneration capability, which is a major factor determining the transformation efficiency.

Here, two contrasting callus types, slow-growth type | calli and fast-growth type Il calli, from the



selected B73xA188 F2 population were sequenced using Genotyping-By-Sequencing (GBS) and
RNA-Seq. With both approaches, the genomic loci associated with the callus type were mapped
to chromosomes 2, 5, 6, 8, and 9. From F2 RNA-Seq, differentially expressed genes were identified
from the comparison of type Il and I calli. In addition, RNA-Seq analysis was performed using
fast- and slow-growth calli identified for the A188 calli. Gene ontology (GO) enrichment analysis
showed that the down-regulated genes in type Il F2 calli and fast-growth A188 calli, as respectively
compared to type | calli and slow-growth A188 calli, are overrepresented in the pathway related
to cell wall organization, suggesting the role of cell wall formation in the callus development.
Besides maize genetic and genomic studies, the dissertation includes the cloning of a leaf
rust resistance gene in wheat. Wheat leaf rust disease is caused by a fungal pathogen, Puccinia
triticina. The Lr42 gene from the wheat wild relative Aegilops tauschii confers resistance to all
leaf rust races tested to date. Through bulked segregant RNA-Seq (BSR-Seq) mapping and further
fine mapping, we identified an Lr42 candidate gene, which encodes a nucleotide-binding site
leucine-rich repeat (NLR) protein. Transformation of the candidate gene to a leaf rust-susceptible
wheat cultivar markedly enhanced the disease resistance, confirming the candidate NLR gene is
the Lr42 gene. Cloning of Lr42 expands the repertoire of cloned rust resistance genes, as well as

provides precise diagnostic gene markers for wheat improvement.
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The growing human population worldwide and the changing growth environments require
significant crop improvement, which can be accelerated by plant genome engineering. Developing
plant cultivars amenable to transformation and improving understanding of the genetic bases of
important phenotypic traits can facilitate the use of advanced genome engineering technologies.
This dissertation is focused on the genetic analysis of maize transformation and wheat resistance
to the disease of leaf rust. The results will provide knowledge to improve crop transformation and
wheat disease resistance.
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generate the first maize reference genome. The lack of genome sequences of A188 limits the use
of A188 as a model for functional studies. Here, a chromosome-level genome assembly of A188
was constructed using long reads and optical physical maps. Genome comparison of A188 with
B73 based on both whole genome alignments and sequencing read depths identified approximately
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epigenome analyses with the A188 reference genome revealed enhanced gene expression of
defense pathways and altered DNA methylation patterns of embryonic callus. The A188 genome
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selected B73xA188 F2 population were sequenced using Genotyping-By-Sequencing (GBS) and
RNA-Seq. With both approaches, the genomic loci associated with the callus type were mapped
to chromosomes 2, 5, 6, 8, and 9. From F2 RNA-Seq, differentially expressed genes were identified
from the comparison of type Il and I calli. In addition, RNA-Seq analysis was performed using
fast- and slow-growth calli identified for the A188 calli. Gene ontology (GO) enrichment analysis
showed that the down-regulated genes in type Il F2 calli and fast-growth A188 calli, as respectively
compared to type | calli and slow-growth A188 calli, are overrepresented in the pathway related
to cell wall organization, suggesting the role of cell wall formation in the callus development.
Besides maize genetic and genomic studies, the dissertation includes the cloning of a leaf
rust resistance gene in wheat. Wheat leaf rust disease is caused by a fungal pathogen, Puccinia
triticina. The Lr42 gene from the wheat wild relative Aegilops tauschii confers resistance to all
leaf rust races tested to date. Through bulked segregant RNA-Seq (BSR-Seq) mapping and further
fine mapping, we identified an Lr42 candidate gene, which encodes a nucleotide-binding site
leucine-rich repeat (NLR) protein. Transformation of the candidate gene to a leaf rust-susceptible
wheat cultivar markedly enhanced the disease resistance, confirming the candidate NLR gene is
the Lr42 gene. Cloning of Lr42 expands the repertoire of cloned rust resistance genes, as well as

provides precise diagnostic gene markers for wheat improvement.
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Chapter 1 - General Introduction

Abstract

The global yield of maize and wheat urgently needs to be increased to face the challenges
of growing population and climate changes. Breeding cultivars adapting to diverse environments
is one of the keys to increase the crop production. Maize is a monoecious grass species and was
domesticated from teosinte. In addition to being the top cereal crop in the US, maize is also an
attractive model organism for plant research. Genetic and genomic resources constructed and
utilized for research studies and maize improvement are introduced in this chapter. Bread wheat is
the major wheat crop and an allohexaploid grass species, originated from the hybridization of
emmer and goatgrass. Emmer and goatgrass still exist in the wild, which can serve as the genetic
pool for wheat breeding. Yield loss caused by plant pathogens is one of the constraints of wheat
productivity, and breeding genetic resistant cultivars can be an economical and efficient strategy
to reduce the loss. This chapter briefly introduces wheat domestication and the strategy to utilize
wild wheat ancestors to improve disease resistance durability. More than 35 maize and more than
19 wheat (including its close relatives) genome assemblies have been generated even though both
genomes are large and contain more than 80% repetitive sequences. These great achievements are
attributable to the revolutionary development of DNA sequencing technologies. As the sequencing
technology continues to improve, more high-quality crop genomes will be produced to facilitate
genomic analysis and crop improvement. This chapter briefs the current development of

sequencing technologies.



Introduction

Maize and wheat are the two most important cereal crops feeding billions of people in the
world (Garcia-Lara and Serna-Saldivar 2019). Facing the increasing population and climate
change, the production of maize and wheat needs to be increased with modern breeding
technologies. In modern breeding, plant breeders and researchers are combining diverse genetic
resources and genomic technologies to speed up the breeding cycles to produce high yield varieties
that can be adapted to diverse environment conditions (Tester and Langridge 2010; Watson et al.
2018; Ahmar et al. 2020; Gosal and Wani 2020). In this chapter, the general information of the

maize and wheat and the latest sequencing technologies for genomic research are briefly reviewed.

Maize is both an important crop a model organism for basic research

Maize is a grass species native to America

Maize (Zea mays L. ssp. mays), also known as corn, is widely utilized as a staple crop, an
important source for animal feed, and a bioethanol resource (Shiferaw et al. 2011). The high
consumption demand and the high calorie production of maize make it one of the most agricultural
important cereal crops worldwide. Monoecious maize, a member of the grass family Poaceae, is
believed to domesticate from its wild ancestor, teosinte, about 9,000 years ago in Mexico (Benz
2001; Matsuoka et al. 2002; Doebley et al. 2006). During the domestication, some genes,
particularly transcription factor genes, such as tb1 (Teosinte branched 1) and tgal (Teosinte glume
architecture 1), played key roles in transforming teosinte to the maize crop (Doebley et al. 1997;
Wang et al. 2005; Liu et al. 2020). After domestication in central America, maize was spread to
the world along with human activities (Prasanna 2012). The yield of maize was dramatically

increased after the adoption of hybrids in the 20th century (Crow 1998; Duvick 2005). Until now,


https://paperpile.com/c/mf7jwA/tNCVq
https://paperpile.com/c/mf7jwA/zxkZW+Ne9AI+OHUAT+nxaR3
https://paperpile.com/c/mf7jwA/zxkZW+Ne9AI+OHUAT+nxaR3
https://paperpile.com/c/mf7jwA/zxkZW+Ne9AI+OHUAT+nxaR3
https://paperpile.com/c/mf7jwA/zxkZW+Ne9AI+OHUAT+nxaR3
https://paperpile.com/c/mf7jwA/zxkZW+Ne9AI+OHUAT+nxaR3
https://paperpile.com/c/mf7jwA/zxkZW+Ne9AI+OHUAT+nxaR3
https://paperpile.com/c/mf7jwA/y0Lrn
https://paperpile.com/c/mf7jwA/y0Lrn
https://paperpile.com/c/mf7jwA/y0Lrn
https://paperpile.com/c/mf7jwA/hyU5m+9ITFk+iPzQu
https://paperpile.com/c/mf7jwA/hyU5m+9ITFk+iPzQu
https://paperpile.com/c/mf7jwA/hyU5m+9ITFk+iPzQu
https://paperpile.com/c/mf7jwA/hyU5m+9ITFk+iPzQu
https://paperpile.com/c/mf7jwA/hyU5m+9ITFk+iPzQu
https://paperpile.com/c/mf7jwA/hyU5m+9ITFk+iPzQu
https://paperpile.com/c/mf7jwA/DHPc3+1xupr+1bT31
https://paperpile.com/c/mf7jwA/DHPc3+1xupr+1bT31
https://paperpile.com/c/mf7jwA/DHPc3+1xupr+1bT31
https://paperpile.com/c/mf7jwA/DHPc3+1xupr+1bT31
https://paperpile.com/c/mf7jwA/DHPc3+1xupr+1bT31
https://paperpile.com/c/mf7jwA/DHPc3+1xupr+1bT31
https://paperpile.com/c/mf7jwA/DHPc3+1xupr+1bT31
https://paperpile.com/c/mf7jwA/DHPc3+1xupr+1bT31
https://paperpile.com/c/mf7jwA/kOKpW
https://paperpile.com/c/mf7jwA/EjfGL+uKfwg

the hybrids are still dominating in the corn industry. Transforming the wild teosinte to the high
yield hybrid maize shows the great potential of breeding improvement to solve the problem of
food security.
Maize serves as an important model organism

Besides the agricultural value, maize is an important model organism for basic plant
research. Even though maize has a longer growth period and larger plant size than many other
plant model organisms (Nannas and Dawe 2015), there are many advantages for maize to be an
important model organism. For instance, the separate male and female flowers in a single
individual make it easy to outcross but also preserves the ability of self-pollination; the strong
hybrid vigor makes it an attractive model to understand the genetics of heterosis; the large scale of
chromosomes allows effective cytogenetic analysis; the large kernel arranged together facilitates
genetic studies of kernel development; and the availability of rich genetic and genomic resources
enables the genetic dissection of quantitative traits (Strable and Scanlon 2009; Nannas and Dawe
2015; Hake and Ross-1barra 2015).
Genetic resources of maize

Germplasms are the fundamental resources for both breeding and research. Genetic
analysis of the US commercial lines from 1980 to 2008 showed the commercial germplasms
originated from both public and private breeding programs (Mikel and Dudley 2006; Mikel 2011).
For quantitative analysis of maize, the Nested Association Mapping population (NAM) was
released for the maize community along with individual genotype data (McMullen et al. 2009). In
the NAM population, the agriculturally important and well-studied reference line B73 was crossed

with 25 diverse inbred lines to produce 200 recombinant inbred lines (RILs) per family, resulting
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in 5000 RILs for the whole population. Until 2020, the NAM population has been used for about
22 publications studying more than 100 traits (Gage et al. 2020). The impact of the NAM design
is not limited to maize genetic studies. In addition to the NAM population, a maize association
population with 282 inbred lines and Ames inbred lines panel with 2,815 accessions are also
available for the public access along with genomic resources (Flint-Garcia et al. 2005; Romay et
al. 2013). Other than quantitative analysis, the UniformMu population of mutants with insertions
of the Mutator transposon in W22 background provides genetic materials for functional analysis
(McCarty et al. 2005).
Genomic resource of maize

The reference genome of the elite inbred line B73 was first assembled with bacterial
artificial chromosomes (BACs) sequencing (Schnable et al. 2009) and intensely used for maize
genetics and functional studies (Chia et al. 2012; Hufford et al. 2012; Jiao et al. 2012; Romay et
al. 2013; Hirsch et al. 2014; Li et al. 2014, 2015; Mao et al. 2015). With the rapid development of
sequencing technologies, the quality of the B73 reference genome is continually being improved
(Jiao et al. 2017; Hufford et al. 2021). The version 4 of the B73 reference genome consists of 2.1
Gb and 39,590 genes. The reference genome facilitates the discovery of structural variation among
cultivars within the maize species (Springer et al. 2009; Hirsch et al. 2016; Sun et al. 2018), which
inspires the research community to construct pan-genome references (Hirsch et al. 2014; Della
Coletta et al. 2021). High-quality reference genomes from diverse lines can be the first step to
build the pan-genome (Jayakodi et al. 2021). Recently, the complete genome assemblies of 25
founder lines of the maize NAM population were released (Hufford et al. 2021). Based on all the

25 newly released reference genomes and the updated B73 reference genome, 103,538 pan-genes
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were identified(Hufford et al. 2021). Of the 103,538 pan-genes, about 58% are core genes and
32% are dispensable genes (Hufford et al. 2021). Besides NAM founders, many other important
lines have been sequenced. The inbred lines PH207 and Mo17 were two of the major progenitors
of the maize commercial hybrid from 1980-2004 (Mikel and Dudley 2006), and the genomes were
assembled to 2.1 Gb and 2.2 Gb, respectively (Hirsch et al. 2016; Sun et al. 2018). The background
line of UniformMu seed stock, W22, was sequenced and would be important for the UniformMu
related function and transposon study (Springer et al. 2018). Genomes of four representative
germplasms of European breeding programs, EP1, F7, DK105, and PEOQ75, were recently
assembled (Haberer et al. 2020). The genome assembly of inbred line SK (small-kernel), which
originated from a tropical landrace, can be used for yield trait analysis (Yang et al. 2019). The
genome of inbred line 1a453 increased the number of sweet corn reference genomes (Hu et al.
2021). All these high-quality genome assemblies of the diverse germplasms will not only facilitate
functional analysis of phenotypic traits, but also will be the foundation to build a high-coverage
maize pan-genome.

Wheat and its disease resistance breeding

Wheat is a global food crop originating in the Fertile Crescent of the Middle East
Wheat is a daily calories and protein source for people all over the world (Shiferaw et al.
2013). The domestication and cultivation of wheat began about 10,000 years ago in Fertile
Crescent (Bell 1987). At the beginning of wheat cultivation, the diploid domesticated einkorn
(Triticum monococcum) and tetraploid domesticated emmer (Triticum turgidum ssp. dicoccon)
were the two of the three staple cereals (Bell 1987). Eventually, an allohexaploid bread wheat

(Triticum aestivum L.) arose from the hybridization of its ancestors (tetraploid Triticum turgidum
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and diploid Aegilops tauschii) in the Fertile Crescent about 8,000 years ago (McFadden and Sears
1946; Dubcovsky and Dvorak 2007; Faris 2014), and bread wheat, consisting of three genomes A,
B, and D, became the major wheat crop (Dubcovsky and Dvorak 2007). In history, the productivity
of wheat was dramatically increased during the Green Revolution through the adoption of
technologies and varieties, which saved many people in developing countries from hunger
(Shiferaw et al. 2013). However, the increase of wheat yield is slow in recent years, and the global
consumption demand of wheat is still growing (Shiferaw et al. 2013). To face the challenges,
modern breeding based on the diverse germplasms and new technologies is urgently needed
(Tester and Langridge 2010; “Technologies to boost breeding” 2018; Pont et al. 2019; VVoss-Fels
et al. 2019; Qaim 2020; Alotaibi et al. 2021).
The wild relatives for wheat disease resistance breeding

Wild relatives preserve the genetic diversity that was not captured during the origin and
domestication crops, and the introgression of traits from wild relatives is important for the crop
adaptation (Hajjar and Hodgkin 2007; Dempewolf et al. 2017; He et al. 2019; Khoury et al. 2020).
Genetic diversity analysis suggested that the D genome of the bread wheat captured less diversity
from its donor, Ae. tauschii, than the A and B genomes (Dubcovsky and Dvorak 2007). Therefore,
there is a great potential to improve the agronomic traits of wheat with the genetic diversity of Ae.
tauschii and its related species. However, the wild relatives' resource for modern wheat breeding
is not only limited to the Aegilops genus (Wulff and Moscou 2014).

Disease caused by plant pathogens is one of the major constraints of wheat productivity
(Shiferaw et al. 2013). The most efficient way to manage wheat disease is to grow the cultivars

with genetic resistance or resistance genes (Bockus et al. 2001). To breed the resistanct cultivars,
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it is crucial to identify the sources of genetic resistance genes. For wheat leaf rust, a fungal disease
caused by Puccinia triticina, more than 79 resistance genes have been officially named (Park 2016;
Bansal et al. 2017; Singla et al. 2017; Kolmer et al. 2018a; b; Qureshi et al. 2018; Kumar et al.
2021). Of the 79 Lr genes, 20 of them are from the wild relatives in the Aegilops genus, most of
which have been transferred into T. aestivum, and 18 of them are from other wheat relatives of T.
aestivum_(Park 2016; Bansal et al. 2017; Singla et al. 2017; Kolmer et al. 2018a; b; Qureshi et al.
2018; Kumar et al. 2021). That a large number of Lr genes originated from wild wheat relatives
supports the importance of introducing the diversity of wild relatives to enhance wheat disease
resistance through breeding. Currently, more resistance genes are still needed to provide sufficient
sources for breeding of the durable resistance.
Genomic resource of wheat and its wild relatives

Hexaploid wheat has a genome size of about 16 Gb consisting of three subgenomes, which
is about 7 times that of the maize genome, and has 85% of repetitive sequences (Schnable et al.
2009; International Wheat Genome Sequencing Consortium (IWGSC) et al. 2018). Although the
two progenitors of bread wheat, Triticum turgidum (AABB, ~12Gb) and Ae. tauschii (DD,
~4.3Gb) are tetraploid and diploid, respectively, their genome assemblies are still challenging
(Citovsky and Keren 2017; Luo et al. 2017). With years of efforts and improved genomic
technologies, the chromosome-scale genome assemblies of the bread wheat and its ancestors were
currently available to public access (Citovsky and Keren 2017; Luo et al. 2017; International
Wheat Genome Sequencing Consortium (IWGSC) et al. 2018). The genome of wild emmer (T.
turgidum ssp. dicoccoides) was assembled into 10.1 Gb chromosomes and annotated with 65,012

high-confident gene models, while the genome of Ae. tauschii was assembled into 4.03 Gb
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chromosomes and annotated with 39,622 high-confidence gene models (Citovsky and Keren 2017;
Luo et al. 2017). The bread wheat was assembled to 14.5 Gb and annotated with 107,891 high-
confidence gene models (International Wheat Genome Sequencing Consortium (IWGSC) et al.
2018). In addition to the bread wheat, the genome of durum wheat (Triticum turgidum L. ssp.
durum ) was assembled to 10.45 Gb (9.96 Gb chromosomes) and 66,559 high-confidence gene
models (Maccaferri et al. 2019). Another milestone of the wheat genomic study is the release of
15 wheat genome assemblies, and structural variation was characterized among genomes
(Walkowiak et al. 2020). The high quality of diverse genome assemblies will be a foundation
resource for both pan-genome and molecular function analysis, which will eventually facilitate

wheat breeding.

The long-read sequencing technologies facilitate the research of plant
genomics

The long-read sequencing technology

The DNA sequencing technology is an invaluable invention for life science research, and
it experienced revolutionary changes during the last several decades (Heather and Chain 2016;
Shendure et al. 2017). The first generation sequencing represented by Sanger Sequencing
contributed and was improved during the genome projects, such as the genome assembly projects
of yeast, nematode, and human (Goffeau et al. 1996; C. elegans Sequencing Consortium 1998;
International Human Genome Sequencing Consortium 2004; Shendure et al. 2017). The second
generation sequencing, also named as next generation sequencing (NGS), is dominated by the
Illumina platform, and the Illumina sequencing technology has more than 99.9% accuracy, the

advantage of a high throughput, but with relative short sequencing reads (Shendure et al. 2017).
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The emergence of long-read sequencing technologies was designed to overcome the limitations of
read length of NGS (Heather and Chain 2016; Shendure et al. 2017; van Dijk et al. 2018).

Oxford Nanopore sequencing and PacBio SMRT sequencing are the two major long-read
sequencing technologies and have been used to generate high quality maize and wheat genome
assemblies (Jiao et al. 2017; Maccaferri et al. 2019; Haberer et al. 2020; Hufford et al. 2021; Hu
et al. 2021). The basic principle of Nanopore sequencing is to trace the ion current changes in the
protein pore when the single strand DNA goes through the pore (Jain et al. 2016), while the PacBio
is to capture fluorescent pulses during the synthesis of a new complementary strand (Eid et al.
2009). The average read length of SMRT is 10-15 kb (van Dijk et al. 2018), while the mean length
of Nanopore sequencing can be longer. Both technologies produce noisy reads that contain a
relatively high error rate. Recently, the accuracy of PacBio reads has been improved to 99.8% by
sequencing one molecule multiple times and generating the consensus sequence, producing high
fidelity (HiFi) reads with very low errors (Wenger et al. 2019). Both technologies can sequence
DNA base modifications (van Dijk et al. 2018), but Nanopore has the advantage to directly
sequence RNA modifications (Parker et al. 2020). Overall, both technologies are being improved
and are highly valuable for genomic research.
The application of long-read sequencing for genome assemblies

Plant genome assembly can be challenging due to the large genome size and highly
repetitive features (Schnable et al. 2009; International Wheat Genome Sequencing Consortium
(IWGSC) et al. 2018). Long reads, larger than 10kb, can overcome some limitations of short read
performance in genome assemblies and variation discovery. In recent plant genome assemblies,

the contig assembly with long reads becomes a common strategy (Song et al. 2020; Sun et al.
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2020; Hufford et al. 2021; Hu et al. 2021). Although the error rate of long read sequencing is high,
reads correction and contig polishing steps can improve the sequence accuracy (Jung et al. 2019;
Amarasinghe et al. 2020). In addition to the important role for genome assembly, long reads can
be used to discover structural variation associated with important agronomic traits (Chawla et al.
2021).
The application of long reads RNA-Seq

RNA sequencing plays a crucial role in transcriptome analysis (Stark et al. 2019). Long
reads RNA-Seq technologies have been developed, including the Nanopore and PacBio RNA
sequencing (Gonzalez-Garay 2016; Garalde et al. 2018). All these have been used for
identification of transcripts, which provide evidence for gene discovery (Hufford et al. 2021),
construction of transcriptome references (Minio et al.), and identification of long non-coding RNA
(Cui et al. 2020). The Nanopore technology can sequence RNA directly, which has been utilized
to characterize RNA modifications (Parker et al. 2020).

Conclusion

Crop improvement is crucial to feed the increasing population worldwide and relies on the
genetic diversity of cultivars, land races and crop wild relatives. To fully utilize the resources,
breeders and researchers need to efficiently identify, introduce and select genetic loci for desirable
traits using advanced technologies. The development of sequencing technologies will be used to
produce better genomic resources, which will accelerate the breeding.
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Chapter 2 - Chromosome-level Genome Assembly of a Regenerable

Maize Inbred Line A188 *

Abstract

The inbred line A188 is an attractive model genotype for elucidation of maize gene
function and transformability due to the high embryogenic and transformable character of the line.
A188 exhibits many contrasting traits to the inbred line B73, the line used for first maize reference
genome. The lack of a genome sequence of A188 limits the use of A188 as a model genotype for
functional studies. Here, a chromosome-level genome assembly of A188 was constructed using
long reads and optical maps. Genome comparison between A188 and B73 based on both whole
genome alignments and read depths from sequencing reads identified approximately 1.1 Gb
syntenic sequences as well as extensive structural variation, including a 1.8 Mb duplication
containing the Gametophyte factorl locus for unilateral cross-incompatibility and six inversions
of 0.7 Mb or greater. Increased copy number of a gene, carotenoid cleavage dioxygenase 1 (ccdl)
in A188 compared to B73 is associated with elevated expression during seed development. High
ccdl expression in seeds together with low expression of yellow endosperm 1 (y1) condition
reduced carotenoid accumulation, which accounts for the white seed phenotype of A188 that
contrasts with the yellow seed of B73 that has high expression of y1 and low expression of the
single-copy ccdl. Further, transcriptome and epigenome analyses with the A188 reference genome
revealed enhanced expression of defense pathways and altered DNA methylation patterns of

embryonic callus. The A188 genome assembly provides a high-resolution sequence for a complex

* Reprinted from Lin G., C. He, J. Zheng, D.-H. Koo, H. Le, et al., 2020 Chromosome-level Genome Assembly of a
Regenerable Maize Inbred Line A188. bioRxiv 2020.09.09.289611. © 2020 The authors.
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genome species and a foundational resource for analyses of genome variation and gene function
in maize. The genome, in comparison to B73, contains extensive intra-species structural variations
and other genetic differences. Expression and network analyses identified discrete profiles for
embryonic callus and other tissues.

Introduction

The maize inbred line A188 was derived from a line related to the commercial maize
variety Silver King and a northwestern dent line (Gerdes et al. 1993). A188 is amenable to somatic
embryogenic culture (Figure B.1) and regeneration and was the first maize line used to produce
genetically modified plants (Rhodes et al. 1988). A popular maize transformation line, Hi-Il, was
isolated from offspring of a cross between A188 and B73, an elite maize reference inbred line
(Armstrong et al. 1991; Vega et al. 2008). Although highly valuable for plant regeneration and
transformation, A188 is not agronomic competitive, having small ears and low grain yield (Figure
2.1, Table B.1). The line also exhibits a high degree of growth habit plasticity in response to
varying environments. In particular, A188 is overly sensitive to abiotic and biotic stresses,
including drought, heat, and bacterial and fungal diseases, in comparison to elite maize lines
(Wisser et al. 2011). Nonetheless, hybrids of A188 and B73 exhibit extensive heterosis (Figure
B.2). A188, therefore, in addition to traits related to transformability, can serve as a model inbred
line for the genetic dissection of many important agronomic traits, heterosis, and plant-
environment interactions.

Efforts have been pursued to develop efficiency and quality strategies for maize genome
sequencing and assemblies. The first maize reference genome for B73 was sequenced and

assembled using bacterial artificial chromosomes (BACs) (Schnable et al. 2009). Since then,
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additional assemblies have been produced using so-called next generation high throughput
sequencing, including both short and long read technologies (Hirsch et al. 2016; Jiao et al. 2017;
Sun et al. 2018; Springer et al. 2018; Yang et al. 2019; Ou et al. 2020; Haberer et al. 2020).
Recently, two long-read technologies, PacBio and Nanopore, were combined with optical DNA
mapping to produce a high-continuity maize assembly (Liu et al. 2020). Here, Nanopore long reads
and optical DNA mapping were used to construct a chromosome-level maize genome of A188 for
discovery of structural variation as well as performed transcriptomes and DNA methylome

analyses of embryogenic callus.
Materials and Methods

Genetic materials
A188 (Pl 693339) seeds were obtained from the North Central Regional Plant Introduction

Station in Ames, IA. The A188 inbred line was derived from a cross between the inbred line 4-29
and the inbred line 64, also named A48, followed by four generations of backcross with 4-29. The
line 4-29 was derived from the commercial variety Silver King and the line 64 was from a
northwestern dent line (Gerdes et al. 1993). Double haploid lines were developed from the Fy of
B73 (P1550473) x A188 at the Doubled Haploid Facility at lowa State University.

Nanopore A188 whole-genome sequencing

A188 were grown in the greenhouse at 28°C and 23°C day/night, with a photoperiod of
14:10 h (light:dark). Nuclei were isolated from seedling leaves using a modified nucleus isolation
protocol (Zhang et al. 2012) and dissolved in buffer G2 (Qiagen). The lysate was used for DNA
isolation with Qiagen DNeasy Plant Mini Kit (Qiagen) following the manufacturer protocol. A188
genomic DNA was size selected for 15-30 kb and above with the BluePippin cassette kit BLF7510

(Sage Science) with high-pass-filtering protocol, followed by a library preparation with the SQK-
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LSK109 kit (Oxford Nanopore). Each DNA library was loaded on a FLO-MIN106D flowcell and
sequenced on MinlON (Oxford Nanopore). FASTS5 raw data were converted to FASTQ data using
the basecaller Guppy (version 3.4.4, Oxford Nanopore) with default parameters.

Illumina A188 whole-genome sequencing

Three independent A188 leaf samples were collected for extracting nuclear DNAs. Two
were used for PCR-free paired-end 2x125 bp IHlumina sequencing and one was used for PCR-free
paired-end 2x250 bp IHlumina sequencing on Hiseq2500 at Novogene. In addition, genomic DNA
was extracted from A188 immature ears for additional PCR-free paired-end 2x250 bp IHlumina
sequencing. Therefore, comparable 2x250 bp data were generated from the leaf and ear tissue
samples. The 2x125 bp Illumina sequencing data were comparable with the previously generated
2x125 bp B73 whole genome sequencing data (SRR4039069 and SRR4039070) (Liu et al. 2017a),
both of which were used for Comparative Genomic Read Depth (CGRD) analysis.

Assembly of Nanopore data via Canu

FASTQ Nanopore data were assembled with Canu (1.9) with the following options:
"'corMhapOptions=--threshold 0.8 --ordered-sketch-size 1000 --ordered-kmer-size 14’
correctedErrorRate=0.105 genomeSize=2.4g minReadLength=10000 minOverlapLength=800
corOutCoverage=60".

Contigs filtering

Leaf and ear 2x250 bp data were aligned to the contigs with the “mem” module in bwa
(0.7.12-r1039) (Li and Durbin 2010). Uniquely mapped reads with less than 15% mismatches were
used to determine read counts per contig with the “intersect” module of BEDTools (v2.29.2)
(Quinlan and Hall 2010). The log2 of the ratio of read counts normalized by using total reads of

leaf and ear samples was calculated for each contig. The contigs with a log2 value larger than 0.5
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were considered as the contigs with variable counts from leaf and ear samples. The contigs (N=21)
that had variable counts and less than 100 kb and were not anchored to B73Ref4 via Ragoo (version
1.2) (Alonge et al. 2019) were discarded. In addition, the contigs (N=16) smaller than 15 kb were
also discarded.

Through analysis of read counts, the contigs that had variable counts and matched with the
previously sequenced mitochondrial genome sequence (Genbank accession: DQ490952.1) and the
chloroplast genome sequence (Genbank accession: KF241980.1) were identified. One chloroplast
contig and 13 mitochondrion contigs were found. The chloroplast contig had almost identical
sequences to the Genbank accession KF241980.1. The failure of assembling mitochondrial contigs
into one was likely due to heterogeneous forms of mitochondria. In the A188 genome assembly,
A188Ref1, the previously assembled, DQ490952.1 and KF241980.1, were used to represent the
mitochondrion and chloroplast genomes, respectively.

Sequence polishing of assembled contigs

After filtering contigs from organelles or contamination, the remaining contigs were first
polished with raw Nanopore reads that contained signal information using Nanopolish (0.11.0)

(github.com/jts/nanopolish). Briefly, Nanopore reads were aligned with the contigs using the

aligner Minimap2 (2.14-r892) (Li 2016). Polymorphisms, including small insertions and deletions
as well as single nucleotide polymorphisms, were called and sequence errors were corrected. The
Nanopolish polishing was performed twice, followed by twice polishing with Illumina sequencing
data using Pilon (version 1.23) (Walker et al. 2014). In each Pilon polishing, reads were aligned
to contigs with the module of “mem” in bwa (0.7.12-r1039) (Li and Durbin 2010). Contigs were
corrected with the parameters of “--minmq 40 --minqual 15” using Pilon.

Hybrid scaffolding with Bionano data and polished contigs
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Bionano raw molecules were filtered to remove molecules less than 100 kb. The remaining
molecules were assembled into Bionano maps with the assembly module in the software Bionano
Tools (v1.0). Five times extension and merge iterations and noise parameters were automatically
determined by using the parameters of “-i 5 -y”. The hybrid scaffolding module from the Bionano
Tools was used for scaffolding polished contigs. The conflict filter level for both genome maps
and sequences were set to 2 by using the parameters of “-B 2 -N 2”.

Construction of a B73xA188 genetic map
Genomic DNA of DH lines was extracted by using BioSprint 96 DNA Plant Kit (Qiagen),

and normalized to 10 ng/uL for tunable Genotyping-By-Sequencing (GBS) modified from tunable
GBS (Ott et al. 2017). Briefly, for each genomic DNA sample, the restriction enzyme Bsp1286l
(NEB) was used for DNA digestion for 3 h at 37°C, followed by ligation with a barcoded single-
stranded oligo with T4 DNA ligase (NEB) for 1 h at 16°C. Enzymatic activity was inactivated at
65°C for 20 min and all samples of ligated DNA were pooled, followed by purification with Qiagen
PCR purification kit (Qiagen). The purified ligated DNA was subjected to PCR amplification with
Q5 high-fidelity DNA polymerase (NEB), followed by purification with Agencourt AMPure XP
(Beckman Coulter). The final sequencing library product was prepared by size selection at the
range of 200 to 400 bp by a Pippin Prep run with 2% agarose gel cassettes (Sage Science). lllumina
sequencing was performed on a HisegX 10 at Novogene (USA).

Raw FASTQ data were deconvoluted to multiple samples and trimmed to remove barcode
sequences and low-quality bases using Trimmomatic (version 0.38). Clean reads were aligned to
polished contigs with the “mem” module of bwa and uniquely mapped reads with less than 8%
mismatches were used for SNP analysis. SNPs were discovered by HaplotypeCaller of GATK

(version 4.1.0.0) and filtered by SelectVariants of GATK to select biallelic variants (McKenna et
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al. 2010). SNP sites with at most 80% missing data, at least 10% minor allele frequency and at
most 5% heterozygous rates remained. A segmentation (or binning) algorithm was implemented
to determine genotypes of chromosomal segments in each DH line (Ott et al. 2017). Genotypes of
bin markers of 100 DH lines were used to construct a genetic map with MSTmap (Wu et al. 2008).

Another genetic map (Supplemental_file_2.11) was built using A188Ref1 as the reference
genome with 37 additional DH lines. Recombination data was inferred from the genetic map
(BAgm.v02) based on A188Ref1.

ALLMaps to build pseudomolecules

The genetic map that was built based on polished contigs as the reference genome was used
for further scaffolding. Each scaffold harbored more than 10 markers. In total, 29 scaffolds were
on the map. Scaffolds were aligned to B73Ref4 via NUCMer. Based on the orientation of scaffolds
relative to B73Ref4 chromosomes, the order of markers in each linkage group was either kept the
same order or flipped to match their orders in B73Ref4. The software ALLMaps (JCVI utility
libraries v1.0.6) (Tang et al. 2015) was conducted with default parameters, constructing 10
pseudomolecules corresponding to ten A188 chromosomes.

BUSCO assessment
Benchmarking Universal Single-Copy Orthologs (BUSCO) (Siméo et al. 2015) was run in

a mode of “genome” to assess the completeness of the assembly with default parameters. BUSCO
was run in a mode of “transcriptome” to assess the completeness of the gene annotation with
default parameters. Both assessments using the Liliopsida database (liliopsida_odb10) that
consisted of 3,278 conserve core genes.

Estimation of base errors using KAD analysis
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The module “KADprofile.pl” in the KAD tool (version 0.1.7) (He et al. 2020) was used to
estimate errors in A188Refl. The input read data were the merged trimmed Illumina 2x250 bp
reads from leaf and immature ears. The k-mer length of 47 mer was used.

Estimation of recombination rates

Genetic distances of non-overlapping 1-Mb windows was estimated. Non-overlapping 1
Mb windows were generated by the module of “makewindows” in BEDTools (v2.29.2) (Quinlan
and Hall 2010). The last window of each chromosome was discarded due to the smaller size than
1 Mb. The prediction of genetic distance per window utilized a method developed previously (Liu
etal. 2009). Briefly, a generalized additive model (GAM) was used for the prediction of the genetic
distance of any physical interval.

The similar method was used to estimate recombination rates around each gene and
repetitive element. For example, for a given element, we first find the midpoint of the element.
The genetic positions were then predicted, by GAM, for the position 0.5 Mb upstream and the
position 0.5 Mb downstream. The distance of the genetic positions was then used to represent the
recombination context of the element.

The recombination rates that are lower than 0.6 cM/Mb and higher than 3 cM/Mb were
categorized to low recombination and high recombination, respectively.

Callus induction from immature embryos

A188 ears were harvested at 11 days after pollination (DAP11), and surface-sterilized for
30 minutes in 50% (v/v) bleach (6% sodium hypochlorite) that contains 3-4 drops of Tween 20
followed by three washes in sterile distilled water. Immature embryos of size 1.0-1.5 mm were
isolated and cultured on callus induction medium (CIM) (Rakshit et al. 2010). CIM was composed

of Chu N6 basal medium with vitamins (Chu et al. 1975) supplemented with 2.3 g/L L-proline,
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200 mg/L casein hydrolysate, 3% sucrose, 1 mg/L 2,4-dichlorophenoxyacetic acid, 3 g/L gelrite,
pH 5.8. Subculture was conducted every 14 days. The 39-days callus samples were collected for
methylome and transcriptome analysis.

IHlumina RNA-Seq, transcriptome assembly, and differential expression

Thirty-three RNA samples were extracted from 11 diverse tissue types of A188 with three
biological replicates using RNeasy Plant Mini Kit (Qiagen) (Table B.2). Briefly, the 11 tissues
included the root and the above-ground of 10-day-old seedling, three different parts of the 11th
leaf tissue at V12, the meiotic tassel, anther, and immature ear at V18, the endosperm and embryo
16 days after pollination, and the callus after 39 days culture of DAP11 immature embryos. RNA
quality control, library preparation, and sequencing were performed on an Illumina Novaseq 6000
platform at Novogene (USA). Trimmomatic (version 0.38) (Bolger et al. 2014) was used to trim
the adaptor sequence and low-quality bases of RNA-Seq raw reads. The parameters used for the
trimming 1s “ILLUMINACLIP:trimming db:3:20:10:1:true LEADING:3 TRAILING:3
SLIDINGWINDOW:4:13 MINLEN:40”. The trimming adaptor database (trimming_db) includes
the sequences: adaptorl, TACACTCTTTCCCTACACGACGCTCTTCCGATCT,; adaptor2,
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT. Only these trimmed paired reads both
of which were at least 40 bp after trimming were retained for further analysis.

Trimmed reads were aligned to A188 (A188Ref1) using HISAT2 (version 2.1.0) with the
parameters of “-p 8 --dta --no-mixed --no-discordant -k 5 -x” (Kim et al. 2019). Alignments whose
paired reads were concordantly paired were kept. The software StringTie2 (version 2.1.0) (Kovaka
et al. 2019) was used to assemble the transcriptome with alignments from a dataset of each A188

sample with the default parameters. In total, 33 transcriptome assemblies from 33 samples were
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generated. All transcriptome assemblies were merged to build an A188 Illumina transcriptome
assembly using the merge function in StringTie2.

Differential expression of the callus relative to other tissue types
Trimmed reads were aligned to A188Refl with STAR (2.7.3a) (Dobin et al. 2013).

Uniquely mapped reads with at least 96% coverage and 96% identity were used for determining
read counts per gene. DESeq?2 (version 1.26.0) was used to identify differential expression between
the callus and each of other tissue types. Multiple tests were corrected with the FDR (false
discovery rate) approach (Benjamini and Hochberg 1995). The FDR of 5% was set as the
threshold.

Nanopore A188 cDNA direct sequencing
The same three biological replicates of the seedling and callus samples used for Illumina

RNA-Seq were sequenced using the Nanopore direct cDNA sequencing protocol. Briefly, mMRNA
was first isolated from 10 ug total RNA with Poly(A) RNA Selection Kit (Lexogen), followed by
direct cDNA library preparation with SQK-DCS109 kit (Oxford Nanopore) using the protocol
version DCS_9090 v109 revB_04Feb2019. The cDNA library was loaded onto a FLO-MIN106D
R9 flowcell and sequenced on MinlON (Oxford Nanopore).

FASTS raw data was converted to FASTQ data using the basecaller Guppy version 3.4.5
(Oxford Nanopore) with default parameters. Two trimming steps were employed. Adapter
sequence was first trimmed by porechop (version 0.2.4) (https://github.com/rrwick/Porechop) with
parameters “--check_reads 10000 --adapter_threshold 100 --end_size 100 --min_trim_size 5 --
end_threshold 80 --extra_end_trim 1 --middle_threshold 100 --extra_middle_trim_good_side 5 --
extra_middle_trim_bad_side 50, and then poly A was trimmed by the software cutadapt (version

2.6) (Martin 2011) with the options of ““ -g T{12} -e 0.1 -a A{12} -n 100”. Trimmed reads were
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aligned to A188Ref1 as unstranded spliced long reads using MiniMap2 (version 2.14) (Li 2018)
with the parameter “-ax splice”. Merged alignments from three replicates were input to StingTie2
for generating assembled transcripts.

Genome annotation
The Maker (2.31.10) was used for genome annotation (Holt and Yandell 2011). The

genome was masked by using Repeatmasker (4.0.7) (Smit et al. 2013-2015) with the A188 repeat
library built by the Extensive de novo TE Annotator (EDTA, v1.8.4) (Ou et al. 2019). Two rounds
of the maker prediction were performed. At the first round, the A188 assembled transcripts and
B73Ref4 protein data were used as EST and protein evidence, respectively. The parameters
"est2genome=1" and "protein2genome=1" were set to directly produce gene models from
transcripts and proteins. At this round, no ab initio gene predictors were used. Prior to the second
maker round, a snap model was trained using the confident gene set from the first round. Gene
models produced from round 1 were input as one of predicted gene models. These gene models
were competed with gene models predicted by three gene predictors: snap (2013_11_29) (Korf
2004), augustus (3.3.3) (Stanke and Waack 2003), and fgenesh (v.8.0.0) (softberry.com). ESTs
from relative maize genotypes and proteins from closely related species were provided as
additional evidence. Gene models output from Maker were further filtered. First genes matched
with the following criteria “-evalue 1e-50 -qcov_hsp perc 60” to the transposon database in Maker
were filtered. Second, a transcript retained if it carried Pfam domains from the result of
InterProScan (version 5.39-77.0) and/or had an annotation edit distance (AED) less than 0.4, which
measured the level of discrepancy of an annotation from supporting evidence.

Functional annotation of transcripts
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BLASTP was wused to map all proteins to the SWISS-Prot database

(https://www.uniprot.org/) with the e-value cutoff of 1e-6. Gene ontology (GO) was extracted from

InterProScan.

Identification of a major transcript per gene

For a gene containing multiple transcripts, a major transcript per gene was selected if a
transcript had the highest non-zero FPKM (Fragments Per Kilobase of transcript per Million
mapped reads) determined from Illumina RNA-Seq datasets of diverse tissues by Cufflink (v2.2.1)
(Trapnell et al. 2010), and/or the lowest BLASTP e-value to the SWISS-Prot database, and/or the
longest transcript length. The BLASTP e-value had a priority relative to the transcript length. If
data were not sufficient to make a decision, the one with the longest length was selected.

Syntenic genes between A188 and B73
Syntenic genes were identified with MCscan (JCVI utility libraries v1.0.6) (Tang et al.

2008). Major transcripts were used as the input and the parameter “--cscore=.99” was used to find
1-to-1 syntenic gene relationship.

Paralogs in A188 and orthologs between A188 and B73
Paralogs in A188 and orthologs between A188 and B73 were identified with OrthoMCL

(Li et al. 2003). Briefly, protein sequences of major transcripts with at least 20 amino acids were
used for all-to-all BLASTP with the e-value cutoff of 1le-5. The BLASTP result was input to
OrthoMCL to identify paralogous and orthologous groups.

Identification of gene clusters

A gene cluster was defined if at least three genes from a group of A188 paralogs identified
by OrthoMCL were physically closely located on a chromosome. The maximum distance is 250
kb for two neighboring genes in a cluster.

Annotation of NLR genes
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The NLR genes of A188Refl were annotated using the NLR-Annotator pipeline
(Steuernagel et al. 2020).

Repeat annotation

EDTA (v1.8.4) (Ou et al. 2019) was used for repeat annotation with, maize as the “species”
input, the curated maize transposable element database from https://github.com/oushujun/MTEC
as the “curatedlib” input, and B73 coding sequences as the “cds’ input.

Analysis of NUMT and NUPT
The “nucmer” command from the software MUMmer 4 (Kurtz et al. 2004) was used to

align the A188 mitochondria or chloroplast genomes to A188Refl1. For mitochondrial alignments,
each required at least 5 kb and 95% identity. For chloroplast DNA alignments, each required at
least 3 kb and 95% identity based on the minimal requirement for a sufficient Fluorescence in situ
hybridization (FISH) signal (Roark et al. 2010). Multiple alignments with the distance less than
100 kb were clustered into a block, considered to be a nuclear integration event.

Comparative genomic analysis via SyRIl and CGRD

The “nucmer” command was used for whole genome alignment of 10 chromosomal
pseudomolecules between A188Refl and B73Ref4. The parameter of “--maxmatch -¢ 500 -b 500
-150” was used in the command “nucmer” and the parameter of ““-i 95 -1 1000 -m” in the command
of delta-filter, which resulted in best alignments with at least 1 kb matches and at least 95% identity
between the two assembled genomes. The “show-coords” command with the parameter of “~THrd”
was run to convert alignments to a tab-delimited flat text format. Alignment results were then used
for identifying genomic structural variation and nucleotide polymorphisms through SyRI (v1.2)

(Goel et al. 2019) with the parameter of “--allow-offset 100”. SyRI analysis discovered genome
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duplication, translocation, inversion, as well as syntenic, unaligned, divergent sequences. SNPs,
small insertions, and deletions were identified as well.

The CGRD pipeline (v0.1) (github.com/liu3zhenlab/CGRD) was employed to find copy

number variation (CNV) through comparing depths of IHlumina reads from A188 and B73 with the
default parameters (Peng et al. 2019). A value of the log2 read depth ratio per sequence segment
(LogRD) is the indication for CNV. For a segment, the LogRD is close to zero if sequences of two
genotypes are identical and no CNVs. The sufficient derivation of the mean of LogRD from zero
is likely due to CNV or a high level of divergence. CGRD was performed using A188Ref1 as the
reference genome and identified sequences of A188Refl showing conserved (B73=A188), copy
number plus (B73>A188), and copy number minus (B73<A188) in B73 relative to A188. When
B73Ref4 was used as the reference, the analysis found sequences of B73Ref4 showing conserved
(A188=B73), copy number plus (A188>B73), and copy number minus (A188<B73) in A188
relative to B73.

Identification of presence and absence variance (PAV) or highly divergent sequences
(HDS)
SyRI analysis listed B73Ref4 sequences that were not aligned to A188Ref1, and vice versa,

as well as insertion/deletion polymorphisms between the two chromosomal sequences. Unaligned
sequences or insertion/deletion polymorphisms identified by SyRI were compared with CGRD

segments. For each SyRI event, a supporting score of read depth data from CGRD was determined

—LogRD;X0;

by using the formula of X7 5

, Where i represents the ith overlap between a CGRD

segment and a SyRI event; LogRD stands for the LogRD of the CGRD segment and only negative
values were taken into calculation; O is the overlapping length in bp; L is the length in bp of the

SyRlI event; and n is the total number of overlaps. The resulting value from the formula represents
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the degree of the differentiation in read depth between the two genotypes for the SyRI event. The
higher the number, the more confidence the PAV or HDS event. A SyRI event is considered to be
a PAV or HDS if a supporting score is larger than 3.

Identification of large inversion events

Inversion, from kb to Mb levels of events, between A188Ref1 and B73Ref4 were revealed
by SyRI. Large events with both A188 and B73 sequences larger than 0.5 Mb were exacted. First,
the inversion sequences of B73Ref4 were aligned to B73Ref5 to confirm the inverted orientation
relative to A188Ref1. For a given inversion, if >80% B73Ref4 sequences were aligned to B73Ref5
in the plus orientation, the inversion was supported by B73Ref5. If <20% B73Ref4 sequences
aligned to B73Ref5 were in the plus orientation, the inversion was considered to not be supported
by B73Ref5. Second, the recombination frequency between the start and the end of an inversion
event was estimated and adjusted to cM per Mb. Third, SNPs between the two genomes and located
on the inversion were identified. The common SNPs genotyped in the maize 282 (Bukowski et al.
2018) population were extracted for determining linkage disequilibrium (LD) between SNPs in
distance of 0.2-0.3 Mb. Vcftools (v0.1.17) (Danecek et al. 2011) was employed to calculate LD.
The genome-wide LDs between SNPs in distance of 0.2 Mb were determined as the control.

Structure analysis of inversions in maize HapMap2 population
The software STRUCTURE (v2.3.4) (Pritchard et al. 2000) was used to analyze the

inference of population structure for A188 inversions in maize HapMap2 population (Hufford et
al. 2012). A188 and B73 SNPs between inversion regions were discovered by SyRI. HapMap2
genotyping data overlapping with inversion SNPs were extracted and the subset SNPs with the
missing rate less than 20% were input for STRUCTURE analysis. The major alleles, minor allele

and missing locus in SNP dataset were converted to 0, 1, and -1, respectively. K=2 as the cluster
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number and 10 replicate runs of the admixture model were used, with a burn-in of 10,000 iterations
and a run length of 20,000 steps.

Fluorescence in situ hybridization (FISH)

Mitotic and meiotic chromosomes were prepared as described by Koo and Jiang (2009)
with minor modifications (Koo and Jiang 2009). Root tips were collected from seedling plants and
treated in a nitrous oxide gas chamber for 1.5 h, fixed overnight in ethanol:glacial acetic acid (3:1),
and then squashed in a drop of 45% acetic acid. Anthers were squashed in 45% acetic acid on a
slide and checked under a phase microscope. All preparations were stored at -70°C until use.

DNA probes of the CentC, Knob, Cent4 (Koo et al. 2016), and the probes for examining
NUMTSs, the PME cluster, and a potential large inversion on chromosome 4 (Table B.3) were
labeled with digoxigenin-11-dUTP (Roche, Indianapolis, IN), biotin-16-dUTP (Roche), and/or
DNP-11-dUTP (PerkinElmer), depending on whether two or three probes were used in the FISH
experiment (Koo et al. 2016). The FISH hybridization procedure was according to a previously
published protocol (Koo et al. 2011). After post-hybridization washes, the probes were detected
with Alexafluor 488 streptavidin (Invitrogen) for biotin-labeled probes, and rhodamine-conjugated
anti-digoxigenin for dig-labeled probe (Roche). The DNP-labeled probe was detected with rabbit
anti-DNP, followed by amplification with a chicken anti-rabbit Alexafluor 647 antibody
(Invitrogen). Chromosomes were counterstained with 4',6-diamidino-2-phenylindole (DAPI) in
Vectashield antifade solution (Vector Laboratories). The images were captured with a Zeiss
Axioplan 2 microscope (Carl Zeiss Microscopy LLC) using a cooled CCD camera CoolSNAP
HQ2 (Photometrics) and AxioVision 4.8 software. The final contrast of the images was processed
using Adobe Photoshop CS5 software (Adobe).

QTL mapping
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Kernel colors of 125 B73xA188 DH lines were scored as 1 to 6 (1=white, 6=yellow, and 2
to 5 indicated colors between white and yellow). QTL mapping of kernel color was performed by
using scanone function with Haley-Knott regression method in the R package rgtl (Broman et al.
2003). The LOD cutoff was the 5% highest LOD value from 1,000 permutations of phenotypic
data.

gRT-PCR

gRT-PCR was used to measure the gene expression of ccdl and y1 gene in genotypes of
A188 and B73 as well as two DH lines DH305 and DH312. Immature ears of the four genotypes
were harvested from the summer nursery in Manhattan Kansas at 16 days after pollination
(DAP16). Fifteen kernels were randomly sampled from the middle of an ear, five kernels of which
were pooled as a biological replication for RNA isolation. cDNA was synthesized with Verso
cDNA Kit (Thermo Scientific) following the manufacturer’s protocol. qRT-PCR was performed
in a reaction of 10 ul with the IQTM SYBR Green Supermix reagent (BioRad) on the CFX96 Real-
Time PCR System (BioRad). The thermocycling conditions for the PCR included an initial
denaturation at 95°C for 3 minutes, followed by 40 cycles of denature at 95°C for 15 seconds,
annealing and extension at 60°C for 30 seconds. The housekeeping reference gene actinl was used
as the internal control. Cycle threshold values (Ct) of two technical replicates were averaged and
used to quantify relative gene expression levels. The relative expression levels of each of ccd1 and
y1 genes in each sample were calculated using the formula 100 x 2actinct=geneCt \yhere actinCt
and geneCt stand for the Ct values of actinl and ccdl (or y1), respectively. The primers used are
as follows: actinl: actl grt 2F and actl grt 2R; ccdl: ccdl_grt 5F and ccdl grt 5R; yl:
yl grt 4F and y1_grt 4R( Table B.3).

Whole-genome bisulfite sequencing (WGBS)
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DNA from seedling and the callus samples that were used for RNA-Seq were subjected to
WGBS on a Novaseq 6000 at Novogene (USA). A Bismark pipeline (v0.22.1) was adapted to
process bisulfite sequencing DNA methylation data (Krueger and Andrews 2011). Briefly, raw
reads were subjected to Trimmomatic trimming (v0.38) (Bolger et al. 2014) to remove adaptor
and pool-quality sequences. Bowtie2 (v2.3.5.1) (Langmead and Salzberg 2012) built in Bismark
was used for the alignment and alignments of duplicated reads were removed before methylation
calling. The methylation level per cytosine site of all three sequence contexts (CG, CHG, and

CHH) were determined, which were used for identifying differentially methylated regions (DMRS)

with the DSS R package (v2.34.0) (github.com/haowulab/DSS).

DNA methylation around genes and on repetitive sequences

Genomic regions (gene body) from the translation start site (TSS) to the translation
termination site (TTS), which were based on genomic locations of major transcripts, were equally
divided into 200 windows. For each gene, the 2 kb in the 5’-upstream region and the 2 kb in the
3’-downstream region were also extracted. The DNA methylation rate in three sequence contexts
(CG, CHG, and CHH) on each window of the gene body or each 20 bp in upstream and
downstream regions was separately determined to examine the distribution of DNA methylation
on and around genes.

DMRs were located in the three regions, 5’ upstream 1 kb, gene body, 3° downstream 1
kb. For each region, the independence between changes of DNA methylation, increased or
decreased in the callus versus the seedling, and regulation in gene expression, up- or down-
regulated in the callus versus the seedling from DE analysis, was examined through y?statistical

test. Tests were performed for all three methylation types: CG, CHG, and CHH.
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DNA methylation rate per 100 bp of repetitive sequences was determined. Annotation of
repetitive types was from EDTA and additional 45S rDNA alignment analysis. Paired t-test was
performed between the two tissues: callus and seedling.

Tissue network and principal component analyses of A188 tissues
The A188 tissue network was constructed with the R package WGCNA (version 1.66)

(Langfelder and Horvath 2008) using expression of 29,222 genes in 33 RNA-Seq datasets from 11
A188 tissue types. WGCNA was performed to cluster A188 tissue samples with the parameters
minModuleSize = 6 and soft-thresholding power = 9. The Gephi software (version 0.9.2) (Bastian
et al. 2009) was used to visualize tissue networks with the module and connectivity information
from the WGCNA result. Principal component analysis (PCA) was also performed using the R
functions prcomp with the expression per gene averaged from three replicates per tissue type.

Gene ontology (GO) enrichment analysis

The enrichment analyses were performed to determine if a certain GO was over-
represented in a selected group of genes. The resampling method in GOSeq (Young et al. 2010)

was employed.

Results

Chromosome-level A188 assembly
Long reads, representing a 90X coverage, were generated from A188 genomic DNA using
the Oxford Nanopore sequencing platform. The N50 of read lengths is 23.9 kb, and the longest
read is 264.5 kb (Figure B.3). Genome assembly, performed using Canu, resulted in 1,830 contigs,
comprising approximately 2.2 Gb of total sequences. The N50 of contigs is 5.99 Mb (Table B.4).
Read depths for contigs were assessed using Illumina short reads generated independently

from seedling and immature ear DNASs to identify potential contamination from organelle genomes
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or extraneous microbial DNA. Contigs from organelle genomes or extraneous microbial DNA
were expected to have differential read depths between the two tissues. Based on this strategy,
contigs identified as the chloroplast or mitochondrion sequences were replaced respectively with
the previously complete assemblies of A188 organelle genomes (Clifton et al. 2004; Bosacchi et
al. 2015) and contigs from extraneous contamination were discarded (Figure B.4). The remaining
contigs were polished using raw Nanopore data and 80X PCR-free Illumina 2x250 paired-end
whole genome sequencing reads (Table B.5), followed by the scaffolding with 113 A188 Bionano
Genome (BNG) optical maps, for which the total length is 2.17 Gb and the N50 is 103.4 Mb. The
BNG aided assembly placed 875 contigs into 39 scaffolds, which consist of 2.15 Gb. Chromosome
pseudomolecules were then generated using a genetic map constructed from 100 B73xA188
double haploid (DH) lines. The final assembly (A188Refl) consists of 2.25 Gb, including 10
chromosomal pseudomolecules, a mitochondrial genome, a chloroplast genome, and 986 scaffolds
or contigs (Table 2.1).

The base accuracy of the A188Refl assembly was estimated at approximately 99.82%
using the KAD pipeline (He et al. 2020). Approximately 96.4% of the potential errors are in
transposons or other repetitive sequences. The estimated accuracy of genic sequences was
>99.97%. The completeness of the A188 assembly was assessed using the BUSCO software
(Simdo et al. 2015) and found to contain 97.25% (3,189/3,278) of the Liliopsida core gene set,
similar to the 97.36% (3,193/3,278) in the B73 reference genome (B73Ref4) (Jiao et al. 2017).
Presence of complex repeats and nuclear organelle sequences in A188Refl

In total, 86.3% of the A188 genome sequence is annotated as repetitive elements. The long

terminal repeat (LTR) retrotransposons Gypsy and Copia were the most prevalent elements,
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consisting of 44% and 23.9% of A188Ref1, respectively (Figure 2.2, circos plot (Krzywinski et
al. 2009)). LTR centromere retrotransposon of maize (CRM) were largely co-localized with
centromere-specific satellite repeat CentC, both of which were largely syntenic to the B73
centromeres (Jiao et al. 2017). Approximately 8.3% of A188Refl is annotated as DNA
transposable elements (TEs), including helitron and Miniature Inverted-repeat Transposable
Elements (MITESs) (Figure 2.2). Major knob clusters were found on the long arm of chromosomes
5 (5L), the short arm of chromosome 6 (6S), 7L, and 8L, and major subtelomeric repeats (4-12-1)
were clustered on the distal regions of 1S, 3S, 4S, 5S, and 8L (Figure 2.2). Through similarity
alignments, the 45S and 5S ribosomal DNA (rDNA) clusters on 6S and 2L were identified,
respectively (Figure 2.2). Knob and rDNA locations were in agreement with previously reported
A188 fluorescent in situ hybridization (FISH) data (Kato et al. 2004). Most repetitive components
were located in regions of low-recombination contexts except the 5S rDNA locus and subtelomeric
clusters (Figure B.5).

Nuclear mitochondrial DNA (NUMT) and nuclear plastid (chloroplast) DNA (NUPT) were
identified at 10 and 21 genomic loci, respectively (Figure 2.3a, Figure B.6). The largest nuclear
organelle-like sequence (~136 kb) is a NUMT locus on the short arm of chromosome 8, which
contains an array of DNA transposons likely inserted subsequent to the NUMT integration. FISH
analysis corroborated the chromosome 8 location and confirmed a homolog on the distal end of
10S (Figure 2.3b,3c). In summary, the genomic locations of repetitive sequences and nuclear
organelle sequences are largely consistent with previous findings by FISH (Lough et al. 2008;

Roark et al. 2010), supporting the large-scale correctness of A188Ref1.
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Gene annotation

Annotation of A188Refl was performed using the Maker pipeline with evidence from
transcripts assembled with A188 long Nanopore direct cDNA sequencing data, A188 RNA-Seq
[llumina short reads, and transcripts from other maize lines, as well as protein sequences from
closely related plant species. The Maker genome annotation resulted in 40,747 high-confidence
gene models with 62,142 transcripts (A188Reflal) (Table 2.1). BUSCO evaluation showed that
97.8% Liliopsida conserved genes were in A188Reflal. Comparison of protein sequences
identified 52,971 orthologous pairs between A188 and B73, consisting of 27,273 A188 genes and
27,529 B73 genes. We also identified 178 gene clusters in A188 each of which contains at least
three paralogous genes, comprising in total 694 genes. The clusters of genes encoding pectin
methylesterase (PME) were identified on an unanchored scaffold c04 002 (two clusters with 25
and 18 genes), on chromosome 4 (one cluster with nine genes), and on chromosome 5 (one cluster
with five genes) (Figure 2.4a). Gene clusters also include eight clusters of 42 nucleotide-binding
leucine-rich repeat (NLR) disease resistance (R) genes (Figure 2.4a). One NLR gene cluster on
chromosome 10 has 16 genes homologous to the rpl gene that confers resistance to common rust
(Hulbert 1997) and was associated with Goss’s wilt resistance (Hu et al. 2018) (Figure 2.4Db).
Most paralogous clusters were not located in regions with high recombination (Figure 2.4c).
Exceptions include the rpl locus, which has a high level of haplotype instability through frequent
recombination among rpl paralogs (Bennetzen et al. 1988; Sun et al. 2001; Smith et al. 2004).
Divergent rpl haplotypes were observed between A188 and B73 that contains 11 rpl homologs at

the syntenic locus (Figure 2.4b).
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We identified 2,259 paralogous gene pairs, of which one member was located in a high-
recombination chromosomal compartment and the other in a low-recombination compartment
(Methods). Comparison of DNA methylation of A188 seedlings found that, on average, both CG
and CHG methylation levels, where H represents A, C, or T, were higher near and within low-
recombination paralogous genes as compared to high-recombination genes. No obvious
differences were observed in CHH methylation (Figure 2.4d-f). Comparison of gene expression
between members of the paralogous pairs using seedling RNA-Seq data showed most paralogs had
similar expression levels and no expression bias to either high- or low-recombination genes was
observed for those paralogs that did exhibit differential expression (Figure B.7). The result
indicated that the genomic context of genes is a driver for a certain epigenomic modification but
not a major driver for gene expression.

High-level structural variation between A188 and B73

Structural variation between the A188 and B73 genomes was identified through
comparisons of whole genome assemblies of both genomes using SyRI software
(Supplemental_file_2.1) (Goel et al. 2019) and through the analysis of whole genome Illumina
sequencing reads with CGRD (Comparative Genomic Read Depth) that is based on quantitative
comparison of depths of short reads (Supplemental _file 2.2, 2.3) (Peng et al. 2019). SyRI
revealed ~1.1 Gb of syntenic regions, 2,302 translocations, as well as 4,083 duplications in B73
and 2,333 duplications in A188 using a minimum cutoff of 10 kb for each translocation or
duplication event (Table B.6). In addition, SyRI identified 441.9 Mb of B73 and 543.8 Mb of
A188 DNA sequences that were not aligned with the other respective genome. Further filtering

with CGRD that compared read depths between the two genomes, revealing 381.3 Mb of B73-
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specific sequences and 409.2 Mb of A188-specific sequences that represent presence and absence
variance (PAV) or highly divergent sequences (HDS). These PAV/HDS regions contain 6,728
genes in B73 and 7,301 genes in A188 (Supplemental _file_2.4, 2.5). Gene ontology enrichment
analysis indicated that genes related to endopeptidase inhibitor activity and extracellular activities
are enriched in both PAV/HDS gene sets (Figure B.8).

Seventeen large inversions of 0.5 Mb or greater were identified between the two genomes
(Figure 2.5, Figure B.9-B.17, Table B.7). Nine of the seventeen inversions are likely errors in
B73Ref4 as the newly released B73Ref5 (unpublished version 5 but available from maizeGDB)
showed the same orientation as A188Ref1, including the largest inversion region (INV37083 on
B73Ref4, 97.8-103.9 Mb on chromosome 4). FISH analysis of A188 and B73 corroborated the
absence of inversion INV37083 (Figure B.18). Recombination and pairwise linkage
disequilibrium (LD, R?) values among single nucleotide polymorphisms (SNPs) within each
inversion were determined, and out of eight remaining inversion candidates, six have
recombination frequencies close to 0 and a high mean LD ranging from 0.56 to 0.79 of all pairs of
SNPs that are separated by 0.2-0.3 Mb within an inversion, which are much higher than the
genome-wide average LD of 0.2 between SNPs in separated by 0.2 Mb (Table B.7). These six
inversions exhibiting marked recombination suppression characteristic of inversion (Morgan
1950), therefore, are strongly supported. The six inversions range from 0.7 to 2.1 Mb in size, of
which two are located close to the centromere of chromosome 2 and four are on 3L, 4L, 5L, and
9L (Table B.7). In total, the six inversion sequences harbor 69 genes in B73 and 75 genes in A188.
The syntenic relationships of these genes were largely maintained between inverted sequences in
the two genomes (example in Figure 2.5d), although the gene sequences are divergent in a high

degree from each other (Figure 2.5b, Figure B.10, B11, B12, and B16). The divergence of these
41


https://paperpile.com/c/CUcTA8/5tEDS
https://paperpile.com/c/CUcTA8/5tEDS

inversions indicated that the inversions were not recent events maintained in modern maize
populations. Admixture structure analysis showed that both A188 and B73 haplotypes of 3/6
inversions exist in teosinte, the maize wild ancestor (Figure B.19), and no clear evidence of the
haplotype of the remaining three inversions exist in teosinte (Figure B.20). Among landraces, both
the A188 and B73 haplotypes of all six inversions could be identified.

CGRD analysis also identified an A188 duplication of a 1.8 Mb region between 8.68 Mb
and 10.45 Mb on chromosome 4 of B73Ref4 (Figure 2.5¢). In A188, a portion of the duplication
was found in the unanchored scaffold c04_002 while most of the remaining duplicated sequences
can be found in chromosome 4 (Figure 2.5e). The duplication region overlapped with the
Gametophyte factorl (Gal) locus conferring unilateral cross-incompatibility (UCI) (Zhang et al.
2018). The underlying causal gene of B73, Zm00001d048936, encodes a PME, which is a wildtype
allele. We designed a PME DNA probe that is from the duplication and repeatedly matches 35 loci
in B73Ref4 and 78 loci in both the region on chromosome 4 and the scaffold c04_002 on
A188Refl. FISH using this probe resulted in strong hybridization signals on A188 chromosome
4S and weak signals on B73 chromosome 4S, indicating that the duplication occurred locally on
4S (Figure 2.5f). The B73 Zm00001d048936 gene has no additional homologous copies in
B73Ref4 but five homologous sequences can be identified on the duplicated sequence of
A188Ref1, including the syntenic gene Zm00056a022745 that is identical to Zm00001d048936.
Collectively, the result documented the complexity and the potential dynamic of the Gal locus of

maize.
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Associating structural variation with phenotypic variation

The CGRD result indicated that A188 had many more copies (A188plus) at a region from
155.23 to 155.24 Mb of chromosome 9 in B73Ref4 (Figure B.16). This region includes the
carotenoid cleavage dioxygenase 1 (ccdl) gene catalyzing the cleavage of carotenoids to
apocarotenoid products, which is located at the White cap locus (Wcl) conditioning kernel colors
(Vogel et al. 2008). SyRlI analysis supported a duplication of this region but failed to find a number
of copies in A188. SyRI analysis also indicated the duplicated region is embedded in A188-specific
sequences (Figure 2.6a). Comparison of A188Refl with an A188 BNG optical map aligned to the
duplication region indicated the incomplete assembly of the region. Previously, tandem repeats of
an ~27 kb sequence at the Wc1 locus were discovered (Tan et al. 2017). Each repeat exhibits four
discernible sites that can be detected via Bionano analysis, referred to as Type A repeat. Analysis
of A188 sequences revealed a repeat variant containing an additional site, referred to as Type B
repeat. Based on the BNG map, the A188 genome contains 13 intact tandem copies of the 27 kb
sequence, consisting of 9 copies of Type A and 4 copies of Type B repeats, as well as partial copies
of the 27 kb sequence on both ends of the array. Each repeat copy contains a ccd1 gene, indicating
at least 13 copies of ccdl in A188 (Figure 2.6b), consistent with the A188plus result from the
CGRD analysis. Neither intact Type A nor B repeat exists in B73, which, however, does contain
a ccdl gene.

A188 seeds are white, whereas B73 seeds are yellow (see Figure 2.1). Analysis of
quantitative trait locus (QTL) of kernel colors of B73xA188 DH lines resulted in two major QTLs
on chromosomes 6 and 9, both of which were discovered in a previous genome-wide association

study (Romay et al. 2013), as well as a weaker peak on chromosome 2 (Figure 2.6¢, Figure B.21).
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Two known genes y1 and ccdl in the major peaks are responsible for kernel colors (Figure 2.6d)
(Buckner et al. 1990; Tan et al. 2017). The dominant Y1 allele conditions yellow kernels (Buckner
et al. 1990). Several variants exist between the A188 yl (Zm00056a032392) and B73 Y1
(Zm00001d036345) alleles, including one amino acid polymorphism (Ser258Thr) in the coding
region (Figure B.22) and polymorphisms found in 5’ upstream and 3’ downstream regions,
including a (CCA)n microsatellite variation in the 5’ untranslated region (Phelps et al. 1996)
(Figure B.23). Quantitative reverse transcription PCR (gRT-PCR) reveals higher expression of
the y1 gene in B73 relative to A188 (Figure 2.6¢). In contrast, the B73 ccdl1 expression was much
lower than that of A188, presumably due to the differences in copy number (Figure 2.6e). Because
higher expression of functional alleles of the ccdl and y1 genes is expected to reduce and increase
the accumulation of carotenoids, respectively, the differences in the expression of the ccdl and y1
genes in B73 and A188 likely explains yellow kernels of B73 and white kernels of A188 (Figure
2.6d,6e). The expression levels of the alleles in two DH lines with different allele combinations of
these two loci were similar (Figure 2.6e).

In addition to kernel color, QTL analysis of cob glume color of which A188 is white and
B73 is red mapped a single strong peak on the short arm of chromosome 1 (LOD=23.8) (Figure
B.24). Pericarp color 1 (P1) encoding a Myb transcription factor located in the QTL peak was
known to regulate pigment genes (Grotewold et al. 1994). The CGRD result indicated that B73
had more copies of the P1 gene than A188, presenting another structural variation event associated

with a phenotypic trait (Figure B.24).

44


https://paperpile.com/c/CUcTA8/alw2r+MBb1E
https://paperpile.com/c/CUcTA8/alw2r+MBb1E
https://paperpile.com/c/CUcTA8/alw2r+MBb1E
https://paperpile.com/c/CUcTA8/alw2r+MBb1E
https://paperpile.com/c/CUcTA8/alw2r+MBb1E
https://paperpile.com/c/CUcTA8/MBb1E
https://paperpile.com/c/CUcTA8/MBb1E
https://paperpile.com/c/CUcTA8/MBb1E
https://paperpile.com/c/CUcTA8/MBb1E
https://paperpile.com/c/CUcTA8/CoD9U
https://paperpile.com/c/CUcTA8/CoD9U
https://paperpile.com/c/CUcTA8/CoD9U
https://paperpile.com/c/CUcTA8/jrXUu
https://paperpile.com/c/CUcTA8/jrXUu
https://paperpile.com/c/CUcTA8/jrXUu

Distinct gene expression and hypermethylation in calli relative to seedlings

Transcriptomic data were generated for 11 diverse tissues with three biological replicates
each. Both principal component analysis and clustering of these tissue samples based on their
genome-wide gene expression showed that the callus from tissue culture were closely related to
root, leaf base, embryo, and ear, but distinct from middle leaf, leaf tip, and seedlings (Figure
B.25, Supplemental_file_2.6). A set of 734 callus featured genes were identified that exhibited at
least 2-fold up-regulation in the callus as compared to any other tissues (Supplemental_file_2.7).
Genes involved in cell wall biosynthesis, defense activity, heme binding, transmembrane transport,
and transcription regulation are enriched in these featured genes (Figure B.25). For example, a
number of NLR and defense-related genes, including Pathogenesis-related protein 1 (PR1)
(Zm00056a001451), were activated in the callus. The top six enriched transcription factor families
are WOX, AUX/IAA, LBD, AP2, WRKY, and NAC, which included homologs of Baby boom
(AP2) and Wuschel2 (Wox) genes relevant to cell division and expansion (Figure B.26) (Lowe et
al. 2016).

The callus and seedling tissues were selected for examination of genome-wide DNA
methylation levels. The callus exhibited elevated methylation for all three sequence contexts as
compared to the seedling, 89.3% vs 85.2% on CG, 74.5% vs 71.9% on CHG, and 3.2% vs 1.5%
on CHH (Table B.8). The analysis of CG and CHG methylation over all genes did not find major
differences between callus and seedling tissue (Figure 2.7a, 7b). However, there were major
differences in the level of CHH methylation (Figure 2.7c). On average, there were no major
changes in the level of CG or CHG methylation over repetitive elements but there was a consistent

trend for slightly higher CG methylation callus for most classes of repetitive elements (p<0.0001
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from paired t-tests, Figure 2.7d, 7e). Similarly, CHH methylation was slightly higher for most
classes of repetitive elements with the most notable increase observed at MITE elements
(p<0.0001 from paired t-tests, Figure 2.7f).

Differentially methylated regions (DMRs) were identified through comparison of the DNA
methylation profiles of callus and seedling. In total, 6,927 CG DMRs, 9,631 CHG DMRs, and
11,275 CHH DMRs were identified (Table B.9, Supplemental file 2.8, 2.9, 2.10).
Hypermethylation in callus relative to seedling was the predominant type of DMRs for both CG
and CHH methylation in both genic and intergenic regions while CHG exhibited roughly equal
proportions of hyper and hypomethylation DMRs with more hypermethylation in genic regions
and more hypomethylation in intergenic regions (Figure 2.7g). The analysis of the distribution of
DMRs relative to genes revealed that the CG DMRs were enriched near TSS regions while CHH
DMRs tended to be found in regions just upstream or downstream of genes, mirroring CHH island
distributions (Figure 2.7h) (Gent et al. 2013; Li et al. 2015b). CHG DMRs exhibited different
trends for localization for hyper and hypomethylated DMRs with hypermethylation DNAs
enriched at TSS and TTS regions and hypomethylated DMRs enriched in gene bodies (Figure
2.7h). The high frequency of some types of DMRs near the TSS led us to assess whether these
DMRs may be contributing to differential expression in callus relative to seedling tissue. Genes
with DMRs were enriched for being differential expression (DE) in seedling relative to callus
compared to genes without DMRs (x2=20.9, p-value=4.9¢e-6). Based on prior studies in maize we
expected that gains of CG or CHG methylation near the TSS would be associated with down-
regulation of expression while gains of CHH upstream of the promoter might be associated with
up-regulation of expression (Li et al. 2015a; Sartor et al. 2019). We found that the DE genes with

hypomethylated or hypermethylated DMRs at most regions exhibited roughly similar numbers of
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up- and down-regulated with exception at CG hypomethylation at 5’ upstream regions of genes
and CHG hypomethylation in the gene body, both of which were associated with up-regulation of
gene expression in the callus (Figure 2.7i, Table B.10). These results reveal dynamic changes in
some types of DNA methylation in callus relative to seedling and a marginal association of DNA
methylation with gene expression changes.

Discussion

The A188 genome assembly capitalized on long read technologies, here, Nanopore single
molecule reads and long-range optical mapping. The quality of the assembly was enhanced by the
strategy of comparing read depths of short read data from independent DNA sources to filter
contigs before the scaffolding, which eliminated contamination from DNA sequences of organelle
genomes and microorganisms and preserved nuclear-integrated organellar sequences. Our
assembly added a new and reference genome to the collection of sequenced maize genomes
(Schnable et al. 2009; Hirsch et al. 2016; Jiao et al. 2017; Sun et al. 2018; Springer et al. 2018;
Yang et al. 2019; Ou et al. 2020; Liu et al. 2020; Haberer et al. 2020).

A novel strategy for the discovery of genome structural variation based on quantitative
comparison of depths of sequencing reads, here named Comparative Genomic Read Depth or
CGRD. Detailed characterization of genomic structural variation in complex genomes such as
maize is challenging. Comparisons using complete genome sequences based on their alignments
would be an ideal method to reveal copy number variation and rearrangements. However,
technically, alignment-based methods still suffer from repetitive sequences. More critically,
finding structural variation with assembled sequences is subjected to the quality of assemblies.

Unfortunately, assemblies of most plant genomes or other large complex genomes are generally
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not complete or error-free. For example, here we found that B73Ref4 is missing the topmost region
of the short arm sequence of chromosome 6 (Figure B.13) and includes multiple assembly
inversion errors. CGRD based on comparison of depths of short reads complements the approaches
that rely on whole genome alignments, including SyRI (Goel et al. 2019). In particular, the CGRD
pipeline can detect copy number variation missed by SyRI due to incomplete assembly at
structurally complex regions. For example, through CGRD, a 1.8 Mb duplication at the Gal locus
and a high-copy tandem duplication of Wcl in A188 were identified, both of which did not stand
out from SyRI analysis. The two methods are complementary in that CGRD captures unbalanced
structural variation due to copy number variation rather than balanced structural variation that
SyRI can detect. Therefore, the combination of SyRI and CGRD provides an optimal strategy for
discovery of genomic structural variation, which is critical for further characterization of their
impacts on gene expression and phenotypes.

In addition to the detection of large duplications and inversions, analysis of structural
variation elucidated a repetitive structure of the ccdl gene, which, in A188, consists of 13 copies.
The high copy number of ccdl corresponds to the high expression, which was previously observed
and presumably leads to a high activity of the carotenoid cleavage enzyme and enhanced
carotenoid degradation (Tan et al. 2017). Furthermore, the expression of the A188 y1 allele is low
during seed development, while the y1 expression in B73 is relatively high (Stelpflug et al. 2016).
Both alleles were highly expressed in some non-seed tissues such as leaf. The A188 y1 allele is
likely functional, producing a low but perceptible level of carotenoid at certain stages of seed
development, as evidenced by pale yellow seeds of recombinant DHs with the A188 y1 allele and
the single copy ccdl allele of B73. An additional minor QTL was concordant with QTLs from

multiple other B73-derived bi-parental populations (Chandler et al. 2013). The candidate gene
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zepl (Zm00001d003513), encoding zeaxanthin epoxidase, was previously identified but
functional validation is needed (Owens et al. 2019). Based on kernel colors of B73 x A188 DH
lines, the three QTL loci are not sufficient to fully determine kernel colors. Analysis with a larger
B73xA188 derived population may reveal additional loci influencing kernel colors.

Plant tissue culture from a highly differentiated tissue to the callus involves a process of
dedifferentiation to gain pluripotency (Ikeuchi et al. 2013). The transition of differentiation status
is, physiologically, stressful (Hu et al. 2020). Somaclonal variation in plants produced through
tissue culture may be the product of DNA damaging stress responses (Lee and Phillips 1988).
Transcriptomic data from this study revealed that, in fact, defense response genes were enriched
among the callus featured genes that were up-regulated in the callus as compared to any other
tissues. Hypermethylation is considered to be a protection mechanism against stresses, which
enhance genome stability and safeguard genome integrity (Boyko et al. 2007). Our comparison
between the callus and the seedling uncovered globally elevated methylation in the callus in all
three sequence contexts. Consistently, hypermethylation in the callus relative to the immature
embryo was found in a study that used another maize inbred line and methylated DNA
immunoprecipitation sequencing (MeDIP-seq) (Liu et al. 2017b). In this study, 24 nt small RNA
was shown to be positively correlated with DNA methylation. In rice, CG hypermethylation was
seen in one- and three-year callus relative to the shoot in the rice mutant MET1-2, which encodes
amajor DNA methyltransferase in maintaining CG methylation. Only CHH hypermethylation was
observed in wildtype rice (Hu et al. 2020). In our study, the callus versus seedling comparison
showed that the A188 MET1-2 homolog (Zm00056a035610) was ~2x up-regulated in the callus,
and mop1l (Zm00056a013519), a homolog of RNA-dependent RNA polymerase 2 that is involved

in the production of 24 nt small RNA (Nobuta et al. 2008), was 5-6x up-regulated in the callus,
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indicating that the transcriptomic machinery was regulated to enhance global DNA methylation in
the callus. In plants regenerated from calli, CG and CHG methylation tended to be lost as compared
to non-regenerated plants and many were heritable (Han et al. 2018). Heritable hypomethylation
in regenerated plants was observed in an earlier maize study (Kaeppler and Phillips 1993). In rice,
as compared to non-regenerated plants in rice, pronounced hypomethylation was found in
regenerated plants from tissue culture (Stroud et al. 2013). The discrepant DNA methylation levels
between regenerated plants and calli indicated that most methylation gained from tissue culture is
not stable or heritable. Collectively, DNA methylation was elevated during the formation of the
callus, likely due to the cellular defense responses. The majority of DNA methylation gained
appears to be demethylated during re-differentiation, resulting in hypomethylated regenerated
plants.

DH lines have been generated from A188 and B73, a transformation recalcitrant line.
Genome-wide genotyping information of DH lines enables the projection of A188 and B73
genome sequences in each DH line. Transformation-enhanced DH lines of B73xA188 crosses,
together with the respective reference genome, will provide foundational community resources for

insight into maize regeneration.
Conclusions

The genome of a regenerable maize inbred line A188 was assembled with long reads and
optical maps, producing a reference-quality genome sequence. Comparison of the A188 genome
with the reference B73 genome identified structural variants, including those responsible for
phenotypic discrepancies between A188 and B73. Examination of DNA methylation and gene

expression with the newly generated A188 reference genome found overly hypermethylation in
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the callus as compared with the seedling and the activation of defense genes in the callus, indicative

of the defensive state for cellular protection in the embryogenic callus.

Data availability

The A188 genome assembly described in this paper is version JABWIA010000000 at NCBI. The

annotation (A188Reflal) is available at MaizeGDB.org (https://download.maizegdb.org/Zm-A188-

REFERENCE-KSU-1.0/). Raw Nanopore whole genome sequencing data, Illumina whole genome

sequencing data, Nanopore cDNA sequencing data, Illumina RNA-seq data, and whole-genome
bisulfite are available at NCBI SRA under the project of PRINA635654. Essential scripts related

to the manuscript are available at github.com/liu3zhenlab/A188Refl. The CGRD pipeline can be

downloaded from github.com/liu3zhenlab/CGRD.
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Figure 2.1 Phenotypic comparison between A188 and B73
Seed photos of A188 and B73.
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Figure 2.2 Circos plot of A188 genomic features

Features on chromosomes 1 to 10 are: a) recombination rate (cM/Mb); b) gene density per Mb; c)
gene clusters; d) number of Gypsy per Mb; e) number of Copia per Mb; f) number of MITESs per
Mb; g) high-copy repetitive elements. The central inset is the legend for the track of g. Tracks of
b, d, e, f are intensity-coded. The higher the intensity, the higher frequency each element.
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Centromeres are in orange on the outmost chromosome track, on which numbers are coordinates
in Mb.
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Figure 2.3 NUMT on A188 nuclear genomes

a). NUMT sequence on 10 chromosomes of A188Refl. Each dot on chromosomes designates a
potential NUMT integration. Close-up alignments with the mitochondrion (mt) genome are shown
along NUMTSs. Each alignment requires at least 5 kb match and 95% identity. b). Circos plot of
alignments between the mt genome and ten chromosomes. The same color of green, orange, dark
blue label duplicated regions in mt. “P” regions match the probe sequence used for FISH. Brown
links highlight alignments on chromosomes 8 and 10. Note that the chromosomal scale is different
from the mt scale. Numbers on the track are in Mb. c). Physical mapping of a mt DNA (mtDNA)
and knob repeats on the mitotic metaphase chromosomes of maize A188. The knob repeat probe
(green signals) was used to identify the chromosomes. Two FISH sites of mtDNA insertion on the
chromosomes were detected: arrowheads, chromosome 8; arrows, chromosome 10. Bar=10 pum.
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Figure 2.4 Gene clusters and paralogs in low- and high-recombination regions

a). The scatter plot of numbers of genes per cluster versus their cluster size. b). Example of an
NLR gene (rpl) cluster in A188 and their alignments with the B73 rp1 locus. Each rectangle box
represents a gene with blue, tan, and red colors indicating plus, minus orientation, and rpl
homologous genes. All rpl homologs are in the same minus orientation. Gray bands connect
orthologs and orange bands highlight the top rpl alignments with at least 98.5% identity and a
2,500 bp match. c). The scatter plot of numbers of genes per cluster versus the recombination rate
estimated 1 Mb around the midpoint of the cluster. All clusters plotted are on 10 chromosomes. d-
f). Distribution of cytosine methylation in sequence contexts of CG, CHG, and CHH around
paralogous genes. An average methylation rate per window across all examined genes from two
replicates of seedling samples was determined and plotted versus the window order. A window in
the gene body, from translation start site (TSS) to translation termination site (TSS), is 1/200 of
the gene body in length. A window outside of the gene body is 20 bp.
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Figure 2.5 Megabase-level duplication and inversion on chromosome 4

a, b, ¢). SyRI and CGRD results on chromosome 4. a). The CGRD result using A188Ref1 as the
reference genome. Y-axis represents log2 values of ratios of read depths of B73 to A188,
log2(B:A), signifying copy number variation (CNV). Regions with higher and lower sequence
depths of B73 versus A188 were B73 plus (red) and B73 minus (blue), respectively. Green and
orange represents conserved and ungrouped regions, respectively. b). The SyRlI result is displayed.
Alignments of syntenic blocks larger than 10 kb and alignments of other rearrangements larger
than 0.5 Mb are plotted. On each A188 and B73 chromosome, segments that were not aligned to
the other genome or highly divergent with the other genome are highlighted. The red * labels a
well-evidenced inversion. ¢) The CGRD result using B73Ref4 as the reference genome. The
similar color scheme to that in a) is used. d). Synteny of genes (rectangle blocks) in the well-
evidenced inversion (ABinv4a) regions between A188 and B73. blue and tan colors stand for plus
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and minus gene orientations. €). A dot plot between the 1.8Mb B73 region that was duplicated in
A188 and its aligned regions in A188Refl. f). FISH of the PME probe on A188, B73, and F:
(B73xA188). Cent4 probe (green) that specifically targeted on chromosome 4 centromere was
used in F1 FISH. Arrows and arrow heads point at PME signals of A188 and B73 chromosomes,
respectively. Bar=10 um.
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Figure 2.6 Structural variation and genetic analysis of the Wc1 locus

a). Duplication alignments between A188 and a B73 region identified as A188plus by CGRD. b).
Tandem repeats of 13 intact copies of 27.4 kb sequences. Two DLE-1 restriction patterns in repeat
units: Types A and B were identified. c). The QTL result of kernel color using the DH population.
Arrows point at locations of known causal genes. d). A simplified carotenoid pathway. GGPP
stands for geranylgeranyl diphosphate. e) Seeds at 16 days after pollination (DAP16) were
collected and used for quantifying gene expression (exp) of yl and ccdl. Three biological
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replicates were used. Bars are color-coded based on colors of mature seeds. Error bars represent
standard variation. Letters on top of bars are statistical groups determined by Tukey tests. Y1 (wcl)
and y1 (Wcl) stand for B73 and A188 alleles, respectively. Mature seeds from the same lines show
slightly different colors from seeds of DAP16.
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Figure 2.7 DNA methylation in callus and seedling tissues

(a, b, ). Distribution of cytosine methylation in three sequence contexts (CG, CHG, and CHH)
around genes in two biological replicates of the callus (orange) and two biological replicates of
the seedling (green). An average methylation rate per window across all examined genes was
determined and plotted versus the window order. A window in the gene body is 1/200 of the gene
body. A window outside of the gene body is 20 bp. (d, e, f). Violin plots of methylation on
repetitive sequences. For each violin plot, the top half is the distribution of methylation in the
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callus and the bottom half is the distribution of methylation in the seedling. Each dot represents
the median of methylation rates. Numbers stand for the mean methylation differences between the
callus and the seedling, which are color coded with blue and red to represent increased methylation
and decreased methylation in the callus, respectively. All differences are significant (p-
value<0.0001) by paired t-test. (g) Barplots of DMRs on genic regions, including 2 kb beyond
each of TSS and TTS, and the rest of the genome (intergenic regions). (h) Distribution of DMR
sequences around genes. The definition of the gene body is the same as described in a-c. (i)
Proportions of DE genes up-regulated in hyper DMR and hypo DMR regions (gene body, 1 kb 5’
upstream and 1 kb 3’ downstream regions). Numbers on top of bars are numbers of DE genes.
Stars indicated significances (p<0.05) from y? tests for the independence of the DMR and DE
changing directions. In g, h, and i, hyper and hypo stand for increased and decreased methylation
in the callus relative to the seedling, respectively.

Table

Table 2.1 Summary of A188Refl assembly and annotation

Chromosome Length (bp) # genes # transcripts
1 307,989,483 6,034 9,265
2 251,027,758 4,873 7,384
3 243,219,806 4,313 6,619
4 255,421,021 4,315 6,640
5 229,324,730 4,613 7,194
6 181,596,323 3,412 5,134
7 183,343,242 3,208 4,864
8 182,018,909 3,653 5,472
9 165,494,689 3,082 4,704
10 153,829,095 2,824 4,254
mt 525,405 40 40

pt 140,437 39 41
scaffolds 16,204 - 341 531
sum 2,246,851,412 40,747* 62,142

* filtered from 46,009 gene models produced by Maker
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Chapter 3 - Analysis of Callus Development in Maize via Genetic

Mapping and Transcriptional Profiling

Abstract

Plant transformation is generally required for most genome engineering platforms.
However, the transformation efficiency is highly dependent on species, individual genotypes, and
tissue types. In maize, calli induced from immature embryos are regularly used for transformation.
The callus development has been found to be associated with plant regeneration, thereby
influencing the transformation efficiency. Of the segregation progeny of a transformation-
amenable inbred line A188 and a transformation-recalcitrant inbred line B73, the callus forms into
two major types: type | and type Il, in which the type Il callus grows faster and is the favorable
type for regeneration. Here, type | and Il calli from the B73xA188 F2 population were analyzed
using Genotyping-By-Sequencing (GBS), which identified the quantitative trait loci (QTLS)
controlling the callus type on chromosomes 2, 5, 6, 8, and 9. This result was largely supported by
the bulk segregant RNA-Seq (BSR-Seq) analysis. Both analyses indicated that only the A188 allele
at the chromosome 6 locus positively contributed to the formation of the type Il callus. With BSR-
Seq, differentially expressed genes (DEGs) between the type Il and | F2 calli were identified. In
addition, the fast-growth and slow-growth sectors developed from the same A188 immature
embryos were separately dissected for the transcriptomic comparison. Both sets of DEGs from the
two RNA-Seq comparisons are enriched in the process of cell wall organization, indicating the
important role of the cell wall related pathway in callus morphological development. Combination
of the five QTLs with the transcriptome analysis identified 39 DEGs located in the broad QTLs

interval, providing the candidate genes for plant transformation improvement.
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Introduction

Plant transformation is an important process for genome engineering. For both crop
improvement and biological research, an efficient transformation in diverse genetic backgrounds
is highly beneficial (Que et al. 2014; Altpeter et al. 2016). However, for many plant species, the
transformation efficiency remains low and highly depends on cultivars selected. In maize, even
though the transformation frequency has been improved through breeding (Armstrong et al. 1991),
medium optimization (Duncan et al. 1985; Kotchoni et al. 2012; Cho et al. 2014, 2015), and
embryogenesis genes manipulation (Lowe et al. 2016), the transformation efficiency across
cultivars, or genotypes, varies dramatically, and the underlying genetic basis remains unclear (Que
et al. 2014; Altpeter et al. 2016).

In maize, the embryogenic callus produced by the immature embryo is widely utilized for
gene transformation. The callus formation and the regeneration are the major factors influencing
the transformation efficiency (Duncan et al. 1985; Tomes and Smith 1985; Hodges et al. 1986).
Of 25 maize inbred lines surveyed in the Hogdes’ study (Hodges et al. 1986), the calli induced
from immature embryos of A188, A634, W117, MS71, and H99 were highly regenerable, while
the regeneration frequencies of the calli of B73, H84, and N28 were less than 20%. When the
highly regenerable line A188 was crossed to the other 24 inbred lines, the regeneration of the
progeny of most of the inbred lines, such as B73, Mo17, H95, Oh43, and VA26, were markedly
improved, which suggested the callus embryogenesis is under the genetic control and A188
contains at least some dominant alleles contributing to the regeneration capacity. The genetic
elements of the callus embryogenesis were analyzed by QTL mapping (Armstrong et al. 1992;

Krakowsky et al. 2006) and GWAS (Ma et al. 2018).
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Two distinct types of embryogenic callus, type | and type |1, can be initiated from the maize
immature embryos. Type | callus was translucent, slow growing, and compact structure mixed
with differentiated tissue, while type Il callus was highly embryogenic, white or pale yellow, fast
growing and friable (Tomes and Smith 1985; D’Halluin et al. 1992; Welter et al. 1995; Frame et
al. 2000). Plants are generally regenerated from the type | callus through either the meristem or
the somatic embryo, or from the type Il callus developed from the somatic embryo (Welter et al.
1995). Even though type | and Il calli from different genotypes had been used to produce
transgenic plants (D’Halluin et al. 1992; Ishida et al. 1996), type Il callus was favorable for gene
transformation due to the features of fast growth and high regenerability over years (McCain et al.
1988; Frame et al. 2000).

Hi-11 is a popular line used for maize transformation (Ishida et al. 1996; Songstad et al.
1996; Que et al. 2014), and was generated by the cross of two partial inbred lines, Hi-1l A and B,
each of which had almost 100% type Il callus initiation of immature embryos (Armstrong et al.
1991; Ishida et al. 1996; Songstad et al. 1996). Hi-Il A and B were developed from maize inbred
lines B73 and A188. The Inbred B73 is an elite line but transformation recalcitrant, while A188 is
a highly regenerable line with a poor agronomic performance (Hodges et al. 1986). The type Il
calli can be initiated from both A188 and B73 genotypes but the frequency of type Il callus of B73
is much lower (McCain et al. 1988). The excellent type Il callus initiation of the Hi-1l A and B
supported the possibility of regeneration improvement through genetic selection.

Plant regeneration can be also improved through molecular manipulation. Two
transcription factors BBM and WUS2 have been shown to dramatically improve the
embryogenesis in maize and other monocot crops (Lowe et al. 2016), indicating the importance of

gene regulators for plant regeneration. More studies explored transcriptional regulation during the
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callus formation (Shen et al. 2012; Salvo et al. 2014; Zhang et al. 2019; Du et al. 2019). Analysis
of the callus induction from the maize immature embryo at the early stage revealed that the genes
involved in the callus development were enriched in the processes of nutrition uptake, cell wall
organization, hormone pathway, stress response, lipid metabolism, signal transduction, oxidation-
reduction process, heme binding, and iron ion binding (Shen et al. 2012; Salvo et al. 2014; Zhang
et al. 2019; Du et al. 2019). In our study, the genetic mapping and transcriptomic profiling were
performed to analyze the callus development using both F2 progeny of B73xA188, as well as
transcriptomic analysis with fast- and slow-growth callus tissues identified from A188 calli. Our

results provide fundamental knowledge for further studies of callus embryogenesis in plants.
Materials and Methods

B73xA188 F2 callus tissues for mapping and RNA-Seq

B73xA188 F1s were grown and self-pollinated to produce F2 ears in the nursery. Immature
embryos with length 1.0-1.2 mm were dissected from 13 F2 ears at 11 days after pollination (DAP)
and cultured for 3 weeks on N6 medium supplemented with 1.5 mg/L 2,4- dichlorophenoxyacetic
acid (2,4-D) at 28°C in the dark. To map QTLs associated with maize callus type | and 1I, we
separately selected 100 eXtremely type | (XT-1) and Il (XT-1I) calli from 2,194 F2 calli (13 F2
ears). Each selected callus was cut into two pieces, one was for individual Genotype-By-
Sequencing (GBS), and the other one was for bulked segregant RNA-sequencing (BSR-Seq). For
BSR-Seq, fifty calli were pooled as one bulk sample, and 4 bulk samples in total were used for
RNA-Seq.

A188 callus tissues for RNA-Seq

A188 immature embryos (N=330) were dissected from 4 ears at 11 DAP and cultured on

N6 medium for 30 days followed by 5 days sub-culture. Sixty of A188 type Il calli with fast and
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slow growing sections were sampled. Specifically, on each callus, the fast and slow growing parts
were identified and sampled separately. Sections from 20 fast or slow growing calli were
separately pooled. In total, 3 fast growing callus bulks and 3 slow growing callus bulks were
collected for RNA-Seq.

DNA isolation and GBS sequencing
DNAs of calli was isolated using the DNeasy Plant Mini Kit (Qiagen, USA). In brief, callus

samples were disrupted under liquid nitrogen, and then dissolved in buffer AP1 following the
manufacturer's instructions. Finally, The DNA was eluted with distilled water and normalized to
15 ng/ul for GBS library preparation.

Hi-I11 A and B seeds were grown in the greenhouse at 27°C in the day and 23°C at night
with a 16-hour photoperiod. Ten-day-old seedlings were harvested for DNA extraction using the
DNeasy Plant Mini Kit (Qiagen, USA). The DNA was dissolved in water and normalized to 15
ng/ul for GBS library preparation.

The GBS protocol was described in chapter 2. In brief, 150 ng DNA of each individual
sample was digested with restriction enzymes Bsp12861 (New England Biolabs, USA) at 37°C for
2 hours followed by the ligation oligos as barcodes using T4 ligase (New England Biolabs, USA)
at 16°C for 1.5 hours. The enzymes in the previous reactions were inactivated at 65°C for 20
minutes. After that, digestion-ligation products of multiple samples were equally pooled and
purified with Qiaquick PCR purification kit (Qiagen, USA) and AMPure XP beads (Beckman
Coulter Life Sciences, USA). The purified DNA was input as the template for PCR amplification
with the Q5 high fidelity DNA polymerase (New England Biolabs, USA) and the primers matching

to Illumina adaptors. The PCR product was purified by using AMPure XP beads (Beckman Coulter
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Life Sciences, USA), resulting in a GBS library. The GBS library was sequenced on an Illumina
HisegX 10 platform at Novogene (USA).

RNA extraction and sequencing

XT-I, XT-11, A188 fast and slow growing tissue samples were grounded with mortar and
pestle under liquid nitrogen. RNA isolation used the RNeasy Plant Mini Kit (Qiagen, USA)
following the manufacturer's instruction. Library preparation and RNA sequencing were
performed at Novogene. About 20 million pair reads were generated for each RNA sample on a
HisegX 10 platform.

Genotypes of GBS segment markers

Illumina 150-bp paired raw reads were trimmed using Trimmomatic (version 0.38) (Bolger
et al. 2014), followed by decoding and fine trimming procedures with custom scripts to assign
reads to each individual sample. To increase genotype calling accuracy in the following steps,
high-depth (>30x) whole genome sequencing (WGS) data of A188 and B73 were used to call
genotypes of the two parental lines (NCBI SRA accession: SRX8420667, SRX8420668,
SAMNO05578024, SAMNO05578025).

After trimming, reads were aligned to the B73 reference genome version 4 (B73Ref4) (Jiao
et al. 2017) using the BWA aligner (Li and Durbin 2010). Aligned reads were removed if they did
not match the following criteria: insert size of 50-800 bp, mapping score greater than 40, the match
region greater than 50, the mismatch percentage less than 6%, and the percentage of the unmatched
overhang, or the tail, of the read length less than 5. The GATK haplotypecaller (Li and Durbin
2010; McKenna et al. 2010; Poplin et al. 2018) was used to discover SNPs. SNPs were further
filtered and converted to segment (bin) markers by using the R package of Genomap

(https://github.com/liu3zhenlab/genomap).
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QTL mapping using R/qtl

Genetic position of each segment marker was estimated using a B73XA188 DH genetic
map. The R/qtl (Broman et al. 2003) function scanone was used to map the QTLs with the standard
interval mapping method and the binary model. Two LOD thresholds were used: the LOD value
at the 5% significance level from 1000 permutations and the LOD value of 3 (Broman 2001). R/qtl
functions plotPXG and fitqtl were used to plot and estimate the QTL effect, respectively.

Genetic mapping using logistic regression

With GBS segment genotyping data of individual XT-1 and XT-II, the logistic regression
was employed to test the hypothesis that there was no genotype frequency difference between XT-
I and XT-II groups. Two approaches were employed to determine significance thresholds.
Multiple tests were accounted for with the false discovery rate (FDR) of 1% (Benjamini and
Hochberg 1995). A permutation test similar to a standard QTL permutation test was conducted
1000 times to determine the distribution of p-values under the null hypothesis and the significance
level of 5% were selected as the p-value cutoff.

BSR-Seq analysis

RNA-Seq raw reads were trimmed using Trimmomatic (version 0.38) (Bolger et al. 2014),
and then aligned to B73Ref4 with STAR (version 2.7.3a) (Dobin et al. 2013). SNPs were
discovered using GATK unifiedgenotyper (Li and Durbin 2010; McKenna et al. 2010; Poplin et
al. 2018). Bi-allelic SNPs were selected using GATK with the criteria "AF >= 0.2 && QUAL >=
30.0 && DP >=100 && DP < 10000". Potential error SNPs based on polymorphic data between
B73 and A188 were discarded. The generalized linear model assuming the binomial distribution
of two alleles were employed to detect the association between the SNP site and callus types.

Differential expression analysis
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Reads trimming and alignment were described in the BSR-Seq method. With read counts
per gene resulting from STAR analysis, the statistical test with DESeq2 was performed to identify
differentially expressed genes (Love et al. 2014). Multiple tests were accounted for with the false
discovery rates (FDR) for the XT-11 versus XT-I comparison and the fast- versus slow-growth
A188 callus comparison (Benjamini and Hochberg 1995).

Gene ontology (GO) enrichment analysis
Differentially expressed genes (DEGs) with the FDR of 10% were used to determine if

DEGs are enriched in certain GO terms. The resampling method in GOSeq (Young et al. 2010)
was employed. The p value cutoff is 0.05.

Identification of candidate genes

Three sets of genes were selected to explore the genes of interest using Venn Diagram in

R (https://www.r-graph-gallery.com/14-venn-diagramm.html). The three gene sets include the

genes in the QTL intervals and two DEG sets. Genes in the LOD support QTL intervals were
identified using BEDtools (Quinlan and Hall 2010). Significant DEGs between type Il and I, and
between A188 fast- and slow-growth comparison were selected with absolute fold changes greater
than 2 and the FDR of 5%.

The function of candidate genes in B73 were obtained from the annotation file deposited
on github (https://github.com/liu3zhenlab/collected_data/tree/master/maize_gene_function) and
manually checking on MaizeGDB (https://www.maizegdb.org/).

Plotting
Genotypes of markers were plotted using the function plotPXG in R/qtl. All other plots,

including genetic mapping of the QTLs, segments genotypes of HI-I1, XT-1 and Il samples, were

plotted with custom R scripts.
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Results

Genetic mapping of the callus type

Immature embryos dissected from 13 B73xA188 F2 ears were cultured on N6 callus
induction media. After three weeks of culture, compact type I and friable type Il calli (Figure 3.1a)
were observed, and 100 most typical type | (referenced to as extremely type I, or XT-1) and 100
most typical type Il (referenced to as extreme type I1, or XT-II) calli were sampled. Individual calli
were subjected to Genotype-By-Sequencing (GBS) and XT-1 and XT-2 calli were separately
pooled, 50 calli per bulk, resulting in two bulks of XT-1 and two bulks of XT-II for bulked
segregant RNA sequencing (BSR-Seq).

Out of the 200 calli, GBS data of 153 individuals were produced, and 96,703 SNPs were
identified. SNP genotypes of each F2 individual were used to infer chromosomal segments
harboring multiple SNP markers with the same genotypes. The number of segments indicated the
number of discernible recombination events per F2 individual. After filtering F2 individuals with
recombination events higher than expected (Ren et al. 2020), 60 XT-1 and 58 XT-II individuals
were retained. With the segment genotypes, 6,369 GBS segment markers were generated for
genetic mapping of the callus type (Figure 3.1b, 3.1d; Figure C.1-C.10; Table 3.1). A standard
interval QTL mapping approach and a method of logistic regression were employed for the QTL
mapping. The two approaches identified highly concordant QTL peaks at chromosome 2, 5, 6, 8
and 9, which were designated as CtAB.2.01, CtAB.5.01, CtAB.6.01, CtAB.8.01, and CtAB.9.01,
respectively. The LOD supported QTL intervals were estimated (Table 3.1). In total, these five

QTLs explained 50.9% of the phenotypic variance.
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From BSR-Seq of the bulked XT-I and XT-Il samples, 68,147 SNPs were identified.
Assuming read counts of two alleles of a SNP site had a binomial distribution, the statistical test
found 284 associated SNP sites with a divergent allele distribution between the XT-1 and XT-II.
Most associated SNPs were located on chromosomes 2, 3, 5, 6, 8, and 9, supporting the GBS
mapping result with an additional peak on chromosome 3 (Figure 3.1c; Figure D.3; Table 3.1).

Among these five QTLs, CtAB.5.01 was the QTL with the strongest signal (Figure 3.1b-
d, 3.2; Table 1). The homozygous B73 genotype of CtAB.5.01 was highly enriched in XT-II
individuals, while the homozygous A188 genotype was enriched in XT-I individuals (Figure
3.2d,c). The phenotypic means of the three genotypes indicated that two alleles of QTL CtAB.5.01
functioned additively, and the B73 allele was favorable for the type Il callus. In addition to
CtAB.5.01, the B73 alleles were favorable alleles for type Il callus phenotype at the QTLs
CtAB.2.01, CtAB.8.01, and CtAB.9.01 (Figure 3.3, 3.4; Table 3.1), whereas the A188 genotype
only positively contributed to type Il callus at CtAB.6.01 (Figure 3.3,3.4; Table 3.1).

The type 11 callus favorable alleles of three QTLs selected in Hi-11 A and B

Hi-Il A and B were genotyped by the GBS method and genotypes of chromosomal
segments were inferred, which showed that most chromosome regions are in a homozygous status
(Figure 3.5). Based on genotypes of segments, 22 breakpoints and 54 recombination breakpoints
were found in Hi-lIl A and B, respectively (Figure 3.5; Table C.1). The genotypic data also
showed that the favorable alleles for type Il callus at the three QTLs, CtAB.2.01, CtAB.6.01, and
CtAB.8.01, were selected in both Hi-1l A and B. However, the type Il callus favorable alleles at

the major QTL, CtAB.5.01, and one minor QTL, CtAB.9.01 were not selected.

76



Differential expression of type Il and | F2 calli

BSR-Seq were also used to examine differential expression between XT-I and XT-I1 calli,
identifying 1,193 up-regulated and 1,012 down-regulated differentially expressed genes (DEGS).
Gene ontology (GO) term enrichment analysis showed that up-regulated genes were enriched in
the pathways related to transmembrane components, lipid metabolism, oxidative response,
carbohydrate metabolism, DNA binding, and aspartic-type endopeptidase process, while the
down-regulated genes were enriched in the pathways involved in DNA binding, metal ion binding,
cell wall organization, and aspartyl esterase process (Figure 3.6). Further examination found that
66 down-regulated DEGs were associated with cell wall modification, such as pectinesterase,
expansin, xyloglucan endotransglucosylase, and beta-galactosidase.
Differential expressed genes of A188 fast- and slow-growth calli

In the tissue culture, the growth rate of callus tissues varies. Fast- and slow-growth calli
initiated from single immature embryos of A188 were sampled for RNA-Seq analysis (Figure
3.7). In total, 1,287 up-regulated DEGs and 1,926 down-regulated DEGs in fast-growth calli were
identified from the comparison. GO enrichment analysis (Figure 3.8) indicated that up-regulated
DEGs were enriched in the process related to transcriptional regulation, transmembrane
transportation, fatty acid biosynthesis, and heme binding, and the down-regulated DEGs were
enriched in the process of oxidative response, metal ion binding, DNA binding, heme binding, and
cell wall formation. Of the 83 down-regulated DEGs associated with the GO term of cell wall, 60
genes were overlapped with the DEGs from the XT-II and XT-I comparison, which further

supported that the cell wall composition plays a role in the growth rate of calli.
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Integration of genetic mapping and DEGs

The QTL intervals include 9,273 annotated genes which was about 23.4% of the total
annotated genes in B73 version 4 (Jiao et al. 2017). From the QTL intervals, we identified 39
DEGs from the two RNA-Seq comparisons with the fold changes in both comparisons greater than
2 and the 5% FDR (Figure 3.9; Table 3.2). QTL CtAB.6.01 contains five such genes. All these
five genes were down-regulated in the F2 XT-II versus XT-I comparison, and four genes were
down-regulated and one was gene up-regulated in the comparison between A188 fast- and slow-
growth calli (Table 3.2). The four down-regulated genes in both XT-1I and fast-growth calli
include watl (walls are thin 1, Zm00001d036123) and endl (early nodulin homologl,
Zm00001d036125) that are homologs of genes involved in the nodule development, sil (silky1,
Zm00001d036425) encoding a DNA binding protein involved in the silk development, and the
gene Zm00001d036409 encoding an unknown function protein with C2-C2 zinc finger. All these
genes were lowly expressed in immature embryos 13 days after pollination (DAP) and highly or
medium expressed in the endosperm except watl, which was highly expressed in the pericarp and
the endosperm adjacent to scutellum (Doll et al. 2020). The cell wall related gene watl encoding
an EamA-like transporter was further examined (Figure 3.10). Comparison the A188 and B73
allele sequences found seven SNPs and a 3-bp insertion/deletion (INDEL) in exons, and two large
INDELSs (382-bp in an intron and 277-bp in the 3’ UTR) and a number of SNPs located in other
non-coding sequences. However, the allelic expression in XT-Il and XT-1 maintained a similar
ratio based on read counts of each SNP allele in the fifth exon, and no obvious difference was

observed in the transcript at the sequence level.
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Discussion

Traits related callus development are not easy to quantify and a few studies have been
conducted to map transformation related to genomic loci (Armstrong et al. 1992; Lowe et al. 2006;
Krakowsky et al. 2006; Salvo et al. 2018). In the two studies using A188 or Hi-II, they were used
to cross with other transformation-recalcitrant lines and identified chromosomal segments from
transformation-amenable parents or segregation distortion after multiple rounds of selection of the
highly transformable progeny (Armstrong et al. 1992; Lowe et al. 2006). Using this atypical QTL
mapping strategy, transformation associated loci were found at chromosomes 1, 2, 3, and 9 using
an (Al188 x B73) x B73 backcrossed population (Armstrong et al. 1992), and mapped to
chromosomes 1, 2, 3, 6, and 10 using an FBLL x (FBLL x Hi-Il) backcross population (Lowe et
al. 2006). The chromosome 3 QTL was further examined and mapped to an approximately three
megabase region (Salvo et al. 2018). In our study, we mapped the genomic loci responsible for the
callus type to chromosomes 2, 5, 6, 8, and 9. As the previous reports selected highly transformable
lines from the backcrossed progeny, the traits under selection are related to callus initiation, callus
growth, and regeneration. In our study, the callus type is the trait examined, at least partially
explaining the difference in the QTL identification. Type Il callus favorable alleles at five QTL
we found are found in both A188 and B73 parents, consistent with the finding that their
recombinant inbred lines (e.g., Hi-11 A and B) developed a higher proportion of type Il calli than
the parents during tissue culture. Only the QTL on chromosome 6 carries the A188 allele favoriting
the type Il callus, indicating this QTL is critical for the formation of the type Il callus. The QTL
on chromosome 6 overlaps with the chromosome 6 QTL detected in Lowe et al. 2006 study, which

supports that the chromosome 6 QTL may be correlated with regeneration.
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Callus induction is a complex process of cell dedifferentiation. The biological processes
involved in early callus induction were revealed through transcriptional analysis (Shen et al. 2012;
Salvo et al. 2014; Zhang et al. 2019; Du et al. 2019). In our study, the transcription analysis was
performed on calli after 21 days and 35 days. In the comparisons between fast growing type 1l and
slow growing type I, and between the fast growing and slow growing A188 type Il calli, genes
down-regulated in fast growing calli are enriched in the pathway related to the cell wall
organization. The cell wall is crucial for plant growth development (Marowa et al. 2016), and the
differential expressed genes involved in cell wall organization were also identified in the previous
transcriptional analysis of callus induction in maize (Shen et al. 2012). The down-regulation of
genes functioning in cell wall organization could loosen the cell wall and cellular adhesion
(Nishikubo et al. 2011; Marowa et al. 2016; Wormit and Usadel 2018). The difference in the cell
wall component and structure between type | and 1l may result in different water, ion, oxygen, and
nutrient uptake ability, thereby affecting the growing rate, transformation efficiency, and
regeneration ability.

The DEGs in different callus types are expected to contribute to the phenotypic variation.
We found 39 significant DEGs shared by both RNA-Seq comparisons were located in the QTLS
intervals. Of the 39 genes, a gene watl close to our QTL is on chromosome 6. Cell elongation was
defected in the Arabidopsis watl mutant, which resulted in an abnormal secondary cell wall in the
fiber cell and short stem (Ranocha et al. 2010). The down-regulated watl gene in our transcription

analysis may be involved in the cell wall modification and callus morphology.
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Conclusion

In this study, we employed multiple strategies to understand the genetic basis of the
formation of the callus type in A188 x B73. Besides genomic changes in the sequence level, the
chromatin state may play important roles in the callus response and regeneration. Epigenetic
changes during tissue culture in maize and other species were discussed in the previous chapter
and literature (Lee and Seo 2018; Han et al. 2018). A comprehensive study combining the genetic
mapping, transcriptional analysis, and epigenetic analysis are needed to better understand the

genetics of callus type trait.
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(a) Type I and type Il calli initiated from B73XA188 F2 immature embryos. (b,d) Genetic mapping
of callus type with GBS seg markers. (b) the QTLs were mapped using the standard interval
mapping method (R/qtl) with a binary model. The red dash line indicates the significance threshold
defined by the 1000 permutation tests at 5% significance level, and the grey dash line indicates the
threshold 3. (d) the QTLs were mapped with a logistic regression method. The red dash line
indicates the significance threshold defined by the 1000 permutation tests at 5% significance level,
and the grey dash line indicates the threshold of FDR=0.01. (c) Genetic mapping of callus type
with SNPs identified from BSR-Seq. The orange dash line indicates the threshold using the
Bonferroni correction at the 5% significance level. The significant SNP markers were colored in
olive green or light salmon. In all three mapping plots, x-axes designate the accumulated physical
positions of markers.
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Figure 3.2 Detailed characterization of QTL CtAB.5.01

(a,b) Genetic mapping of callus type with GBS segment markers on chromosome 5. (a) The
result on chromosome 5 using the interval QTL mapping. The red dash line indicates the
significance threshold defined by permutation tests at the 5% significance level, and the grey
dash line indicates the threshold 3 of LOD. (b) The QTL result on chromosome 5 using a logistic
regression method. The red dash line indicates the significance threshold with permutation tests
at 5% significance level, and the grey dash line indicates the threshold of the 1% FDR. (c)
Genetic mapping of callus type from BSR-seq. The orange dash line indicates the threshold
defined by the Bonferroni correction at the 5% significance level. The significance SNP markers
are colored in olive green or light salmon. The vertical purple dash lines (in a-c) indicates the
LOD support QTL interval, and the red vertical dash line indicates the left flanking of the
interval adjusted based on the BSR-seq mapping. (d) Genotype of the 118 F2 individuals on
chromosome 5. The upper panel contains the genotypes of 58 XT-II individuals, and the bottom
panel contains the genotypes of 60 XT-I individuals. Each horizontal line represents the
genotype of an individual. The green, orange, purple, white lines stand for a chromosome region
with homozygous A188 genotype, homozygous B73 genotype, heterozygous genotype, and
missing data, respectively. The red rectangle indicates a QTL interval, and the gray vertical line
labels the QTL position mapped by the GBS segment markers. The individuals within a
phenotype group (XT-1 and XT-I11) are ordered based on the genotype of the QTL marker. (e)
The effect of the QTL marker. The y-axis represents the callus type phenotype, and x-axis
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represents different genotypes. Type | and Il phenotype is coded as 1 and 2, respectively. The
genotype AA is homozygous A188 genotype, AB is heterozygous genotype, and BB is
homozygous B73 genotype. The open circle in the plot indicates an F2 individual, which was
genotyped by the GBS method. As only two phenotype categories and three genotype groups, the
open circles clustered together in different densities. The number of each genotype in each
phenotype group is indicated nearby. The phenotype means of each genotype group were plotted
in blue, purple and red with standard deviation.
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Figure 3.3 Effect of QTL markers on chromosomes 2, 6, 8, and 9

(a) Marker effect of QTL CtAB.2.01. (b) Marker effect of QTL CtAB.6.01. (c) Marker effect of
QTL CtAB.8.01. (d) Marker effect of QTL CtAB.9.01. The y axis represents the phenotype, and
the x axis represents different genotypes. Type | phenotype was coded as 1, and type Il was
coded as number 2. The genotype AA was homozygous A188 genotype, AB was heterozygous
genotype and BB was homozygous B73 genotype. The open circle in the plot indicated an F2
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individual, which was genotyped by GBS method. As only two phenotype categories and three
genotype groups, the open circles clustered together in different densities. Numbers represent
counts of individual samples in each group. The phenotype means of each genotype group were
plotted in blue, purple and red with standard deviations.
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Figure 3.4 Genotype of the 118 F2 individuals on chromosomes 2, 6, 8, and 9

(a) Genotype of chromosome 2. (b) Genotype of chromosome 6. (c) Genotype of chromosome 8.
(d) Genotype of chromosome 9. The upper panel of each plot includes the genotypes of 58 XT-II
individuals, and the bottom panel includes the genotypes of 60 XT-I individuals. Each horizontal
line represents the genotype of an individual. The green, orange, purple, white lines indicate the
chromosome region (segment) with homozygous A188 genotype, homozygous B73 genotype,
heterozygous genotype, and missing data, respectively. The red rectangle indicates the QTL
interval, and the gray vertical line labeles at the QTL position mapped by the GBS segment
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markers. The individuals within a phenotype group (XT-1 and XT-11) were ordered based on the
genotype of the QTL marker.
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Figure 3.5 Genotypes of Hi-11 A and B

(a) Genotypes of chromosome segments in Hi-I1 A. (b) Genotype of chromosome segments in
Hi-11 B. The green, orange, purple, white lines indicate chromosome segment with homozygous
A188 genotype, homozygous B73 genotype heterozygous genotype, and missing data,
respectively. The triangle under chromosomes labels the QTLs mapped by the GBS method, and
the color of the triangle indicates the favorable allele. Green indicates the A188 allele and orange
indicates the B73 allele.
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Figure 3.6 GO term analysis of type 11 and | DEGs

(a) GO term analysis of up-regulated DEGs. (b) GO term analysis of down-regulated DEGs. GO
terms with a p-value smaller than 0.05 were presented.

fast
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Figure 3.7 Fast and slow growing A188 callus

Fast- and slow-growth calli are indicated by ovals and arrows.
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Figure 3.8 GO term analysis of DEGs between fast- and slow-growth A188 calli

(a) GO term analysis of up-regulated DEGs. (b) GO term analysis of down-regulated DEGs. GO
terms with a p-value smaller than 0.05 were presented.
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Figure 3.9 Venn diagrams of genes in genetic mapping intervals and DEGs

(a) Venn diagram of up-regulated DEGs and genes in the QTLs interval. (b) Venn diagram of
down-regulated DEGs and genes in the QTLs interval (c) Venn diagram of up-regulated DEGs in
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the comparison between fast- and slow-growth A188 calli, down-regulated genes in F2 type Il
and | calli comparison, and the genes in the QTLs interval. (d) Venn diagram of down-regulated
DEGs in the comparison between fast- and slow-growth A188 calli, up-regulated genes in F2
type Il and I calli comparison, and the genes in the QTLSs interval.
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Figure 3.10 The expression of gene watl

Snapshot of the alignment of RNA-Seq and the alleles of watl. The sample name, DNA
sequence name, or the gene annotation are labeled on the left of the alignment or annotation. The
gene annotation of watl in B73 Ref4 is indicated in blue rectangle in the bottom track, higher
rectangle represents the exon of the gene, and white arrow indicates the transcription orientation.
The tracks over the gene annotation represents different alignment files. Reads and coverage are
shown in each alignment. The ticks with blue, green, orange, and red indicate the SNPs or
sequencing errors. “I” and triangle indicate INDELS. In the DNA sequence Zm00056a032220,
the “three reads” in order were the full-length gene annotated in the A188Ref1, and the gaps
were the INDELSs between A188 and B73 alleles of watl.

Tables

Table 3.1 The QTLs supported by three mapping methods

QTL  Chr R/qtl mapping logistic regression BSR-seq QTL interval**
QTL LOD QTL pvalue QTL p value Interval  Interval
(bp) (bp) (bp) start (bp)  end (bp)
CtAB.5.01 5 169273698 6.93 169273698 1.71E- 84632155 0.00E+00 80458296* 198270432
07
CtAB.8.01 8 174632571 4.61 174479910 2.35E- 169073812 1.46E-09 127872514 180929814
05
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CtAB.6.01 6 88567616 4.13 83296319 9.63E- 99960681 1.12E-12 1006642 100419946

05

CtAB.2.01 2 158183928 3.79 99580047 1.93E- 156883753 3.88E-10 24095104 176011606

04

CtAB.9.01 9 108566128 3.25 159752864 4.50E- 108540812 4.39E-11 10213832 158723248

04

**The QTL interval is the LOD support interval, which was estimated in R/qtl.
* QTL CtAB.5.01 was adjusted to include the BSR-seq QTL.

Table 3.2 39 Significant DEGs in the QTL intervals

Gene Chr.

DEG pattern* Description

Zm00001d003379 2
Zm00001d003823 2
Zm00001d005071 2

Zm00001d012259 8
Zm00001d012274 8

Zm00001d012535 8

Zm00001d016237 5
Zm00001d017140 5
Zm00001d017251 5
Zm00001d003614 2

Zm00001d010911 8
Zm00001d011813 8
Zm00001d012080 8
Zm00001d015420 5
Zm00001d017041 5
Zm00001d017502 5

Zm00001d036123 6
Zm00001d036125 6
Zm00001d036409 6
Zm00001d036425 6

up-up
up-up
up-up

up-up
up-up

up-up

up-up
up-up
up-up
down-down

down-down
down-down
down-down
down-down
down-down

down-down

down-down
down-down
down-down

down-down

Major latex protein 22
Linoleate 12-epoxygenase

Protein-serine/threonine phosphatase / Serine/threonine
specific protein phosphatase

Oligopeptide transporter-related // subfamily not named

Omega-hydroxypalmitate O-feruloyl transferase / O-
hydroxycinnamoyltransferase

Family not named // non-specific lipid transfer protein
gpi-anchored 2-related

Agquaporin NIP1-1-related
Chlorogenate--glucarate O-hydroxycinnamoyltransferase
Protein CER1-like 1-related

Non-specific serine/threonine protein kinase / Threonine-
specific protein kinase

Chitinase / Poly-beta-glucosaminidase
ABA/WDS induced protein (ABA_WDS)
Probable lipid transfer (LTP_2)
Expressed protein

NA

Trehalose-phosphatase / Trehalose 6-phosphate
phosphatase

EamA-like transporter family (EamA)

Early nodulin 93 ENOD93 protein (ENOD93)
Zinc-finger of the FCS-type, C2-C2 (zf-FLZ)
MADS box protein // MADS-box family protein
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Zm00001d045390 9
Zm00001d045391 9
Zm00001d003978 2
Zm00001d003999 2
Zm00001d011239 8

Zm00001d012477 8
Zm00001d016632 5

Zm00001d016758 5
Zm00001d036051 6
Zm00001d045048 9
Zm00001d045519 9
Zm00001d046675 9
Zm00001d002898 2
Zm00001d002901 2
Zm00001d003432 2
Zm00001d004075 2
Zm00001d004401 2
Zm00001d004921 2
Zm00001d016760 5

down-down
down-down
up-down
up-down

up-down

up-down

up-down

up-down
up-down
up-down
up-down
up-down
down-up
down-up
down-up
down-up
down-up
down-up

down-up

Early nodulin 93 ENOD93 protein (ENOD93)
Early nodulin 93 ENOD93 protein (ENOD93)
NA

Cotton fibre expressed protein (DUF761)

C2 calcium/lipid-binding plant
phosphoribosyltransferase-like protein

Laccase / Urishiol oxidase

Serine/threonine-protein kinase rio // subfamily not
named

NA

Glucan endo-1,3-beta-D-glucosidase / Laminarinase
Pectinesterase / Pectin methylesterase

ISP4 like protein // subfamily not named
NA

Peroxidase / Lactoperoxidase

Peroxidase / Lactoperoxidase

Aldose 1-epimerase / Mutarotase
Phosphodiesterase | / Phosphodiesterase
Cupin domain (Cupin_2)
O-methyltransferase // subfamily not named
ABA/WDS induced protein (ABA_WDS)

*up-up: Significant DEG was up-regulated in both A188 fast-slow and type Il-1 comparisons. down-down: both
down-regulated. Up-down: up in A188 comparison, down in type II-I comparison; and vice versa.
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Chapter 4 - Cloning of the Broadly Effective Wheat Leaf Rust Gene

Lr42 transferred from Aegilops tauschii

Abstract

The wheat wild relative Aegilops tauschii, a rich resource of genetic variation for wheat
improvement, was previously used to transfer the Lr42 resistance gene into bread wheat. Lr42
confers resistance at both seedling and adult plant stages to the leaf rust fungus, Puccinia triticina.
It is broadly effective against all leaf rust races tested to date. Lr42 has been used extensively in
the CIMMYT international wheat breeding program with resulting cultivars deployed in several
countries. Using a bulked segregant RNA-Seq (BSR-Seq) mapping strategy, we identified three
candidate genes for Lr42. A susceptible wheat line transformed with a candidate gene
AET1Gv20040300, encoding a nucleotide-binding site leucine-rich repeat (NLR) protein, was
sufficient to confer strong resistance to leaf rust. Homologs were found in wheat and wheat
relatives, but the Lr42 resistance allele was found only in one accession of Ae. tauschii, suggesting
that it is of recent origin. Genetic markers were developed for Lr42 that identified over one
thousand CIMMYT wheat breeding lines that carry the Lr42 segment, which significantly
enhanced resistance to leaf rust at the seedling stage. Cloning of Lr42 expands the repertoire of
cloned rust resistance genes, as well as provides diagnostic DNA markers for wheat improvement.

Lr42 should be deployed in combinations with other leaf rust resistance genes to preserve its utility.

Introduction

Leaf rust, caused by Puccinia triticina Erikss., is a prevalent disease limiting wheat

production worldwide (Kolmer 1996). Yield reductions in susceptible wheat cultivars typically
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range from trace to 30% and may exceed 50%. The yield loss can be mitigated by the introduction
of genetic resistance (Huerta-Espino et al. 2011). More than 70 leaf rust resistance genes have
been characterized and officially named in the Catalogue of Gene Symbols for Wheat

(https://shigen.nig.ac.jp/wheat/komugi/genes/symbolClassL ist.jsp). Six leaf rust resistance genes

have been cloned, including four race-specific genes from the nucleotide-binding leucine-rich
repeat (NLR) gene family, Lr10 (Feuillet et al. 2003), Lr21 (Huang et al. 2003), Lr1 (Cloutier et
al. 2007), and Lr22a (Thind et al. 2017), as well as two race-nonspecific genes, Lr34 encoding an
ABC transporter (Krattinger et al. 2009) and Lr67 encoding a hexose transporter (Moore et al.
2015). Cloned resistance genes may be useful in transgenic multigene cassettes for developing
strong and durable resistant varieties to combat fast-evolving fungal pathogens (Wulff and Moscou
2014).

The Lr42 resistance gene was identified from accession TA2450 in a collection of wheat
wild relative Aegilops tauschii Coss. (DD, 2n=14), the diploid D-genome donor for hexaploid
bread wheat (Triticum aestivum L., AABBDD, 2n=42) (Cox et al. 1994a). Lr42 confers resistance
to leaf rust at both seedling and adult stages. The Lr42 gene is effective against all currently
reported races of the leaf rust fungus in the US (Kolmer 2019). The Lr42 resistance locus was
introduced to a bread wheat cultivar ‘Century’ by direct crossing, followed by two backcrosses to
Century, and was released in a germplasm line KS9IWGRC11 in 1991 (Cox et al. 1994b).
KS91WGRC11 has been extensively used in CIMMYT wheat breeding programs and is
represented as line “Lr42” in CIMMYT pedigrees (Basnet et al. 2013, 2014). Several cultivars
derived from KS91WGRC11 have been released by CIMMYT that have outstanding yield

potential. Field studies in Oklahoma showed that near-isogenic lines with Lr42 introgressions had
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a 26% increase in yield and 9% increase in kernel weight, which was attributed to leaf rust
resistance (Martin et al. 2003).

We undertook the cloning of the Lr42 gene because of its extensive use in international
breeding efforts, broad effectiveness, possible association with yield-enhancing factors, the need
for diagnostic markers, and the potential utility of the cloned gene in transgenic cassettes. The
Lr42 gene was previously mapped to the short arm of chromosome 1D (1DS) using hexaploid
mapping populations (Cox et al. 1994a; Sun et al. 2010; Liu et al. 2013; Gill et al. 2019). We
employed BSR-Seq, a bulked segregant RNA sequencing method (Liu et al. 2012), to map Lr42.
To eliminate interference from A-genome or B-genome homoeologous sequences from hexaploid
parents, we constructed two diploid mapping populations by crossing the resistant accession with
susceptible accessions of Ae. tauschii. Another advantage of using diploid parents is that the
phenotype of Lr42 is stronger and easier to distinguish compared to the phenotype in hexaploid
wheat. We identified the candidate gene using BSR-Seq and map-based cloning and confirmed
the candidate gene as Lr42 by ectopic expression in a susceptible wheat line.

Materials and Methods

Plant materials

Ae. tauschii accessions used for genetic mapping and haplotype analysis are listed in Table
D.1. Ae. tauschii ssp. strangulata accession TA2450 from Caspian Iran is the donor of the Lr42
gene. Two highly susceptible Ae. tauschii accessions TA10132 (also known as AL8/78) and
TA2433 were crossed with TA2450 and advanced to F2:3, Fz:4 and Fa:s populations by single seed
descent for gene mapping and BSR-Seq.

Leaf rust disease phenotyping
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The leaf rust disease inoculation procedure followed the protocol developed by Liu et al.
(Liu et al. 2013) except plants were incubated in a growth chamber at 20°C and a 16 hr
photoperiod. Briefly, for Ae. tauschii leaf rust phenotyping, two-leaf stage seedlings were
inoculated with the leaf rust race PNMRJ. The virulence/avirulence phenotype of rust races is
given in Table D.2. The infection type of plants was scored on the 0 to 4 Stakman scale at 10 days
post inoculation (dpi) and confirmed at 14 dpi. The race nomenclature, differential sets, and
Stakman infection types were described by Kolmer (1996, 2019). For transgenic wheat seedling
leaf rust phenotyping, the race TFBJG was used to inoculate seedlings at the two-leaf stage. TFBJG
was used because it defeats Lr26 in Bobwhite.

Bulked Segregant RNA-Sequencing (BSR-Seq)
Two F2:3 populations (population 1: TA2450 x TA2433 and population 2: TA2450 x

TA10132) were used for BSR-Seq analysis. Fifteen seeds from each of F23 families were
inoculated and phenotyped. Of 100 TA2450 x TA2433 F,:3 families, 27 were homozygous resistant
(HR) families of which all individuals were resistant to leaf rust, and 21 were homozygous
susceptible (HS) families of which all individuals were susceptible. Equal amounts of leaf tissue
were collected from each of 21 HR and 21 HS families, respectively to form two separate pools.
Of 101 TA2450 x TA10132 F3 families evaluated for seedling rust resistance, 36 were HR families
and 9 were HS families. We selected 26 HR and all 9 HS families to collect HR and HS tissue
pools.

RNA samples were extracted from the seedling tissue using RNeasy Plant Mini Kit
(Qiagen, Germany). Sequencing was done on the Illumina HiSeq2000 platform at the Genome
Sequencing Facility (GSF) at the Kansas University Medical Center, and ~180 million pairs of

2x101 bp paired-end reads were generated. Raw reads were trimmed using Trimmomatic (version
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0.32). Trimmed reads were aligned to the Ae. tauschii reference genome (Aet v4.0,
GCA _002575655.1)(Luo et al. 2017) by GSNAP (version 2018-03-25) (Wu and Nacu 2010) with
the parameters of “-B 2 -N 1 -m 6 -i 2 -n 3 -Q”. Single nucleotide polymorphisms (SNPs) were
discovered using GATK (version 3.3) (McKenna et al. 2010) UnifiedGenotyper module with the
following parameters: “--heterozygosity 0.005 -stand_call_conf 30.0 -stand_emit_conf 20.0 -glm
BOTH -U ALLOW_N_CIGAR_READS -ploidy 2”. SNPs was filtered by the GATK module of
SelectVariants with the following parameters: --restrictAllelesTo BIALLELIC --
selectTypeTolnclude SNP --select "AF >= 0.2 && QUAL >= 30.0 && DP >= 200 && DP <
10000". In total, 170,069 SNPs were identified for the population 1 and 74,206 SNPs for the
population 2. For each population, a Bayesian-based approach was used to determine the
probability of the complete linkage between each SNP and the causal gene (Liu et al. 2012).

Fine mapping with KASP markers
Genomic DNA of leaf tissues from Ae. tauschii and wheat was extracted as described (Bernardo

et al. 2020). SNPs having a high probability of the complete linkage with the causal gene were
selected to convert to KASP assays. All KASP markers used for fine mapping were listed in Table
D.3. To confirm the mapping interval, 68 F.:3 families from the population 1 used for BSR-Seq
were selected for genotyping. The 68 DNAs of pooled tissue samples from 12 F»:3 individuals per
family were genotyped with KASP markers p12A10, plA05, and plA02. As a result, 11 Fo:3
recombinant families were identified. Analysis of genotypic data together with phenotypic data
confirmed that the Lr42 gene was located between the markers p12A10 and p1A05. To validate
this interval, 6 of the 11 recombinant families were selected to genotype individual plants in each

family with more KASP markers within the mapping interval.
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To narrow down the mapping interval, we used F4 plants from population 1. We first
identified 9 F4 families that were derived from the resistant F2:3 individuals heterozygous for the
Lr42 in the mapping interval. In total, 891 F4 individuals were phenotyped for rust resistance and
genotyped with the markers p12A10 and p1AQ05, which identified 85 recombinants. Genotyping
recombinants with additional markers identified 9 F4 individuals harboring the recombination
between p12A10 and pC24. Further analysis of the Fs progeny of these 3 F4 individuals confirmed
by the new mapping interval between 8,655,291 bp and 8,830,775 bp on 1DS flanked by the
markers pC43 and pC49.

We also analyzed 78 F, families of the population 2 and found 4 F, families with the
recombination between p12A10 and p1A05. Luckily, 1 recombinant between the marker pC43
and the marker pC50 enabled us to locate the gene at a 116 kb interval between 8,655,291 and
8,771,761.

Cloning of full-length coding region of Lr42 candidate gene
Total RNA was extracted from leaf tissues of resistant (TA2450) and susceptible

(TA10132) accessions using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s
instructions. After removing residual DNA with DNase | (Invitrogen, USA) treatment, 1 pg of
total RNA was reverse-transcribed to cDNA using SuperScript® 1V First-Strand Synthesis System
(Invitrogen, USA) with an oligo(dT)2o primer following the manufacturer’s instructions. The full-
length coding region of the Lr42 candidate gene was amplified by PCR with the gene-specific
primers AET300.2_CDS-F and AET300.2_CDS-R (Table D.4). The PCR product was cloned into
the pCR-XL-2-TOPO vector (Invitrogen, USA). The inserted fragment in the construct was
verified by sequencing using an ABI 3730 DNA analyzer (Applied Biosystems, USA).

Plasmid construction

100



The full-length of Lr42 coding regions flanked by a BamHI restriction site was amplified
via PCR using primer sets AET300.2_CDS-BamHIF and AET300.2_CDS-BamHIR (Table D.4).
DNA fragments were ligated into pAHC17 vector (Christensen and Quail 1996) at the BamHI site.
The expression constructs contained the full-length Lr42 coding region under a maize ubiquitin
promoter (Ubi-1) and a nopaline synthase terminator (tNOS).
Transgenic plants

Immature embryos were isolated from a spring wheat (Triticum aestivum L.) cv. Bobwhite
grown in a controlled environment with a 16-h photoperiod, and the day/night temperatures at
20/18°C. The expression constructs and the pAHC20 (Christensen and Quail 1996) containing the
bar gene were co-bombarded with 1:1 ratio into selected embryogenic calli. Biolistic
transformation using a particle inflow gun and following tissue culture protocols were performed
as described (Tassy and Barret 2017; Tian et al. 2019). Recovered plants in soil were screened for
herbicide resistance by brushing a 0.2% v/v Liberty (glufosinate) solution (Bayer CropScience,
USA) on leaves. The putative herbicide-resistant plants with an absence of necrosis after 5 days of
Liberty application were analyzed by PCR for the presence of the gene of interest (GOI) using
primers Ubi-F and Seq2R (Table D.4). The transgenic plants with the high expression of GOI
were selected for leaf rust bioassays.
Lr42-specific GBS tags and identification of Lr42+ and Lr42- CIMMYT wheat lines

GBS data from both Ae. tauschii accessions (Singh et al. 2019) and CIMMYT breeding
lines (Juliana et al. 2019) were used to identify Lr42-specific GBS tags from the Ae. tauschii donor
accession TA2450 after aligning all the GBS tags of TA2450 to the Ae. tauschii reference genome
(v4.0) (Luo et al. 2017). The GBS tags located at the Lr42 locus (~1 Mb upstream and downstream

of the gene) and detected in less than 100 Ae. tauschii lines out of all Ae. tauschii in the collection
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at WGRC were considered to be associated with the Lr42 segment. From the CIMMYT pedigree,
5,121 CIMMYT lines that were genotyped were involved in the introgression of the Lr42 segment
from TA2450. Given missing data of GBS tags, we expect that each GBS tag that is specifically
associated with the Lr42 segment should be detected in less than 5,000 lines. With that
consideration, we obtained 14 Lr42-specific GBS tags (Table D.6), which were used to identify
Lr42+ and Lr42- wheat lines.

From the CIMMYT pedigrees, 5,121 CIMMYT lines that were GBS genotyped could have
the introgression of the Lr42 segment from TA2450. The wheat lines carrying at least five Lr42-
specific GBS tags were categorized as Lr42+, the lines harboring the Lr42 segment. The wheat
lines with no Lr42-specific GBS tags detected but with at least 0.2 million total GBS tags were
categorized as Lr42-, the lines without the Lr42 segment. All other lines were not classified.

Phenotypic comparison between Lr42+ and Lr42- CIMMYTT lines

Seedling plant responses of CIMMYTT lines to leaf rust race MBJ/SP (Lan et al. 2014) were
obtained using the original disease rating scale of 0-4 and converted to a 0-9 scale for the purpose
of quantitative comparison using the conversion formula described in Zhang et al. 2014 (Zhang et
al. 2014). The adult plant scoring was conducted using severity (0-100%, modified Cobb Scale).
Seedling leaf rust responses were phenotyped in CIMMYT’s greenhouses in El Batan and adult
plant leaf rust responses were phenotyped in field trials at two locations, Ciudad Obregon and El
Batan, in Mexico. Analysis of variance (ANOVA) and T-test were used to test the association of
the Lr42 marker with seedling and adult plant responses to leaf rust and grain yield measured on a
plot-basis in three environments of Obregon: optimum irrigation bed planting, optimum irrigation
flat planting and late-sown heat stress bed planting environments. In addition, the same tests were
performed on grain yield related traits, such as test weight and thousand kernel weight, evaluated
as described by Juliana et al. 2019 (Juliana et al. 2019).
Haplotype analysis
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DNAs extracted from 35 Ae. tauschii accessions in the minicore collection from WGRC
were used to survey sequences of Lr42 haplotypes. Lr42 alleles/homologs were amplified with the
primers Lr42_H1F and Lr42_H1R (Table D.4) using Q5® High-Fidelity DNA Polymerase (NEB,
USA) with High GC Enhancer. The PCR thermocycling conditions were initial denature at 98°C
for 3 minutes, 33 cycles of 98°C for 8 seconds, 63°C for 30 seconds, and 72°C for 3 minutes,
followed by a final extension at 72°C for 5 minutes. The PCR products were purified by using
QIAquick Gel Extraction Kit (Qiagen, Germany) and sequenced by Sanger sequencing in Genewiz
(USA). Sequencing reads were de novo assembled using Geneious software (version 8.1.7). The
command cd-hit-est from the software CD-HIT (4.8.1) was used to cluster Lr42 allelic homologs
with default parameters (Li and Godzik 2006). The allele selected by cd-hit-est to represent each
cluster was considered to be the haplotype sequence.

Phylogenetic analysis

Software Geneious (version 8.1.7) was used for multiple alignment and phylogenetic
construction. Multiple alignments were performed with the software ClustalW using the default
setting. Phylogenetic trees were built with the Juke-Cantor model and the Neighbor-joining
method. Trees were exported as Newick formatted flat files that were then uploaded to iTOL for
plotting (Letunic and Bork 2019).

Nucleotide diversity

Nucleotide diversity of the 12 Lr42 alleles was calculated by an R package, PopGenome
(Pfeifer et al. 2014). The input data for the R package was a ClustalW multiple alignment file in
fasta format. Nucleotide diversity was calculated for windows with 50 bp and slided by the step of
10 bp.

Identification of clusters of Lr42 homologs (Lr42 cluster)
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Clusters of Lr42 homologs were identified with BLAST (Altschul et al. 1990). First, the
Lr42 resistant allele was aligned to the genomes of Brachypodium (GCF_000005505.3
Brachypodium distachyon v3.0) (International Brachypodium Initiative 2010), Barley
(GCA _901482405.1_ Morex_v1.0) (Mascher et al. 2017), Triticum dicoccoides wild emmer
(GCA_002162155.2 WEW v2.0) (Avni et al. 2017), Triticum turgidum subsp. durum
(GCA_900231445.1 Svevo.vl) (Maccaferri et al. 2019), Ae. tauschii (Aet v4.0) (Luo et al. 2017),
and T. aestivum cv. CS (iwgsc_refseqvl1.0) (International Wheat Genome Sequencing Consortium
(IWGSC) et al. 2018). Homologs were identified if an alignment had the E-value smaller than le-
100 and the matched length of the query (Lr42) was longer than 1 kb. Second, a chromosome
interval smaller than 2 Mb with at least 2 homologs was identified as a Lr42 cluster. Alignments
of the Lr42 resistant allele and homologs in each cluster were plotted using Circos (Krzywinski et
al. 2009).

Semi-quantitative RT-PCR
Leaf tissue from Ae. tauschii and transgenic wheat were collected, and RNA was extracted

using RNeasy Plant Mini Kit (Qiagen, Germany). cDNA was synthesized with Verso cDNA
Synthesis Kit (Thermo Scientific, USA). The cDNA input for each sample was normalized by the
housekeeping gene Actin amplified with primers actin_F1 and actin_R1 (Table D.4) for 25 cycles.
The Lr42 resistant and susceptible alleles were amplified with primers Lr42-qRT-F5/R5 and
Ir42_1F/R (Table D.4) for 28 cycles.

Conserved domain and repeats annotation

Protein and DNA sequence was submitted to NCBI for conserved domain search
(Marchler-Bauer et al. 2017). Leucine-rich repeat (LRR) was searched by a web based LRR search

tool with additional manual examination (Bej et al. 2014).
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Development of diagnostic markers for Lr42

Multiple alignment of Lr42 alleles from the Ae. tauschii minicore set identified a unique
region (~140bp) in the LRR (Lr42R-unique-segment) from the Lr42 resistant allele. To design
diagnostic markers on the Lr42 gene using this region, we aligned the Lr42 sequence of the unique
region to all Lr42 homologs in reference genomes of Ae. tauschii, wild emmer, durum wheat, CS,
Barley, and Brachypodium. The top hit was a homolog (1D:7381846-7384626) in CS. The top hit
sequence carries two SNPs compared with the Lr42 unique sequence. Outside this highly similar
region, high polymorphisms were found between Lr42 and the homolog 1D:7381846-7384626.
The second best hit sequence has 19 SNPs, confirming that the Lr42R-unique-segment is not
common in diverse genomes. Based on this finding, for each KASP assay, we design a Lr42
specific primer on the Lr42R-unique-segment, and a primer on a homolog from the cluster of Lr42
homologs on CS 1D. The common primer paired with them was designed on a conserved region
between Lr42 and the homolog. The primer pair that amplifies the Lr42 homolog could potentially
amplify a paralog in Ae. tauschii genomes. Therefore, in most populations, the assay is considered

to be a dominant marker for detection of the Lr42 resistant allele.

Results

Genetic mapping pinpointed Lr42 on 1DS and identified candidate genes

For efficient genetic mapping, we established two diploid mapping populations by crossing
the Lr42 donor Ae. tauschii TA2450 with two leaf rust susceptible Ae. tauschii accessions, TA2433
(Figure 4.1a) and TA10132 (Figure D.1). F2:3 individuals from each population were phenotyped
for leaf rust resistance at the seedling stage. We scored 100 F2:3 families of the TA2450 x TA2433
population and identified 27 homozygous resistant and 21 homozygous susceptible F2:3 families

(Figure 4.1b). Leaf tissues of homozygous resistant and susceptible F2:3 family seedlings were
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separately pooled for BSR-Seq (Liu et al. 2012). The BSR-Seq experiment mapped Lr42 at a locus
close to the end of 1DS (Figure 4.1c), consistent with the mapping results from the other mapping
population TA2450 x TA10132 (Figure D.1), and from the previous Lr42 mapping studies in
hexaploid wheat (Sun et al. 2010; Liu et al. 2013; Basnet et al. 2014; Gill et al. 2019). The results
indicated that the gene we mapped in the diploid populations is the same as the Lr42 gene
transferred to hexaploid wheat. Based on the BSR-Seq results, we identified single nucleotide
polymorphisms (SNPs) that were likely located near the Lr42 gene and converted them to KASP
(Kompetitive Allele Specific PCR) markers for genotyping Fz and Fs individuals from both
mapping populations (Table D.3). The Lr42 mapping interval was narrowed down to
approximately 116 kb flanked by the two markers, pC43 at 8,655,291 bp and pC50 at 8,771,761
bp on 1DS (based on the Ae. tauschii reference genome Aet v4.0 (Luo et al. 2017)) (Figure 4.1d).
Note that pC43 is an effective co-dominant marker to select Lr42R-carrying lines in both Ae.
tauschii and bread wheat lines (Table D.6). The two markers are located on two genes that flank
three other genes including an intact NLR gene (AET1Gv20040300), an NLR fragment
(AET1Gv20040500), and a protein kinase (AET1Gv20040200).
Gene transfer confirmed that one NLR is Lr42

Our BSR-Seq result showed that all three candidate genes in the mapping interval were
expressed in uninfected seedling leaves in both resistant and susceptible Ae. tauschii lines.
Sequence comparison of the candidate genes between the resistant and susceptible lines using
RNA-Seq data revealed that only the candidate AET1Gv20040300 showed polymorphisms in
transcribed regions (Figure D.2, Figure D.3). We then amplified the full-length cDNA of

AET1Gv20040300 from the resistant donor, TA2450, and the susceptible accession TA10132, and
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confirmed polymorphisms between the two alleles (Figure 4.2c). Both alleles were separately
transferred to a bread wheat cultivar ‘Bobwhite’. In total, we obtained four independent positive
transgenic TO lines carrying the Lr42 resistance allele (Lr42R) from TA2450 and two carrying the
Ir42 susceptibility allele (Ir42S) from TA10132. All T1 the transgenic lines were evaluated for leaf
rust resistance.

Bobwhite carries the leaf rust resistance gene Lr26 that confers resistance to many leaf rust
P. triticina races (Germéan and Kolmer 2012). We screened six P. triticina races and found that
Bobwhite was susceptible to the race TFBJQ (Table D.2), which presumably overcame Lr26
resistance, therefore TFBJQ was used as the inoculum to evaluate all the T1 transgenic lines for
leaf rust resistance. Infection with the race TFBJQ found that all Lr42R transgenic lines gained
high resistance and two 1r42S transgenic lines were highly susceptible like Bobwhite (Figure
4.2A). Gene expression analysis showed that the Lr42R allele was expressed in all Lr42R
transgenic lines and Ir42S was expressed in both 1r42S transgenic lines (Figure 4.2B). Note that
expression of both Lr42R and 1r42S were not detectable in Bobwhite. The phenotypic and gene
expression data of transgenic lines confirmed that the NLR gene AET1Gv20040300 is Lr42.
Lr42 resistance allele rarely occurs in the Ae. tauschii collection

We amplified the Lr42 homologs from 35 (failed to obtain genomic DNAs from 5 of the
40 accessions) out of 40 accessions from a minicore set of Ae. tauschii that captured >80% of
genetic diversity of 549 Ae. tauschii accessions maintained at the Wheat Genetics Resource Center
(WGRC) (Singh et al. 2019). Ae. tauschii has been classified to two major lineage groups: Ae.
tauschii ssp. tauschii (Lineage 1, L1) and ssp. strangulata (Lineage 2, L2) (Singh et al. 2019) and

35 examined minicore accessions include 24 L1 and 11 L2 accessions. The Lr42 donor TA2450
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isan L2 accession. The Lr42 gene failed to be amplified from 21/24 L1 accessions. Expected bands
were amplified from 8/11 L2 accessions and 3 L1 accessions. Of them, 10 Lr42 homologs were
successfully sequenced (Table D.1). We also extracted intact Lr42 homologs from the Ae. tauschii
reference genome of the leaf rust susceptible accession TA10132. The homolog from TA10132
(Ird2s) with the highest similarity and located in the mapping interval, which was used in the
transgenic experiment is considered to be the allelic homolog of Lr42. Comparison of all these Ae.
tauschii homologous sequences with Lr42R showed that 10 homologs from 10 Ae. tauschii
minicore accessions are closer to the Lr42R as compared to non-allelic homologs in the reference
genome, supporting that these 10 sequences from 10 accessions are allelic to Lr42 (Figure 4.3a).
Three seedling leaf rust resistant accessions TA1651, TA1667, TA2458 contained different Lr42
haplotypes. Among these, TA1667 and TA2458 haplotypes were found in susceptible accessions,
suggesting that the Lr42 allelic homologs are not responsible for the leaf rust resistance in these
two accessions. The phylogenetic analysis also indicated that the Lr42 alleles are not completely
separated in the two Ae. tauschii lineages (Figure 4.3a). Sequences of 11 Lr42 allelic homologs,
including 1r42S, belonged to three major haplotypes, I, Il, and 111, represented by 1r42-TA2376,
Ir42-TA1605, and Ir42-TA2536, respectively (Figure 4.3b). Most sequences of the Lr42R allele
can be found from these three haplotypes except for a segment in the LRR region (Figure D.4,
Table D.7). Interestingly, the ~140 bp Lr42R unigue segment in the LRR region (referred to as
Lr42R-unique-segment hereafter) can be identified in a non-allelic Lr42 homolog with 98%
identity (the homolog 1D:7381846-7384626 has only 83.8% identity to Lr42R) from 1D
subgenome of the wheat Chinese Spring (CS) reference genome (Figure 4.3b, Figure D.5, Figure
D.6), implying that this unique sequence originated through either intragenic recombination or

ectopic recombination. Beside the uniqueness of Lr42R, we also observed conserved sequences at
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the beginning of the RX-CC domain, at the end of the NB-ARC domain, and at the beginning and
the end of LRR (Figure 4.3b). Separate phylogenetic analysis using these domains (e.g., RX-CC,
NB-ARC, and LRR) of the gene resulted in different phylogenetic relationships among these Ae.
tauschii accessions further supported intragenic recombination occurred between Lr42 haplotypes
or ectopic recombination at some domains (Figure D.4).

In the Ae. tauschii reference genome, the susceptibility 1r42 allele (1r42S), four intact
homologs, and four partial gene fragments were clustered within a 871 kb region (Figure 4.3c).
Interestingly, homologous sequences with plus and minus orientations were physically separated
into two regions, and homologs with the same orientation are more similar. The organization of
the gene cluster indicated that Lr42 homologs likely expanded independently in the two separate
regions. The Lr42 homologous clusters were also identified in 1A, 1B, 1D subgenomes of the
hexaploid wheat variety, CS, 1A and 1B chromosomes of tetraploid emmer wheat, 1A and 1B
chromosomes of durum wheat, as well as 1H of diploid barley (Supplemental_file_4.1). Only two
homologs were identified in Brachypodium, a more distantly related species (Figure 4.3c). The
results indicated that Lr42 was derived from an ancient locus that has been maintained or expanded
to result in a high copy number in barley and wheat species.

Lr42 exhibits effective resistance in wheat breeding programs

To identify which CIMMYT wheat lines contain the Lr42 segment, both pedigree
information and genotyping data via Genotyping-By-Sequencing (GBS) of 52,943 CIMMYT lines
(Juliana et al. 2019) were used. We identified 14 Lr42-specific GBS tags (Table D.5). Of 5,121
genotyped CIMMYT lines with Lr42-carrying donors in their pedigree, 33.7% (1,724/5,121) were

classified as Lr42+ lines (Figure 4.4a, Supplemental_file_4.2). In contrast, only 2% (928/47,822)
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of lines that were not expected to carry Lr42 based on pedigree were categorized as Lr42+ lines.
The two percent misclassified lines may reflect the false positive rate or could represent incorrect
pedigrees or seed mixtures. In total, 2,924 out of 5,121 with an Lr42 donor in the pedigree were
categorized as without the Lr42 segment (Lr42-) (Figure 4.4a, Supplemental_file_4.2).

Some Lr42+ and Lr42- wheat lines were phenotypically examined for leaf rust resistance
and grain yield at CIMMYT (Juliana et al. 2019). Comparison between Lr42+ and Lr42- wheat
lines from the breeding population supported that the Lr42 segment is highly associated with
seedling resistance to the leaf rust race MBJ/SP (Lan et al. 2014), and moderately associated with
resistance at the adult stage to leaf rust (Figure 4.4b). Without leaf rust infection, grain yield traits
of Lr42+ and Lr42- lines were not significantly different, indicative of no significant yield boost
or penalty directly imposed by the Lr42 resistance segment from Ae. tauschii (Table D.8).

Diagnostic markers for Lr42 genotyping

To facilitate marker-assisted selection of Lr42 in breeding, we developed an effective co-
dominant KASP marker pC43 that is located 46kb from the Lr42 gene for selection of Lr42-
carrying lines in both Ae. tauschii and bread wheat lines. We have also designed and validated two
markers, Lr42-pD1 and Lr42-pD2, on the Lr42 gene to distinguish the presence or absence of the
Lr42 resistance allele in wheat (Table D.6, Table D.9). These markers will facilitate deployment

of Lr42 in wheat breeding programs through precise marker-assisted selection.
Discussion

We employed an efficient mapping strategy using diploid Ae. tauschii populations to clone
the broadly effective leaf rust resistance gene Lr42 by taking advantage of the newly constructed

Ae. tauschii reference genome (Luo et al. 2017), high-throughput sequencing technology, and the
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optimized genetic analysis strategy, BSR-Seq (Liu et al. 2012). Using susceptible and resistant
bulks, BSR-Seq enabled simultaneous high-density SNP discovery and genotyping to map the
genomic region that contains Lr42. Further fine-mapping delimited the gene interval to
approximately 116 kb and revealed an expressed candidate NLR gene, AET1Gv20040300, for
Lr42. The causal gene was confirmed by gain-of-resistance via gene transfer to a susceptible
hexaploid wheat cultivar.

The cloning of Lr42 added a new member to at least 12 cloned wheat rust resistance NLR
genes (Figure D.7) (Huang et al. 2003; Feuillet et al. 2003; Cloutier et al. 2007; Periyannan et al.
2013; Saintenac et al. 2013; Liu et al. 2014; Mago et al. 2015; Steuernagel et al. 2016; Thind et
al. 2017; Zhang et al. 2017, 2019). NLR functions as an intracellular sensor of pathogen signals
and/or as an executor to induce localized cell death, the hypersensitive immune response. NLRs
exerting both functions were recently referred to as singleton NLRs, such as Mla (Saur et al. 2019)
and Sr50 (Chen et al. 2017). Some other NLRs function in a pair: sensor NLR recognizing the
pathogen and helper (or executor) NLR initiating immune signaling. The paradigm of NLR
networks consisting of a number of sensor NLRs and helper NLRs to modulate immune responses
was also proposed (Adachi et al. 2019). An NLR gene in monocots generally consists of an N-
terminal coiled-coil (CC) domain, the central NB-ARC domain, and a C-terminal leucine-rich
LRR domain. Recent protein structure studies of an Arabidopsis NLR gene product, ZARL1,
revealed that a pentameric wheel-like NLR resistosome is assembled upon activation by the
pathogen. The funnel-shaped structure formed from the N terminal o helices at the CC domain is
hypothesized to directly compromise plasma membrane integrity and induce cell death (Wang et
al. 2019a; b). Interestingly, a MADA motif (MADAXVSFxVxXKLXXLLXXEX, where x represents

non-conserved amino acids) conserved among helper NLRs and singleton NLRs but not sensor
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NLRs, was identified on the CC domain. Lr42 has a typical NLR structure and contains a
homologous domain “MAEAVVGQLVVTLGEALAKEA”, which is the most similar to the
MADA motif among all known wheat rust resistance NLRs (Table D.10). This implies that Lr42
is more likely to be a singleton NLR or a helper NLR, not a sensor NLR.

Lr42R is apparently a new allele at an ancient locus. Homologs of Lr42 were detected in
the distant wheat relative Brachypodium (Figure 4.3c), which diverged from the Triticeae (wheat,
rye, barley) lineage 32-39 MYA (International Brachypodium Initiative 2010). Nevertheless,
34/35 samples in the Ae. tauschii minicore have been excluded to carry a resistance Lr42 allele,
suggesting that Lr42 is rare and, likely, of recent origin. The variation in LRR repeat numbers
among Lr42 alleles indicated that unequal crossovers could have occurred within the LRR domain
(Richter and Ronald 2000). In addition, intragenic recombination as was documented for Lr21
(Huang et al. 2009), or even ectopic recombination, may also have played a role in the origin of
Lr42 allele. Indeed, the unique LRR sequence of the Lr42 allele can be identified in a non-allelic
region in the subgenome 1D of CS, supporting the potential role of ectopic recombination in the
origin of the Lr42 resistance allele.

The phenotypic expression of resistance in Lr42 lines depends on several factors. Although
no leaf rust isolates have shown full virulence to Lr42, some isolates showed lower infection types
than others on KS93U50, an Lr42 resistant selection from KS91WGRC11 (Sun et al. 2010). The
resistance reaction of the diploid Ae. tauschii TA2450 donor accession is consistently very strong,
ranging from a hypersensitive fleck (Infection Type (IT) = ;) to flecks with tiny pustules
surrounded by necrosis (IT =;1-) (Figure 4.1a). However, the reaction of nontransgenic hexaploid
Lr42--containing lines ranged from flecks and small pustules surrounded by necrosis (IT = ;1) to

medium-sized pustules surrounded by chlorosis (IT = 2+) (Cox et al. 1994a; Sun et al. 2010). The
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reduced expression of introgressed resistance in hexaploid bread wheat compared to diploid donors
is a frequently observed phenomenon (Wulff and Moscou 2014). In contrast, the reaction of the
transgenic hexaploid derivatives was very strong, ranging from a hypersensitive fleck (IT =) to
flecks with tiny pustules (IT = ;1-) (Figure 4.2a). The improved performance of the transgenic
versus nontransgenic hexaploid lines may be due to the strong maize ubiquitin promoter that was
used in the transgenics. The very strong resistance of the transgenic hexaploid Lr42 lines bodes
well for its utility in transgenic cassettes. Plant age and/or environment may also influence Lr42
resistance. Adult plants in the field showed much stronger Lr42 resistance than greenhouse-grown
seedlings (Martin et al. 2003).

The undefeated status of Lr42 raised the possibility that it might be a more durable type of
resistance gene. However, elucidation of the NLR structure of Lr42 indicates that the mechanism
of resistance is typical effector-triggered immunity (ETI). ETI is usually not durable because the
rust pathogen can become virulent by loss of the corresponding avirulence factor (effector) that
triggers the hypersensitive resistance response. Lr42 is currently deployed mainly in wheats from
CIMMYT that contain combinations of durable adult plant resistance (APR) genes to leaf rust
(Table D.11). This may have reduced the selection pressure on the pathogen population to
overcome Lr42. The CIMMYT wheat breeding pipeline has many Lr42-containing breeding lines
in a background with high levels of APR to leaf rust (Table D.9). Effective gene stewardship will
require breeders to release Lr42 only in varieties with strong combinations of other leaf rust
resistance genes.

Previous field trials showed that the Lr42 introgression contributed to large increases in
yield and kernel weight in Oklahoma (Martin et al. 2003). We used GBS markers to classify 5,121

CIMMYT breeding lines that had Lr42 in the pedigree. Some of advanced lines positive for Lr42
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were compared to their counterparts without Lr42. We were able to detect a very large effect of
Lr42 on leaf rust ratings at the seedling stage, but only a moderate effect on severity at the adult
stage in the field probably because most CIMMYT lines also had a high level of APR that kept
disease severities low (Figure 4.4c). In a QTL analysis of a highly resistant CIMMYT line Quaiu
3, Basnet et al (2014) were able to separate the effect of Lr42 from other resistance genes. Lr42
explained 32% of the phenotypic variation and limited disease severity in the field to a maximum
of 40%. Lr42 combined very well with Lr46 and QLr.tam-3D to achieve near immunity to leaf
rust in Quaiu 3 (Basnet et al. 2014). We did not detect a direct or indirect impact of Lr42 on yield
and other grain quality traits in the Lr42+ lines, also probably due to a high level of APR in most
CIMMYT lines.

KS91WGRC11 may be common in CIMMYT pedigrees because it contributes resistance
to stem rust and stripe rust in addition to leaf rust. KSQ91WGRC11 carries the SrTmp stem rust
resistance gene on chromosome 6DS from the Century parent (Lopez-Vera et al. 2014). We also
documented a hidden introgression in the WGRC germplasm. Recently, a stripe rust resistance
NLR gene YrAS2388 originating from chromosome 4D of an Ae. tauschii accession was cloned
and TA2450 was found to carry the resistance allele (Zhang et al. 2019). We amplified the
YrAS2388 gene from TA2450 and confirmed that the sequence is identical to the reference
resistance allele reported. We also found that KS91WGRC11 carries the YrAS2388 resistance
allele from TA2450, which implies that the YrAS2388 resistance allele has been introduced to
germplasm in CIMMYT and many other breeding programs. Given the limited backcrosses to
Century, KS91WGRC11 is expected to harbor additional genomic segments from Ae. tauschii that
might contribute valuable genetic diversity to future cultivars. Our results point to the need for in

situ conservation of robust populations of native wild species for enhancing crop biodiversity so
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that rare alleles such as Lr42 reported here can evolve and be conserved for future crop

improvement.
Conclusion

The Lr42 gene from the wheat wild relative Aegilops tauschii confers resistance to all leaf
rust races tested to date. Through bulked segregant RNA-Seq (BSR-Seq) mapping and further fine
mapping, we identified an Lr42 candidate gene, which encodes nucleotide-binding site leucine-
rich repeat (NLR). Transformation of the candidate gene to a leaf rust susceptible wheat cultivar
markedly enhanced the disease resistance, confirming the candidate NLR gene is the Lr42 gene.
Cloning of Lr42 expands the repertoire of cloned rust resistance genes, as well as provides precise

diagnostic DNA markers for wheat improvement.
Data availability

BSR-Seq raw sequencing data generated during the current study are available in the NCBI

BioProject under accession number of PRINA604114.
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Figure 4.1 Genetic mapping of the Lr42 gene

(a) Phenotype of Ae. tauschii accessions TA2433 (Lr42-) was susceptible (Infection Type = 33+)
and TA2450 (Lr42+) was hypersensitive fleck (Infection Type = ; to ;1-) at the seedling stage
upon inoculation with race PNMRJ. (b) Genetic mapping Lr42 genes via BSR-seq. In total, we
phenotyped 100 F»:3 families (15 individuals for each family) from the cross TA2450 x TA2433
and identified 27 homozygous resistance (HR) families, 52 heterozygous (Hetero) families, and
21 homozygous susceptible (HS) families. Bulked segregant analysis via RNA-Seq (BSR-Seq)
of 21 HR and 21 HS seedling pools was employed to map the Lr42 gene. (c) For each variant
identified from RNA-Seq, the probability of complete linkage between the variant and the Lr42
gene was plotted versus the chromosomal position of the variant. (d) The first track shows some
single-nucleotide polymorphisms (SNPs) identified from BSR-Seq. The second track shows
KASP markers that were developed for Lr42 fine-mapping. The two flanking markers pC43 and
pC50 delineate the fine-mapping interval. The physical positions on the Ae. tauschii reference
genome (Aet v4.0) of the KASP marker SNPs are shown in the third track. Annotated genes in
the interval are represented by open boxes.
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Figure 4.2 Validation of the Lr42 candidate gene via transformation

(a) Phenotype of Bobwhite (BW, transgenic background) was susceptible (Infection Type = 3),
four independent events of Lr42 resistance allele (Lr42R) was hypersensitive fleck (Infection Type
= ; to ;1-), and three independent events of Lr42 susceptibility allele (Ir42S) was susceptible
(Infection Type = 3) upon inoculation with race TFBJG. Transgenic plants are in T1 generation.
Lr42R is from accession TA2450, and 1r42S is from accession TA10132. (b) RT-PCR of the Lr42
gene of Bobwhite (BW) and transgenic plants from the T1 generation. Resistant and susceptible
alleles were amplified with primer sets Lr42-gRT-F5/R5 and Ir42_1F/R (Table D.4). (C) The
protein structures of the Lr42R and Ir42S alleles. Note that Ir42S has fewer LRR repeats compared
with Lr42R.
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Figure 4.3 Homologs of Lr42 in Ae. tauschii and closely related species

(a) Phylogenetic tree of intact Lr42 homologs from Ae. tauschii. The Lr42R is the resistance allele.
The Ir42S allele is a susceptibility allele from the reference accession TA10132. The other 10
alleles (signified by Ir42-accession) were from the Ae. tauschii minicore set. Solid colored circles
represent Lr42 haplotypes. Squares indicate lineages of accessions. Bootstraps are labeled on the
tree. (b) Haplotype analysis. Eleven Lr42 alleles that do not include Lr42R are clustered and
grouped into three major haplotypes, represented by three alleles from TA2376, TA2536, and
TA1605. Each sequence block (A to E) of Lr42R indicates the best hit with at least 95% identity
to the block with the same letter on three haplotypes and a sequence fragment from 1D subgenome
of CS. (c) The nucleotide diversity of the twelve Lr42 alleles in 50-bp windows scanned on the
gene with the step size of 10 bp. Each dot represents a nucleotide diversity of a 50-bp window
versus the middle position of the window. Conserved regions with very low diversity are
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highlighted by red ovals. (d) Circos view of Lr42 homologs. Lr42 clusters include Lr42 homologs
(at least 1 kb match and 79% identity) on Ae. tauschii 1D (7,842,623-8,713,757 bp), bread wheat
CS 1A (8,612,188-9,546,340 bp), 1B (9,547,814-10,062,691 bp), 1D (7,056,154-7,871,394 bp),
durum wheat 1A (8,461,802-9,214,843), 1B (8,108,317-9,210,082), Wild emmer 1A (10,412,667-
11,483,838 bp), 1B (11,947,692-12,868,059 bp), Barley 1H (3,492,357-5216559 bp), and
Brachypodium chromosome 2 (38,092,538-39,649,528 bp). The beginning of each cluster was
adjusted to 0. The 1s on the cluster track represent 1 Mb positions. The identity between each
homolog and Lr42 is color-coded. The red line points at the position of the Lr42 susceptible allele
on the Ae. tauschii reference genome.
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Figure 4.4 Introgression of the Lr42 segment in CIMMYT wheat lines

(a) Each point represents a wheat line with the log10 of total count of GBS tags per line on the x-
axis and the number of Lr42-specific GBS tags on the y-axis. Green and blue colors signify Lr42+
and Lr42- Lr42-introgressed lines, respectively. Other lines that are either not Lr42-introgressed
lines or not confidently categorized into Lr42+ or Lr42- are gray colored. Numbers of Lr42-
specific GBS tags were jittered with the factor 0.25 for better visualization of data density. (b, c)
Using disease phenotypic data collected at CIMMY'T, statistical comparisons of disease infection
types between Lr42+ and Lr42- lines were performed for seedling stage leaf rust with t-test and
for adult stage resistance with ANOVA. Two field locations in Mexico for adult stage leaf rust
phenotyping are labelled. The Stakman 0-4 scale was linearized to a 0-9 scale for seedlings
(Methods). The percent disease severity on adult plant flag leaves was rated on the Cobb scale.
Bars represent standard deviation of means of infection types or disease severity.
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Appendix B - Supplemental data of Chapter 2

Supplemental Figures

Figure B.1 Calli from immature embryos of A188, B73, and Hi-Il A. a, b, ¢) White, compact,
and nodulated somatic embryos and embryogenic callus from A188 (a), brownish, loose and non-
embryogenic callus from B73 (b), and white, friable and embryogenic callus from Hi-11 A (c) after
28 days of culture in callus induction media.
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Figure B.2 Phenotypes of B73, F1, and A188. a,b). Plants from 2020 summer nursery in Kansas
(a) and Beijing (b).
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Figure B.3 Histogram of lengths of Nanopore raw reads. MinlON flowcells (N=31) were used

to produce Nanopore reads for the A188 genome assembly, producing >264 Gb total sequences.
The median and N50 of read lengths are indicated by blue and red vertical lines, respectively.
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Figure B.4 Contig filtering based on read depths. Log2 values of Illumina read depth ratios of
seedling leaf to ear samples, log2(leaf:ear), were determined for each contig. Contigs that were not
anchored to B73Ref4 and showed a high variability from 0 of log2(leaf:ear) and contigs less than
15 kb were discarded. The chloroplast contig (pt) and mitochondrial contigs (mt) were replaced
by the A188 chloroplast complete sequence (Genbank accession KF241980.1) and the A188
mitochondrion complete sequence (Genbank accession DQ490952.1), respectively.
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Figure B.5 Recombination of contexts around repeats. For each repeat type, the recombination
rate (cM/Mb) of the surrounding 1 Mb context was estimated for each sequence on chromosomes.
A violin plot of all sequences of each type was plotted with a dot to represent the median.
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Figure B.6 Nuclear integration of chloroplast DNA. a). NUPT sequence on 10 chromosomes
of A188Refl. Each dot on chromosomes designates a potential NUPT integration. Close-up
alignments with the chloroplast genome are shown along NUPTSs. Each alignment requires at least
3 Kb match and 95% identity. b). Circos plot of alignments between the chloroplast (pt) genome
and ten chromosomes. Purple highlighted the large duplicated regions on pt. Gray bars locate
NUPT positions. Note that the chromosomal scale is different from the pt scale. Numbers on the

track are in Mb.
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Figure B.7 Expression comparison of paralogs in high- and low-recombination regions. Pairs
of paralogs of which one is located at a high-recombination region (H) and the other is located at
a low-recombination region (L) were compared for their expression. Histograms of the log2 values
of read counts ratio of H to L were plotted. Relatively symmetric distributions between positive
and negative log2 values indicated that the genomic context of the gene location was not a major
driver for gene expression.
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5 B73-specific PAV genes
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Figure B.8 GO enrichments of PAV/HDS genes. Enriched GO terms in B73-specific PAV/HDS
genes (a) and in A188-specific PAV/HDS genes (b). In each barplot, a blue bar stands for the
number genes in the PAV/HDS gene set and the whole bar (blue and empty) stands for the total
number of genes of the associated GO term. P-values were labeled on the top of each bar. Only
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the GO terms with the p-value smaller than 0.005 and containing at least five PAV genes were
plotted.
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Figure B.9 SyRI and CGRD results on chromosome 1. CGRD results using A188Refl and
B73Ref4 as the reference genomes were plotted on the top and bottom, respectively. Y -axis
represents log2 values of ratios of read depths of B73 to A188, log2(B:A), or log2 values of ratios
of read depths of A188 to B73, log2(A:B), signifying copy number variation (CNV). The SyRI
result is displayed in between two CGRD results. Alignments of syntenic blocks larger than 10 Kb
and alignments of other rearrangements larger than 0.5 Mb are plotted. On each A188 and B73
chromosome, segments not aligned to the other genome (unaligned), segments divergent with the
other genome in a high degree (divergent), and centromeres are highlighted. The same plotting
strategy was applied to chromosome 2, 3, 5, 6, 7, 8, 9, and 10.
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Figure B.10 SyRI and CGRD results on chromosome 2. The red * labels a well-evidenced
inversion.
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Figure B.11 SyRIl and CGRD results on chromosome 3. The red * labels a well-evidenced
inversion.
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Figure B.12 SyRIl and CGRD results on chromosome 5. The red * labels a well-evidenced
inversion.
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Figure B.13 SyRI and CGRD results on chromosome 6. The arrow points at a relative conserved
region (equal) between the two genomes. However, the region is missed in the B73Ref4. The
newly assembled B73Ref5 has the region at the beginning of chromosome 6.
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Figure B.14 SyRI and CGRD results on chromosome 7.
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Figure B.15 SyRI and CGRD results on chromosome 8.
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Figure B.16 SyRIl and CGRD results on chromosome 9. The red * labels a well-evidenced
inversion. The arrow points at the B73 Wc1 region showing A188plus, which A188 has higher
copy number as compared to B73.
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Figure B.17 SyRI and CGRD results on chromosome 10.
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Figure B.18 FISH on an inversion candidate. Two probes (p102 and p108) were designed on
the potential inversion and labeled with green and red fluroscent colors. The CentC probe was used
to locate the centromere. The result indicated that both A188 and B73 had the same order of p102

and p108, which did not support the inversion.
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Figure B.21 Phenotypic and genotypic data of DH lines. a) A standard of kernel colors coded
from 1-6. b) Counts of DH lines with kernel colors matching to standard codes for each genotype
combination of three kernel color QTLs.
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Al88 1 MATIILVRAASPGLSAADSISHQGTLQCSTLLKTKRPAARRWMPCSLLGLHPWEAGRPSPA 60
B73 1 MATIILVRAASPGLSAADSISHOGTLQCSTLLKTKRPAARRWMPCSLLGLHPWEAGRPSPA 60

Al88 61 VYSSLAVNPAGEAVVSSEQKVYDVVLKQAALLKRQLRTPVLDARPQDMDMPRNGLKEAYD 120
B73 61 VYSSLAVNPAGEAVVSSEQKVYDVVLKQAALLKRQLRTPVLDARPQDMDMPRNGLKEAYD 120

Al88 121 RCGEICEEYAKTFYLGTMLMTEERRRAIWAIYVWCRRTDELVDGPNANYITPTALDRWEK 180
B73 121 RCGEICEEYAKTFYLGTMLMTEERRRAIWAIYVWCRRTDELVDGPNANYITPTALDRWEK 180

Al188 181 RLEDLFTGRPYDMLDAALSDTISRFPIDIQPFRDMIEGMRSDLRKTRYNNFDELYMYCYY 240
B73 181 RLEDLFTGRPYDMLDAALSDTISRFPIDIQPFRDMIEGMRSDLRKTRYNNFDELYMYCYY 240

Al88 241 VAGTVGLMSVPVMGIASESKATTESVYSAALALGIANQLTNILRDVGEDARRGRIYLPQD 300
B73 241 VAGTVGLMSVPVMGIATESKATTESVYSAALALGIANQLTNILRDVGEDARRGRIYLPQD 300

Al88 301 ELAQAGLSDEDIFKGVVTNRWRNFMKRQIKRARMFFEEAERGVTELSQASRWPVWASLLL 360
B73 301 ELAQAGLSDEDIFKGVVTNRWRNFMKRQIKRARMFFEEAERGVTELSQASRWPVWASLLL 360

Al88 361 YRQILDEIEANDYNNFTKRAYVGKGKKLLALPVAYGKSLLLPCSLRNGQT 410
B73 361 YRQILDEIEANDYNNFTKRAYVGKGKKLLALPVAYGKSLLLPCSLRNGQT 410

Figure B.22 Alignment between Y1 protein sequences of A188 and B73. Protein sequences of
the transcript Zm00056a032392T003 (A188) and the transcript Zm00001d036345T001 (B73)
were compared. Of 410 amino acids, 409 were identical. The polymorphic site is highlighted in
red.
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A188yl TTCCAGGTGTCACCACTCAGCGTCCTCCGAACACAGGAGAGTCATGCGAT A188yl AATCGCTACTGCTCCCATGTTCATTGAGARATGGCCAGACCTAGCCACCA
B73yl TTCCAGGTGTCACCACTCAGCGTCCTCCGAACACAGGAGAGTCATGCGAT B73yl AATCGCTACTGCTCCCATGTTCATTGAGAAATGGCCAGACCTAGCCACCA
AlEByl GCGAGCTTGGCGATAAGCTTATCTATCCGCACCGCGTCTTCCTTCCTCCT Alﬁﬂyl GAGAAGCTGCAATGCAAGGTTCAGGTTAGGCTAGATAGAAAGTTAAATGG
B73Y1 GCGAGCTTGGCGATAAGCTTATCTATCCGCACCGCGTCTTCCTTCCTCCT BT3Y1 GAGAAGCTGCAATGCAAGGTTCAGGTTAGGCTAGATAGAAAGTTAAATGG
A188y1 GGGCGACCGGCCCTTCTTCTCTCCACGTCTCTCCCCCCTTCTTTCTCCAG A188y1 GGCAACATCACGAGGCCTTGATGARABACAGACAACCTGGTGAATTGTTG
B73y1 GGGCGACCGGCCCTTCTTCTCTCCACGTCTCTCCCCCCTTCTTTCTCCAG B73Y1 GGCAACATCAGGAGGCCTTGATGAAAAACAGACAACCTGGTGAATTGTTG
2188yl AGCGAGCGTACGTATGCTACACACAGCAACAGCACAACAGTACTAGTTCC A188yl TTGGGGTCAGGCACAGAACAGATAAGAGCCGCGCAGCCAACCTAGGGCTT
B73yl ACCGAGCGTACGTATGCTACACACAGCAACAGCACAACAGTACTAGTTCC B73yl TTGGGATCAGGCACAGAACAGATAAGAGCCGCGCAGCCAACCTAGGGCAT
AlEBYl ACCACAAGAAGATGCCCAATGCAAAGAAATAACCCATGCTTCTTGTCGAC AIBEYI GTTCGGTT AGCTCT

B73Y1 ACCACAAGAAGATGCCCAATGCCAAGAAATAACCCATGCTTCTTGTCGAC BT3Y1 GTTTGGTTTCAATTAGTTCTAGGACTAAACTTTAGTCCTAGGACTAAACT
A188y1 GATCCAGCCGCAC A188y1 —CRAATCCATGTGGATTGAGT ——-GGGATTGTATGGGTTTGAAACCCA—
B73Y1 GATCCAGCCGCACTAGAGATGGCCAAACGGGCCGGCCCGGCCCGGCCCGG B73Y1 TTAGTCCCTATATGTTTGGTTCTAGGGACTAAATAGATTCTAAAGTCATT
alseyl 188yl AACAAGTCARACCTCTT CTCAT

B73yl CCCGGGCCCGGTGAAGCCCGGCCARAACCGGGCCGGGCCTGCTGAGCCAG B73yl AAATACATTGTCCABAGACTCAAATACCCTTAGAATATACTCATGATATT
al8syl al18syl

B73Y1 CGGGCTTAAGTTTCTGTCCAAGCCCGGCCCGCAGCGGGCCTAAACAGGCC BT3Y1 AGTTATCTATAAAAAGGTAAGGGCAACATGATAATTATGAGCTTTTAGTC
a188y1 A188yl TTTTTT CCAATCCCATCCAATCCAT-
B73Y1 GGGCCGGCCCGTTTAGCACGAAAAAACGGGCCAAAAAGCGGGCTAAACGG BT3Y1 TCTTTTAGCACCTATGTGAAGGACTAAAGACTAAATCATTTTAGTCCATA
a188y1 A188yl ———— GTGTTTCGGGAA

B73yl GCCGGTAAGCACGTTTTAGTGTAAARAAAAACGGGCTTAACGGGCTTAGAG B73yl TTTTAGTCCTAGTGTTTGGCAAAAAAGGGACTABAAGGGACTAAAARACTA
AlEBYl AIBEYI TAACCGAACAAGCCCCTAGATGGATACGG
B73Y1 GTAAACGGGCCGTGCCGGGCTAGCCCGCCGTGCCTAGTTTCCTGTCCAAG BT3Y1 GAGACTAATCTTTAGTCCCTCTAACCAAACACCCCCCTAGATGGATACGG
a188y1 A188y1 AACATTCGCCTCTTATTCGGAGCAATATATGTCTCTCAAGGARAGAGCCC
B73Y1 CCCGCCCGCTTATTCTACCGTGCCGGGCTCGGACCGGGCCCAAAAAGCGG BT3Y1 AACATTCGCCTCTTATTCGGAGCAATATATGTCTCTCAAGGAAAGAGCCC
a188y1 A188y1 AACATGTATACTGCCTTCTTTTTCTCATCCCAGATTTGGGGGARABRACAR
B73yl GCTTCGTGCCGGGCTCACGEGCCTCGTGCTTTTTGGCCATCTATGAGCCG B73yl AACATGTATACTGCCTTCTTTTTCTCATCCCAGATTTGGGGGAAARACAA
AlEBYl ———ACTTAGCATACGTACGCAAGAAGAGGAGAGGCCGGAGGTGCGCGTGC AIBEYI TGTAAATGCCAATGGTATCGTAGGAAGATTACTAGAAGTAAATGCCAATG
B73yl CACACTTAGCATACATACGCAAGAAGAGGAGAGGCCGGAGGTGCGCGTGC B73yl TGTAAATGCCAATGGTATCGTAGGAAGATTACTAGAAGTAAATGCCAATG
A188y1 TCCTTGCTGTTCTGCTGACTGGTCTCATCATCTCATCCCACCACCACCAT A188y1 TAAAAACAGATGAGTTGGCATTTACATGATAGGATGGTGGGATCATCAGA
B73Y1 TCCTTGCTGTTCTGCTGACTGGTCTCACCATCTCATCCCACCACCACCAC BT3Y1 TAAAAACAGATGAGTTGGCATTTACATGATAGGATGGTGGGATCATCAGA
A188yl CACCA— TCTCTAGGATARGATAGCAARTATATGGCCATCATACTC A188y1 CTGAAAATGATAGGGGATTGTGCTCCCCTGCGACTCCAACTACTARACAR
B73yl CACCACCACCATCTTTAGGATAAGATAGCAAATATATGGCCATCATACTC B73yl CTGAAAATGATAGGGGATTGTGCTCCCCTGCGACTCCAACTATTARACAA

[~

Figure B.23 Alignment of 5" and 3' flanking sequences of A188 yl1 and B73 Y1 alleles.
Translation start sites and translation termination sites are highlighted in yellow. A (CCA)n
microsatellite variation at the 5 untranslated region is highlighted in green. Most gene body
sequences are skipped.
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Figure B.24 Genetic analysis of cob color. a) Plot of LOD from QTL analysis versus genetic
positions of markers along ten chromosomes. The orange horizontal line indicates the LOD
threshold from 1,000 permutation test. The arrow points at the genetic location of the P1 gene. b).
Each rectangle box represents a gene with blue, tan, and red colors indicating plus, minus
orientation, and P1 homologous genes.
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Figure B.25 sample clustering and callus-featured genes a) Principal component analysis
(PCA) results of gene expressions in 11 A188 tissues. The x-axis and y-axis represent the first
component (PC1) and the second component (PC2), respectively. The numbers within the
parentheses stand for the proportions of the variation of gene expressions explained by either PC1
or PC2. b) Enlarged PCA plot of the red box in a. ¢) The network of 33 RNA-Seq samples from
11 tissue types constructed based on their gene expression. Two major clusters were identified.
One cluster (turquoise) includes callus, root, leaf base, ear, embryo, and endosperm; the other
cluster (blue) includes leaf tip, leaf middle, and seedling. The leaf base, middle, and tip are three
parts from base to tip from the same leaf. d) GO enrichment of callus featured genes. In each
and the whole bar (blue and empty)
stands for the total number of genes of the associated GO term. P-values were labeled on the top
of each bar. Only the GO terms with the p-value smaller than 0.01 and containing at least five

barplot, a blue bar stands for the number callus featured genes

callus featured genes were plotted.
149

R ) | | T 5 e o e i
0 130 390 650 910 1170

Number of genes



[
|
[ [ ]
| ] ]
] [
[
O I’ r M O A mMm m - —
> g 2 3 ¢ 8 ¥ 2 8 8 8
77} ‘_EQgQ o =S W =
° @ ® ©® § &
3 @

Figure B.26 Heatmap plots of expression of callus-featured TF genes. The row and column
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Zm000562011190 (WRKY)
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Zm000562040032 (NAC)
Zm000562020360 (AP2)
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Zm00056a025244 (LBD)
Zm000562005895 (AUX/IAA)
Zm000562007690 (AUX/IAA)
Zm00056a009768 (NAC)
Zm000562030902 (WOX)
Zm000562034478 (WRKY)
Zm00056a037185 (WRKY)
Zm000562018319 (LBD)
Zm000562035402 (NAC)
ZmO00056a011856 (AUX/IAA)
Zm000562024907 (WRKY)
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represent the callus-featured TFs and tissues, respectively. The values of gene-wise quantile-
quantile normalized (ggnorm) gene expressions are color-coded. The ggnorm implemented by an
R package “qqnorm” normalized gene expressions to a Gaussian distribution. Genes homologous
to Baby boom and Wuschel2 are colored in blue and green, respectively.
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Supplemental Tables

Table B.1 Phenotype comparison between A188 and B73

No. Trait A188 B73 Trait description Reference
1 Tissue high low A188: white, compact and this study
Culturability nodulated callus; B73: brown,

loose and non-embryogenic callus

2 Starch 65.813 69.573 Starch BLUPs* of kernel across 1
environments (%)

3 Protein 14572 13.058 Protein BLUPs of kernel across 1
environments (%)

4 Oil 4.624 3.611 Oil BLUPs of kernel across 1
environments (%)

5 DTS 67.996 75.789 DTS BLUPs across 2

environments; days from planting
date to silking date

6 DTA 66.173 75.552 DTA BLUPs across 2
environments; days from planting
date to tasseling date

7 ASI 0.775 0.636 ASI BLUPs across environments; 2
anthesis-silking interval
8 PH 126.094 178.731 PH BLUPs across environments; 2

distance from soil surface to the
base of flag leaf (cm)

9 EH 45.442 88.893 EH BLUPs across environments; 2
distance from soil surface to the
highest ear-bearing node (cm)

10  Tassel Primary 185 7.79 Number of primary branches; 3
Branches data collected from 2006 Illinois
field
11 Upper Leaf Angle 45 81.5 Angle between the stalk and the 3

midrib of leaf immediately below
the flag leaf; vertical = 90 and
horizontal = 0 degrees; data
collected from 2006 Illinois field

12 CobDiameter 25 30.57 Diameter of cob at halfway point 3
of length; data collected from
2006 Illinois field

13 CobWeight 12 23.92 Mass of cob only; data collected 3
from 2006 Illinois field
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14 EarDiameter 43 40.69 Diameter of ear at 1/5 length 3
point with kernels on it or the
widest point; data collected from
2006 Illinois field

15 EarRowNumber 13 16.91 Number of rows around 3
circumference; data collected
from 2006 Illinois field

16 EarRankNumber 13 24.23 Number of rows along length; 3
data collected from 2006 Illinois
field
17 Goss's Wilt 19.6 94 Average leaf lesion inoculated 4
Lesion Length with bacterium Clavibacter

michiganensis subsp.
nebraskensis (Cmn)

18 SLB 242 1925 Rank of resistance to fungal 5
disease Southern leaf blight; rank
1= most resistant, rank 253=most
susceptible , and ties in rank were
averaged

19 GLS 249 196 Rank of resistance to fungal 5
disease Gray leaf spot; rank 1=
most resistant, rank 253=most
susceptible, and ties in rank were
averaged

20 NLB 251.5 202 Rank of resistance to fungal 5
disease Northern leaf blight; rank
1= most resistant, rank 253=most
susceptible, and ties in rank were
averaged

21 MDR 248 201 Rank of resistance to multiple 5
diseases; rank 1= most resistant,
rank 253=most susceptible, and
ties in rank were averaged

Reference

1. JP Cook et al. (2012). Genetic architecture of maize kernel composition in the nested association mapping and
inbred association Panels. Plant Physiology, 158(2), 824-834.

2. JA Peiffer et al. (2014). The genetic architecture of maize height. Genetics, 196(4), 1337-1356.

3. panzea.com

4.Y Hu et al. (2018). Analysis of Extreme Phenotype Bulk Copy Number Variation (XP-CNV) Identified the
Association of rpl with Resistance to Goss’s Wilt of Maize. Frontiers in Plant Science, 9.

5. R. J. Wisser et al. (2011). Multivariate analysis of maize disease resistances suggests a pleiotropic genetic basis
and implicates a GST gene. Proc. Natl. Acad. Sci. U. S. A. 108: 7339-7344.

* BLUPs stands for best linear unbiased predictors
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Table B.2 List of tissue types for RNA-Seq

Order  SamplelD Tissue type Description

RO1 root root Root of 10-day-old seedling

R02 seedling seedling Above-ground of 10-day-old seedling
RO3 leafl1v12base leaf base Base of the 11th leaf at V12

R0O4 leafl1v12mid leaf mid Middle of the 11th leaf at V12

RO5 leaf11v12tip leaf tip Tip of the 11th leaf at V12

RO6 tasselv18 tassel Meiotic tassel at V18

RO7 earvi8 ear Immature ear at V18

RO8 antherR1 anther Anthers at R1

R09 endospermDAP16 endosperm Endosperm 16 days after pollination
R10 embryoDAP16 embryo Embryo 16 days after pollination

R12 callus callus Callus 39 days after tissue culture on CIM
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Table B.3 List of primers used for FISH probes and gqRT-PCR

A

No. | Primer name | Primer (5'--3") (Pég)? S12€ | Notes
1 | NUMT 1F GCCAGTGTGCTGGAATTCCAC NUMT FISH probe; taget
- TCCGTTCCCGACATAGT 8.950 region of A188 Refl
2 NUMT 2R TGGATATCTGCAGAATTCAGG ' 8:30785164-30794113,
- GCATTGAACGAGAGAGA Fusion clone
3 PME45501 F | GTCGGTGCCACCATCATCAT
4 | MEPSOL | cTaceaTTGTTGCAGCCCTA 484 | PMEFISH probe
5 | cent4f2 CCCTAAGCACTAAACGCTGA Cent4 FISH probe
specifically targeting on the
6 | centdr2 iGTTTGATGTTTAGGTTGGAC 161 centromere of chromosome
4
Ach4 102 4 | GCCAGTGTGCTGGAATTCTAA .
T F CCAAACCCGGTTCCAGTTC 5125 f:oiirf:)?%’g%t;féftfrget
g |Ach4_102 4 | TGGATATCTGCAGAATTCGCA 4_202 423375.102429499

R GTGGAAATGAGAATGATCGG )

Ach4_108 21 | GCCAGTGTGCTGGAATTCTCC ,

° |F COCTITGTITGCTIGANTT | | DIBFISH b
10 Ach4 108 21 | TGGATATCTGCAGAATTCGTA 4 1%6308779—106312857

R CGCTAGTACCCACACATCC '

Ach4_108 23 | GCCAGTGTGCTGGAATTCACT ,
Gl CATGANCCGCARTCANTGT | e, | POOFSHPER bt
1, | Ach4_108_23 | TGGATATCTGCAGAATTCAAA h 1%633?369-10633 1126

R CAGTAGCGGTCTATGGAGC )

GGCGAACAACTGGTATTGTGA
13 | actl _grt 2F . .
T 98 Primers for actinl
CAAACGGAGAATAGCATGAG amplification in gRT-PCR
14 | actl_grt_2R GA
15 | ccdl_qgrt_5F ?GGGAATGAGCTGTACGAGA 123 Primers for ccdl
16 | ccdl qrt 5R | CGCTGCTTTCTGCCAGTATAG amplification in gRT-PCR
17 |yl qgrt 4F CATAGACATTCAGCCATTCAG Primers for y1 amplification
18 | y1 gt 4R CGACAGTTCCAGCAACATAGT 119 | 4RT-PCR
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Table B.4 Summary of contigs in the A188Refl assembly

Item Value

total contig number” 1,854

total contig length (bp) 2,235,724,030
mean contig length (bp) 1,205,892
median contig length (bp) 126,948
longest contig (bp) 50,817,798
shortest contig (bp) 16,204
N50 (bp) 5,994,828
L50 89

overall GC 0.47

mean contig GC 0.47
median contig GC 0.47

max contig GC 0.65

min contig GC 0.35

* some contigs were split during hybrid scaffolding with Bionano data

Table B.5 Summary of corrected errors during four polishing steps

Step Total Insert Substitution Deletion Replace*
Nanopolish 1 46,552,455 31,155,404 11,881,754 3,207,935 153,681
Nanopolish 2 21,342,514 13,139,856 5,669,755 2,346,111 93,396
Pilon 1 40,973,979 9,000,284 18,569,312 13,404,383 -

Pilon 2 1,625,385 279,539 981,022 364,824 -

* multiple-base replacements

Table B.6 Summary of SyRI structural annotation

Variant_type Count Minimum Length_B73 (bp) Length_A188 (bp)
length (Kb)
Syntenic regions 37,007 1 1,122,192,351 1,126,840,410
Inversions 148 1 37,160,763 35,886,525
Inversions 70 10 36,798,027 35,590,296
Inversions 17 500 29,916,961 28,690,148
Translocations 36,450 1 191,596,457 191,059,424
Translocations 2,302 10 42,653,436 42,322,095
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Duplications (B73)
Duplications (B73)
Duplications (A188)
Duplications (B73)
Not aligned (B73)
Not aligned (A188)

87,423
4,083
62,439
2,333
86,214
84,920

10

10

401,687,099
70,551,873

441,924,901

273,374,570
37,520,420

543,755,237
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Table B.7 List of large inversion candidates

ID InvEvent! B73chr  B73start B73end  A188chr A188start A188end cM Mb? INVvsB73Ref5® LDmean?
ABinv2a INV37034 2 83045872 83793031 2 84940375 85620135 0.0 yes 0.65
ABinv2b INV37043 2 99579131 100658515 2 103715498 104678539 0.0 yes 0.79
ABinv3a [INV37068 3 164624821 166507098 3 170367093 172331905 0.3 yes 0.56
ABinvda INV37090 4 151294649 152973827 4 158720016 160325831 0.0 yes 0.68
ABinvba INV37106 5 132994394 133825709 5 135501832 136382710 0.0 yes 0.58
ABinv9a INV37150 9 82861956 84919434 9 84173473 86292293 0.2 yes 0.61

- INV37153 9 114548098 115075955 9 117234960 117832417 0.7 yes 0.35
- INV37110 5 197659892 200541711 5 200002779 203033469 0.0 yes 0.15
- INV37010 1 35373095 36684531 1 36146595 37404096 0.2 no 0.09
- INV37055 2 240606483 241718671 2 248523299 249313543 2.8 no 0.07
- INV37056 2 242514879 244413498 2 249359723 251008438 3.0 no 0.18
- INV37069 3 202843461 204043629 3 208776561 210063328 2.8 no 0.07
- INV37083" 4 97812929 103900949 4 101974058 108167496 0.3 no 0.31
- INV37092 4 165827223 166683275 4 174016207 174985139 1.8 no 0.13
- INV37107 5 173756284 174794826 5 175733246 176806342 0.5 no 0.08
- INV37131 7 177323892 179176779 7 178209398 180310542 9.0 no 0.04
- INV37149 9 74020239 76892804 9 76796966 78325987 0.4 no 0.33

L event ID defined by SyRI

Zrecombination rate in cM per Mb

3whether an inversion is redetectable using B73Ref5

# the mean of LDs between SNPs in distance of 0.2-0.3 Mb
* confirmed to be falsely discovered inversion
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Table B.8 Summary of overall methylation levels in callus and seedling tissues

Sample Tissue Replicate CG CHG CHH
A188022 seedling 1 85.6% 72.3% 1.5%
A188023 seedling 2 84.7% 71.4% 1.4%
A188122 callus 1 89.3% 75.1% 3.1%
A188123 callus 2 89.2% 74.3% 3.2%
Table B.9 Summary of DMRs in three sequence contexts

Sequence context CG CHG CHH
number of DMRs 6,927 9,631 11,275
minimum DMR length (bp) 51 51 51
maximum DMR length (bp) 6,487 4,799 2,622
mean DMR length (bp) 200 243 272
number of DMRs (callus > seedling) 5,996 4,218 11,272
minimum methylation increased in the callus 5% 5% 17%
maximum methylation increased in the callus 63% 65% 41%
number of DMRs (callus < seedling) 931 5,413 3
minimum methylation decreased in the callus 21% 16% 24%
maximum methylation decreased in the callus 60% 60% 30%

Table B.10 Results from X? test for the independence of DMR and gene expression

. hypo_  hypo_  hyper_ hyper_ .

Order  Methyl Region deUp! deDm®  deUp®  deDn? chisq pvalue
1 CG gene body 107 89 856 912 2.45 0.1174
2 CG 5-upstream 39 19 192 182 4.49 0.0342
3 CG 3-downstream 19 14 106 131 1.44 0.2299
4 CHG gene body 232 156 393 377 7.61 0.0058
5 CHG 5-upstream 29 15 96 86 1.98 0.1595
6 CHG  3-downstream 35 30 63 56 0 1
7 CHH gene body 0 0 169 175 NA NA
8 CHH 5-upstream 1 1 465 327 0 1
9 CHH  3-downstream 0 0 563 397 NA NA

1234 increased methylation (hyper) and decreased methylation (hypo) in the callus relative to the seedlling; up-
regulated gene expression (deUp) and down-regulated gene expression (deDn) in the callus relative to seedling.
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Appendix C - Supplemental data of Chapter 3

Supplemental Figures
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Figure C.1 Genotype segregation of F2 calli on chromosome 1. The upper panel showed the
genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-I1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white.
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Figure C.2 Genotype segregation of F2 calli on chromosome 1. The upper panel showed the
genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-I1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white. The red dash line
indicated the QTL interval, and the gray vertical line labeled at the QTL position mapped by the
GBS seg markers.
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Figure C.3 Genotype segregation of F2 calli on chromosome 3. The upper panel showed the
genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-I1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white.
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Genotype segregation of chrosome 4
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Figure C.4 Genotype segregation of F2 calli on chromosome 4. The upper panel showed the
genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white.
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Figure C.5 Genotype segregation of F2 calli on chromosome 5. The upper panel showed the
genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-I1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white. The red dash line
indicated the QTL interval, and the gray vertical line labeled at the QTL position mapped by the
GBS seg markers.
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Genotype segregation of chrosome 6
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Figure C.6 Genotype segregation of F2 calli on chromosome 6. The upper panel showed the
genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white. The red dash line
indicated the QTL interval, and the gray vertical line labeled at the QTL position mapped by the
GBS seg markers.
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Figure C.7 Genotype segregation of F2 calli on chromosome 7. The upper panel showed the

genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype
frequency of 58 XT-II individuals. Each panel resulted from the aggregate of hundreds of
vertical lines, and a vertical line represented the genotype distribution of a seg marker. The
genotype frequency of heterozygotes, homozygous B73, and homozygous A188 of the seg
marker were labelled in purple, orange, and green, and the missing rate of seg marker indicated
with white.
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Genotype segregation of chrosome 8
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Figure C.8 Genotype segregation of F2 calli on chromosome 8. The upper panel showed the

genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white. The red dash line
indicated the QTL interval, and the gray vertical line labeled at the QTL position mapped by the
GBS seg markers.
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Figure C.9 Genotype segregation of F2 calli on chromosome 9. The upper panel showed the
genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-I1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white. The red dash line
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indicated the QTL interval, and the gray vertical line labeled at the QTL position mapped by the
GBS seg markers.

Genotype segregation of chrosome 10
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Figure C.10 Genotype segregation of F2 calli on chromosome 10. The upper panel showed the

genotype frequency of 60 XT-I individuals, and the bottom panel showed the genotype frequency
of 58 XT-I1I individuals. Each panel resulted from the aggregate of hundreds of vertical lines, and
a vertical line represented the genotype distribution of a seg marker. The genotype frequency of
heterozygotes, homozygous B73, and homozygous A188 of the seg marker were labelled in purple,
orange, and green, and the missing rate of seg marker indicated with white.
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Table C.1 The recombination site of Hi-Il A and B

Supplemental Tables

Variety Chromosome Breakpoint start Breakpoint end
Hi-1l A 1 29788826 31284852
Hi-11 A 1 85619028 87989974
Hi-1l1 A 1 180574929 182294746
Hi-1l1 A 2 2806972 4073950
Hi-1l1 A 2 218688090 219601429
Hi-1l1 A 4 195401513 197040039
Hi-11 A 4 236305116 237642838
Hi-1l A 5 11830286 11934522
Hi-1l A 5 48444693 50340857
Hi-1l1 A 5 59281022 63499717
Hi-11 A 6 165411893 169000236
Hi-1l1 A 7 2853784 4613286
Hi-1l1 A 7 20297583 20462620
Hi-11 A 7 26177306 26703924
Hi-1l A 7 137449054 137952706
Hi-1l A 9 7721967 8363362
Hi-1l A 9 10778140 11243043
Hi-11 A 9 13103712 27753901
Hi-11 A 9 66812179 68989174
Hi-1l1 A 9 101592249 103077214
Hi-1l1 A 9 108428834 109335212
Hi-1l A 10 131155582 133899951
Hi-1l B 1 15588668 15967094
Hi-1l B 1 30547334 30915591



Hi-11 B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-11 B
Hi-11 B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-11 B
Hi-11 B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-11 B
Hi-11 B
Hi-11 B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B

77152697
196037123
269260399
278639483
284082304
285703108
219340501
235846855
220853291
224973587
228922713
7351231
15020272
31376411
36810597
43673512
55492642
154925784
185175375
203460228
205237817
232560730
234468486
4613746
7506467
12589478
61716329
190396392

167

77668738
197952644
269450192
282259154
284325223
286338963
219605738
238068108
220969622
225742788
229396381
8136195
15982239
33181999
36972978
44285903
56277649
157947748
185705739
203811329
205647602
233399493
236643741
4688978
8524135
13379431
63585220
191578686



Hi-11 B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-11 B
Hi-11 B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-11 B
Hi-11 B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-1l B
Hi-11 B
Hi-11 B
Hi-11 B
Hi-1l B

10
10
10
10
10
10
10
10

219604659
108324284
4964090
134262506
147572276
151981548
165738518
168261566
161887370
169610649
176144076
8120960
67874714
91833221
100840645
154666389
15336217
17707977
19216382
105518971
108135667
118196289
125533041

131247507

220998423
111301573
5603840
135482267
149235763
152606466
166119042
168497523
162640397
169917671
176849751
9505572
69278941
92245606
102045282
155603098
15544393
18142986
20024663
106765463
109905042
118820313
126025041
133446876
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Appendix D - Supplemental data of Chapter 4

Supplemental Figures

3yl
'\0\ AE)O b
P p | TA2450XTA10132 |

®

Y

| 101 F3families |
Phenotyping

|BSR-Seq to map Lr42|

¢ TA2450xTA10132 BSR-seq

0.04 0.06
| | | |

0.?2

Probability of complete linkage

Mlﬂ'_‘-. Soss 8 L o ::.‘L‘
iD 2D 3D 4D 5D 6D 7D
Chromosome

O.?O

Figure D.1 Genetic mapping of the Lr42 gene with population TA2450 x TA10132. (a)
Phenotype of Ae. tauschii accessions TA10132 (Lr42-) was susceptible (Infection Type = 33+)
and TA2450 (Lr42+) was hypersensitive flecks (Infection Type = ; to ;1-) at the seedling stage
upon inoculation with race PNMRJ. (b,c) Genetic mapping of the Lr42 gene via BSR-seq. Bi-
parental population of TA2450 x TA10132 with 101 F»:3 families (15 individuals for each family)
were phenotyped, and segregated with 36 homozygous resistant (HR) families, 9 homozygous
susceptible (HS) families, and 56 heterozygous families. The reason for segregation distortion at
the Lr42 locus in this population is unknown. Among them 26 HR and 9 HS were selected for

BSR-seq sequencing.
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Figure D.2 RNA-Seq read alignments of the two NLR genes in the mapping interval.
Integrative Genomics Viewer (IGV) was used to display alignments. In each panel, the top curve
is the distribution of read depth along the gene. Non-gray vertical lines represent proportions of
alleles at the position that contains multiple types of sequences (alleles). Alignments of reads
(horizontal bars) are shown under the curve. P1R and P1S represent RNA-Seq data sets of the
resistant pool and the susceptible pool from the mapping population 1, respectively. P2R and P2S
represent RNA-Seq data sets of the resistant pool and the susceptible pool from the mapping
population 2, respectively. Colored lines in reads highlight polymorphisms between reads and the
reference genome.
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Figure D.3 RNA-Seq read alignments of genes with flanking markers. Integrative Genomics
Integrative Genomics Viewer (IGV) was used to display alignments. In each panel, the top curve
is the distribution of read depth along the gene. Non-gray vertical lines represent proportions of
alleles at the position that contains multiple types of sequences (alleles). Alignments of reads
(horizontal bars) are shown under the curve. P1R and P1S represent RNA-Seq data sets of the
resistant pool and the susceptible pool from the mapping population 1, respectively. P2R and P2S
represent RNA-Seq data sets of the resistant pool and the susceptible pool from the mapping
population 2, respectively. Colored lines in reads highlight polymorphisms between reads and the
reference genome. (a) Read alignment of the gene AET1Gv20040000.2. (b) Read alignment of
genes AET1Gv20040200.2 (the first blue arrow) and AET1Gv20040600.1 (the second blue arrow).
The KASP markers pC43 and pC50 were indicated with red arrows.

171



Domain RX-CC NB-ARC LRR

500 1,000 1,500 2,000 2,500 2,794
Identity IITII 11 1 A IW“WWM“HTWW it Wlﬂ’llﬁ
TA2376 [ mi nene i I | m m 1
TA2458 [ i nenrrrmn I I I I m m -l I 1
TA2485 [ i newe remer (I | I I nm 4 1
TA10132 [ 1 nrnr rremer | | I | nm 4 1um ol
TA1651 I i nme rrmer L I | | (I |11 B O | 1110
TA2468 | (. i N e [ I | [ n 1 oimmn
TA1665 INHIENT BL [P R IUENERLN (e e [ ] | | | NN |
TA1667 INHIENT BE [0 W UMNEEO0 CE-n s I | | | I mno|
TA10179 IMENETUEE [ WUNNOE 0 . e 1 11 | L1100 U | B

|

TA1605 IMULUNTE DL 1 WO I e (|

i | [ ni miamr 11
TA2536  RUID EU LD DD IR nnmunne me i 1 ({1 A | B
TA2450 | [[0) DR IN N LORUIE | ([N [ B Il | I IIII | I
b C
TA1667 RX-CC W TA2376 NB-ARC W TA1667 LRR W
TA1665 RX-CC W TA2485 NB-ARC W TA1665LRR W
TA1605 RX-CC W TA10132 NB-ARC W TA2450 LRR 1
TA10179 RX-CC W TA1651 NB-ARC H TA2536 LRR W
TA2536 RX-CC W TA2458 NB-ARC W TA10179 LRR W
TA2450 RX-CC H TA2468 NB-ARC H TA1605LRR W
TA2468 RX-CC W TA2536 NB-ARC W TA1651 LRR W
TA1651 RX-CC W TA2450 NB-ARC H TA2468LRR W
TA2458 RX-CC W TA1605 NB-ARC H TA2458 LRR W
TA10132 RX-CC W TA10179 NB-ARC W TA10132LRR R
Tree senie; 1,04 Ta2sr6Rx.cc m oo sealer 0.01 TA1667NB-ARC W e scale: 0.01 TA2376 LRR W
TA2485RX-CC W TA1665 NB-ARC W TA2485LRR W

M Ae. tauschii ssp. tauschii
M Ae. tauschii ssp. strangulata

Figure D.4 Sequence and phylogenetic analysis of Lr42 alleles. (a) Multiple alignments using
coding sequences of the 12 Lr42 alleles were generated with Geneious. Three NLR domains are
indicated. The identity track has the colors green, yellow and red, representing identities from high
to low. Vertical black lines highlight polymorphisms with the consensus sequence. The red box
highlights the unique region (Lr42R-unique-segment) carried by the Lr42R allele. (b-d) Separate
phylogenetic trees using sequences of the RX-CC, NB-ARC and LRR domains. Green and blue
squares at tips represent ssp. strangulata (L2) and tauschii (L1), respectively. The bootstrap values
of clades represented by purple stars were size-coded. The range of sizes from small to large
corresponds to the bootstrap values from 54% to 100%.
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Figure D.5 Pairwise comparison between Lr42 and homologs in bread wheat. Pairwise
alignment was performed using Geneious software. The identity track has the colors green, yellow
and red, representing the identities from high to low. Vertical black lines represent polymorphisms
between a sequence and the consensus sequence. (a) Alignment of the Lr42R allele with the
homolog with the highest similarity (the top homolog) in the reference genome of CS, which is
located at chromosome 1D:7868623-7871394. The identity between Lr42R and the top homolog
was 93.9%, both of which are considered to be allelic. (b) The alignment of the Lr42R allele with
the CS homolog (1D:7381846-7384626) that carries a highly identical sequence with the Lr42R-
unique-segment (135/137 bp match from 2,308 to 2,444 bp at the Lr42R allele, highlighted with
red rectangles). The identity between Lr42 and this non-allelic homolog was 83.8%.
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Figure D.6 Multiple alignments of Lr42 homologs in an LRR region. The Lr42R allele was
aligned to reference genomes of multiple wheat closely related species using “blastn”, and
homologs with at least 1 kb matches were extracted. Multiple alignments of sequences of all these
homologs and Lr42 alleles from Ae. tauschii were performed using Geneious. The sequences did
not contain a region matching the Lr42R-unique-segment (highlighted with red rectangle) were
manually removed. Green, yellow and red colors of the “identity” track represent the identities of
high, medium, and low, respectively. Colors on sequences highlight polymorphisms between a
sequence and the consensus sequence. The Sequence IDs beginning with “Aet” are from the
reference genome of Ae. tauschii (Aet v4.0); sequence IDs beginning with “chr” are from the
reference genome T. aestivum cv. CS (iwgsc_refseqv1.0); sequence IDs beginning with “Dur” are
from the reference genome of T. turgidum subsp. durum (GCA_900231445.1 Svevo.v1); sequence
IDs beginning with “WEW” are from the reference genome of T. dicoccoides wild emmer
(GCA _002162155.2 WEW v2.0); sequence IDs beginning with “Hv” are from the reference
genome of Barley (GCA 901482405.1 Morex v1.0,); sequence IDs beginning with “Bd” are
from the reference genome of Brachypodlum (GCF_000005505.3 Brachypodium distachyon
v3.0); and sequence IDs beginning with “TA” are Lr42 alleles from the Ae. tauschii accessions.
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Figure D.7 Phylogenetic tree of cloned wheat rust resistance NLR proteins. Multiple
alignments were performed using ClustalW implemented in the Geneious software. The bootstrap
values from 56% to 100% are indicated by purple triangles from small to large sizes. Lr22a has
the highest identity with Lr42 (31.6%). The genes and their chromosomal locations are: Lr1(5DL),
Lr10(1AS), Lr21(1DS), Lr22a(2D), Lr42(1DS), Sr13 (R1 haplotype)(6A), Sr22(7A), Sr33(1DS),
Sr35(3AL), Sr45(1D), Sr50(1RS), YrAS2388R(4DS), and Yr10(1BS).

Supplemental Tables

Table D.1 List of Ae. tauschii accessions used in the study

Expected band using

the primers Leaf Rust
No. Accession  Genus Species  Lineage* LR42 H1F/LR42 H1 Note Infectli)f
- - Score
R
1 TA10132 Aegilops tauschii L2 Yes Susceptible 3+
Parent (AL8/78
for reference
genome)
2  TA2450 Aegilops tauschii L2 Yes Lr42 Resistant ;
parent
3  TA2433 Aegilops tauschii L1 No Susceptible 3+
Parent
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38 TA10212 Aegilops tauschii L1 No Minicore 2+

* Lineage data from Singh et al. 2019 except for TA2468 whose lineage information was from the WGRC database.
** At the seedling stage, parental lines TA2450, TA2433, and TA10132 were inoculated with race PNMRJ, which is
virulent on Lr39. Other Ae. tauschi lines were inoculated with a composite of races. Stakman scale scores; ,1, 2, and
2+ are for resistant phenotype, and scores 3, 3+ and 4 are for susceptible phenotype.

*** The expected band was observed in PCR with TA2474 DNA, but the sequence quality was low. The Lr42 allele
was not assembled for accession TA2474.

Table D.2 Avirulence/Virulence specificity of races of Puccinia triticina used in study

Race Avirulent Virulent

PNMRJ 2a, 11, 14a, 16, 21, 24, 30, 42 1, 2¢,3, 3ka, 9, 10, 17, 18, 26, 28, 39, B
TFBJG 3ka, 9, 11, 16, 17, 18, 21, 30, 39, 42 1, 2a, 2c, 3, 10, 144, 24, 26, 28

MBJ/SP 2a, 2b, 2c, 3ka, 9, 16, 18, 19, 21, 24,25, 1, 3, 3bg, 10, 11, 13, 15, 17, 20, 23, 27+31

(26), 28, 29, 30, 32, 33, 36, 42
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Table D.3 KASP markers used for fine mapping in Ae. tauschii

1D_position Orient

Assay & ation Allelel  Allele2 PCR Size Primer for Allelel* Primer for Allele2** Common primer

pB02 6829289 + C G 136 GAGGAGGAGCTTCCC GAGGAGGAGCTTCCC CCTGGAGCCCTTCGC
GCCC GCCG GAC

pB07 8169715 + T C 94 GGCTGGCTGTGTATGT GGCTGGCTGTGTATGT AGCTACGACGACGAT
ATCTAT ATCTAC GCTG

pB06 8174002 + C T 71 TGTGTGGATGATTGGC TGTGTGGATGATTGGC CAACCACCATGGCCC
GGC GGT AGAT

pl2A10 8655251 - A G 105 CCTGGAAACGTACGTA CCTGGAAACGTACGTA GAAAGGCCTCCAGCT
TGCAT TGCAC CCAG

pB05 8655251 - A G 105 CCTGGAAACGTACGTA CCTGGAAACGTACGTA GAAAGGCCTCCAGCT
TGCAT TGCAC CCAG

pC43 8655291 + C T 105 CCTGGAAACGTACGTA CCTGGAAACGTACGTA GAAAGGCCTCCAGCT
TGCAC TGCAT CCAG

pC44 8701579 + C T 127 TCCAAGCACGGAGGG TCCAAGCACGGAGGG CTCTCTTCCTCCGGTT
TTC TTT GGC

p2A04 8704350 + G A 60 TGAAGTCCACGAGAA TGAAGTCCACGAGAA TTATCAGACTCTGCG
GATGACG GATGACA CCGC

pC46 8704527 - C G 149  ATTTGCCTTCGAGAAC ATTTGCCTTCGAGAAC GGACGTCGAAGTGTT
CCG CCC GCAC

pC30 8712079 - T C 96 ACCCACTCAGCAGATC ACCCACTCAGCAGATC GCCCAACAAACCATC
TCA TCG CACC

pC31 8766128 + A G 53 ATGGCGCTCAAAGGC ATGGCGCTCAAAGGC ACTCGCCAAACTGTA
ACA ACG CCCG

pC50 8771761 - A G 106 CACAATTGCCAGCTTC CACAATTGCCAGCTTC CCTCCCAGAGTGGAT
CTCATT CTCATC CTACGA

pC51 8793936 - T A 136 CTACAATCCTTCACTG CTACAATCCTTCACTG CACCTCGTCGACGGA

178



pC38

pC47

pC48

pB12

pC49

pC41

pC21

plA03

pB14

pC22

pC23

pC24

pC25

plA06

8811028

8814844

8817482

8830775

8830775

8835940

8847059

8847089

8847089

8847206

8847215

9887655

9894404

9894954

123

75

54

122

63

59

50

114

114

115

106

127

106

51

TCTTCA TCTTCT AAGG

TGTGTGGATGTGATCG TGTGTGGATGTGATCG TGCAGCTACTTCAAG
TTACCA TTACCG GAGCA

AGATCTCAGACTTTGG AGATCTCAGACTTTGG TGCCTCTTGCCGCTGT
CCTG CCTA TAA

TCCGCGCAAGAGCCA TCCGCGCAAGAGCCA TTCTCCATCGCACTA
CCT CCC CGGC

TGTAGGCGTTAGATGG TGTAGGCGTTAGATGG CAATGGTAGGTCCGC
AGGGA AGGGG CACA

AAACCAAGGGCACAG AAACCAAGGGCACAG GCCATCCTGCTGGAA
GGC GGT ACCT

AGTAGATACAGGTAG AGTAGATACAGGTAG CCACGCCTGCCATCT
CTTTGCG CTTTGCA GTAA

TCTGATGGTGCAGATG TCTGATGGTGCAGATG TCCTTCACACCAACT
TTGAA TTGAG GGGC

GCACCATCAGAAATCC GCACCATCAGAAATCC TGATGACAGCCAGGC
CAACC CAACT AGTC

GCACCATCAGAAATCC GCACCATCAGAAATCC TGATGACAGCCAGGC
CAACC CAACT AGTC

ACAGCAGAAGCAGAA ACAGCAGAAGCAGAA ACGATGAAGACGCCG
GCATCA GCATCC TTGT

GCAGAAGCATCACCA GCAGAAGCATCACCA ACGATGAAGACGCCG
GAAGAG GAAGAA TTGT

TGCCATGCTTGGATCA TGCCATGCTTGGATCA CCCTCAGTACTTGGG
AGGT AGGA CATCC

AGGAAGGTACGTTATT AGGAAGGTACGTTATT GGTGGAAAGAGAAC
AGGCCG AGGCCA CGCGA

TGAAGCTGAAGGACC TGAAGCTGAAGGACC ACCGAACCCTCTTCA
TCGG TCGA GCTC
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pB15 10187788 + Cc G 70 GTGAGGCGGTAGAGG GTGAGGCGGTAGAGG CGCTCACCTTCTTCG

AAGAC AAGAG ACGT

plA05 11231012 + C G 95 CCGGCCGAATCGAGC CCGGCCGAATCGAGC TCCACGAGCTCAAAC
CTC CTG CGAG

plA04 11677167 + G A 118 ATAACAGGTGGCCCTC ATAACAGGTGGCCCTC ACCGACATGTTCTGC
ACG ACA GTCT

plA02 12012800 + T Cc 133 GCCTCCCATCCCAGAA GCCTCCCATCCCAGAA GGGAGGCTGCTTTCC
ACT ACC AGAA

* Oligo labeled with fluorophore FAM in KASP master mix (LGC, UK) was needed to add at 5'-ends of primers
** Oligo labeled with fluorophore HEX in KASP master mix (LGC, UK) was needed to add at 5'-ends of primers
***Chromosome 1D position
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Table D.4 List of primers and their sequences

No.

Primer name

Sequence (5'-3")

Purpose

AET300.2_CDS-F

ATGGCGGAGGCTGTTGTCGGGCAG

AET300.2_CDS-R

CTAACTTGGCTGAGCTGTGCTGCG
Cc

For amplification of
coding sequences

AET300.2_CDS-BamHIF

GTCGGATCCATGGCGGAGGCTGTT
GTCGGGCAG

For plasmid
construction to
generate transgenic

4 |AET300.2_CDS-BamHIR ATCGGATCCCTAACTTGGCTGAGC |jine
TGTGCTGCGC

5 |AET300.2-Seq500-F CACTTCACCAGGGATGAGG For sequencing of
coding sequences

6 |AET300.2-Seq600-R CCACACCAGGGTGACTTTG

7 |AET300.2-Seq1000-F ACAAGAGCATCACTCATGG

8 |AET300.2-Seq1500-F GGATGCACGATGTCATACG

9 |AET300.2-Seq2000-F AAGGTGCCTAAGGGCATGC

10 |LR42_H1F CATGGCGGAGGCTGTTGTC Alleles/Paralogs
amplification

11 |LR42 HIR GTATATCACCTGATCCGTTCACAT

12 |42seg-546R CAGCCACCGTATCAACCTCT Allele sequencing

13 |42seq-606F GCCTGGTGTTGGTAAAAC

14 |42seq-1204F GATGTGATCCCTGATGCTC

15 |42seq-2244R GGGTCTGAGGTAAATGTAG

16 |42seq-2226F CTACATTTACCTCAGACCC

17 lactin_F1 CATCCACGAGACGACCTACA RT-PCR

18 |actin_R1 GATCTTCATGCTGCTTGGGG

19 |Lr42-gRT_F5 GGGCTACATTTACCTCAG

20 |Lr42-gRT_R5 CCGTAACACACACAGACA

21 |Ird2_1F TCAGCTCGGATGCCCCAG

22 |Ird2_1R TGCGCCCCATAACTCGATG

23 |Ubi-F TGGCATATGCAGCAGCTATAT Transgenic gene
screening

24 |Seg2R CCACACCAGGGTGACTTTG
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Table D.5 List of Lr42-specific GBS tags

Order

Sequence (5'-3")

1

10

11

12

13

14

TGCAGTCACATGCATGTGCACCCAGTGGCAGTCGGTTCTCTCCCTTAATCTGCTCCCTCT
AAAC

TGCAGCTATCCTTAGCATGTACGTATGTTTCATCTCAAAAAGAAAAAAAGAGCTATCCT
TAGCA

TGCAGTTGTTTTTTTGAGATGGAGCGCTATTAGATCTAATCCATTAATTACGTTTTTTAA
GTTA

TGCAGTGATCCGATCCAGGTGTTTGAGGAAGCAGCGCGAGTGTTCAATGATGACTACTT
CCTCA

TGCAGCTGGGTTTCGATTTTTTGGAGCTTGGCTGCCAGGCGGCGCCAGGTCTTGATATGC
TTGA

TGCAGATGTTCTGCAAATTATAAACTACTCACTATACCATGAAAAAATTTAGGGGGGCA
CCATA

TGCAGGACTAGCTAGGTACGAAGAAGCAATTGTTTACCTGGTGCCGCCAGAGGGCAGG
ATGATT

TGCAGGCAGGTTGACGAGGGCATCTACTGTACACAAGGCCCGCAAATCAAATCAAGTC
CAATTC

TGCAGTTGAAGGGCACAATTTTTTTGTTGGAGATTATAGTACGATAAATTCAGCTTGTAC
TCTA

TGCAGCACATTGACCTAATATACGAGGAACAAATATAGGAAGCTATTTATGCCTTCCAG
ATTCA

TGCAGGTGGTTGAGTATGCATCCCCAGCACTAACCCCAGCCCCAACCACACATGATACC
TGTAG

TGCAGCTAGTTAAGTAACATTAGTAGGTACGCCTTTAATTTCTTGTTGAATACTCGCAAG
TTTA

TGCAGGGTGTGTAATTTGAACAAAACCACGACGAGTAATTTAGAACGGAGGGAGTATA
TCATAT

TGCAGATCGATGGTGAGTGCGCCGACCGAGAGAAGGAAGGAGCTGCGGGGGATGCGG
GGACGAG
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Table D.6 KASP markers useful for marker-assisted selection in hexaploid wheat

Marker Susceptible allele* Resistant allele** Common_primer PCR size Marker position  Note

Lr42 pD1 ACAAGAAAGAGCAG GCAAGAAAGCGTAGA CCCTTTCTTGGCTTG 190 Ingene, LRR dominant in most
ACCA CCC GTTTAG region cases

Lrd2 pD2 CTGCGTAAAAATCCA CTCTGCGTAAAAATTC CCCTTTCTTGGCTTG 251 Ingene, LRR dominant in most
AGCGCT AATCTCC GTTTAG region cases

pC43*** CCTGGAAACGTACGT CCTGGAAACGTACGTA GAAAGGCCTCCAGCT 105  46kb to the gene  co-dominant
ATGCAC TGCAT CCAG

* Oligo labeled with fluorophore FAM in KASP master mix (LGC, UK) was needed to add at 5'-ends of primers
** Oligo labeled with fluorophore HEX in KASP master mix (LGC, UK) was needed to add at 5'-ends of primers
***This marker was also used in fine mapping; 46kb to Lr42
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Table D.7 LRR repeats in the Lr42 resistance allele

Repeat order Amino acid sequence Start* End* Length (aa)
repeatl LRALHVFESYIDIGLLKPILTSSSL 551 575 25
repeat2 LSTLDLQGTHIKMLPNEVFDLFN 576 598 23
repeat3 LRYLGLRDTKIESMPAAVGRLQN 599 621 23
repeat4 LQVLDAYDSKLTYLPNSVVKLQK 622 644 23
repeatb LRYLYAGTSKDSIRGVKVPKGMQH 645 668 24
repeat6 LAGLHALQSVKATPEFLHEAAA 669 690 22
repeat7 LTELRTFDVCNVQSEHSAYLSNAITKMSH 691 719 29
repeat8 LVHLEIDAAAENDVLRLEGLHLPQT 720 744 25
repeat9 LSWLGLAGQLEKTTMPQLFSSWSHLDS 745 771 27
repeat10 LTRLYLAFSSIDEQTFSCLCVLRG 172 795 24
repeatll LRFLALREAFEGRRLNFYAESFPE 796 819 24
repeatl2 LRHLEIWGAAQLSQVRIEKGAMQN 820 843 24
repeatl3 LIELFFTDCPDLRFLPDGIEHLAG 844 867 24
repeatl4 LEKLGLIDTSEELIEKLRQDRDSDACSKDLMKISHIRM 868 920 53
VGVQLGQKGLCERIR
* positions on the Lr42 protein sequence
Table D.8 Yield traits of wheat lines with and without Lr42R
Trait Number Number Effect® p-value
of Lr42+ of Lr42-
Test weight 105 146 0.3 0.24
Grain yield Severe drought 105 146 0.21 0.282
Thousand Kernel weight 105 146 0.79 0.292
Grain yield Optimum irrigation Bed planting 105 146 -0.09 0.414
Grain yield Drought 105 146 0.09 0.521
Grain yield Optimum irrigation Flat planting 105 146 -0.05 0.614
Grain yield Late-sown heat stress 105 146 -0.04 0.77

% mean difference betwen Lr42+ and Lr42- lines

184



Table D.9 The resutls of KASP assay in CIMMITY breeding lines with Lr42-

pD1 and Lr42-pD2

Order CIMMY_GID Pedigree Lr42-pD1% Lr42-pD *Lr42R

1 6937922 QUAIU #1*2/MUNAL #1 R R Present

2 6932911 QUAIU*2/DANPHE R R Present

3 6938530 WHEAR/SOKOLL *2//[QUAIU #1 R R Present

4 6935970 BABAX/LR42/IBABAX*2/4/SNI/TRAP#1/ R R Present
3IKAUZ*2/ TRAP//KAUZ/5/BECARD

5 6935972 QUAIU #1/3/PBW343*2/KUKUNA// R R Present
PBW343*2/KUKUNA

6 6931606 BABAX/LR42//BABAX*2/4/SNI/TRAP#1/ R R Present
3/IKAUZ*2/ TRAP//KAUZ/5/KINGBIRD #1

7 6936896 QUAIU/FRNCLN R R Present

8 6939176 BABAX/LR42/IBABAX*2/4/SNI/TRAP#1/ R R Present
3/IKAUZ*2/TRAPIIKAUZ*2/5/PRL/2*PAS
TOR/4/CHOIX/...

9 6939666 BABAX/LR42//BABAX*2/4/SNI/TRAP#1/ R R Present
3/IKAUZ*2/TRAP/IIKAUZ*2/5/PRL/2*PAS
TOR/4/CHOIX]/...

10 6939180 BABAX/LR42//BABAX*2/4/SNI/TRAP#1/ R R Present
3IKAUZ*2/ TRAP//KAUZ*2/5/MUNAL #1

11 6939492 BABAX/LR42/IBABAX*2/4/SNI/TRAP#1/ R R Present
3/IKAUZ*2/TRAP/IKAUZ/5/TRCH/SRTU//
KACHU

12 6939303 BABAX/LR42//BABAX*2/4/SNI/TRAP#1/ S S Absent
3/IKAUZ*2/TRAP/IKAUZ*2/5/BECARD

13 6939089 ND643/2*WAXWING/5/BABAX/LR42//B R R Present
ABAX*2/4/SNI/TRAP#1/3/[KAUZ*2/TRAP
IIKAUZ

14 6939127 QUAIU//KIRITATI/2*TRCH R R Present

15 6939174 BABAX/LR42/IBABAX*2/4/SNI/TRAP#1/ R R Present
3IKAUZ*2/TRAP//KAUZ*2/5/PRL/2*PAS
TOR/4/CHOIX]/...

16 6939181 BABAX/LR42//BABAX*2/4/SNI/TRAP#1/ R R Present
3IKAUZ*2/TRAP//KAUZ*2/5/MUNAL #1

17 6939033 BLOUK#1/4/WBLL1/KUKUNA//TACUPE R R Present
TO F2001/3/ UP2338*2/VIVITSI

18 6939818 QUAIU/3/EMB16/CBRD//CBRD/4/QUAIU R R Present

#1
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19

20

21

22

23

24
25

26

27

28

29

30

31

32

33

34

35

6939343

6939304

7313634

7396083

7396161

7310720
7396738

7311326

7398322

7401507

7401659

7305876

7401768

7401788

7401811

7400983

7400990

PFAU/MILAN/3/BABAX/LR42//BABAX*
2/4/NIINIT #1

BABAX/LR42//BABAX*2/4/SNI/TRAP#1/
3/IKAUZ*2/TRAP//KAUZ*2/5/BECARD

TACUPETO F2001/SAUAL//BLOUK
#1/3/SAUAL/Y ANAC//SAUAL/4/TACUPE
TO F2001/SAUALI/I...

QUAIU #1/3/KINGBIRD #1//INQALB
91*2/TUKURU

SAUAL/YANAC//SAUAL/3/BECARD/QU
AlU #1

BECARD/QUAIU #1//BORL14

WHEAR/KUKUNA/3/C80.1/3*BATAVIA/I
2*WBLL1/4/QUAIU/5/BORL14

QUAIU#1/5/KIRITATI/4/2*BAV92/[IREN
A/KAUZ/3/HUITES/6/BECARD/QUAIU
#1

WAXWING/4/BL1496/MILAN/3/CROC_1/
AE.SQUARROSA(205)//[KAUZ/5/FRNCLN
161...

TACUPETO F2001/BRAMBLING//
KIRITATI/3/FRAN COLIN #1/BLOUK
#1/4/[FRANCOLIN #1/...

QUAIU/YANAC//FRANCOLIN
#1/BLOUK #1/3/FRANCOLIN #1/BLOUK
#1

FRANCOLIN #1/BLOUK #1/3/ KINGBIRD
#1//INQALB
912/TUKURU/4/FRANCOLIN #1/BLOUK
#1

FRANCOLIN #1/BLOUK #1/3/PBW343*2
IKUKUNA*2/[FRTL/PIFED/4/FRANCOLI
N #1/BLOUK #1

FRANCOLIN #1/BLOUK #1*2/4/KACHU
#1//P1 610750/SASIA/3/KACHU

FRANCOLIN #1/BLOUK
#1*2/3/[SAUAL/Y ANAC//ISAUAL

OASIS/SKAUZ//4*BCN/3/PASTOR/4/KAU
Z*2/YACO/IKAUZ/5/2*QUAIU
#3/6/BECARD/QUAIU #1

WBLL1*2/BRAMBLING//QUAIU/6/BABA
X/LR42//BABAX*2/3/[KUKUNA/4/CROSB
ILL #1/5/BECARD
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Absent

Present

Present

Present

Present

Present

Present

Present

Present

Present

Present

Present

Present

Present

Present

Present

Present



36
37
38

39
40

41
42
43
44
45
46

47

48

49
50

51

52

53

54

55

6681676
6681817
6568414

6682188
6682697

6680725
6679874
6681677
6684073
6570205
6684819

6569678

6684655

6570210
6569768

6684630

6684527

6684652

6684622

6569847

QUAIU #1/SUP152
SUP152/QUAIU #2

QUAIU/3/KIRITATI/IPBWG65/2*SERI.1B/4
/IDANPHE #1

QUAIU #1/2*SUP152

QUAIU #2/IND643/2*WBLL1/3/
ND643/2*WBLL1

QUAIU #1/BECARD
FRNCLN/QUAIU//FRANCOLIN #1
QUAIU #1/SUP152

QUAIU #2*2/TINKIO #1
FRANCOLIN #1/BLOUK #1

BLOUK #1//WBLL1*2/BRAMBLING
/3/WBLL1*2/BRAMBLING

BABAX/LR42//BABAX*2/4/SNI/TRAP#1/
3/IKAUZ*2/TRAP//IKAUZ/5/PRL/2*PASTO
R/4/CHOIX/STAR/3/...

BABAX/LR42//BABAX*2/4/SNI/TRAP#1/
3IKAUZ*2/TRAP/IKAUZ/S/WAXWING*2/
KRONSTAD F2004

FRANCOLIN #1/BLOUK #1

VILLA JUAREZ
F2009/5/BABAX/LR42//BABAX*2/4/SNI/
TRAP#1/3/[KAUZ*2/TRAP//IKAUZ

WHEAR/ KIRITATI/3/C80.1/
3*BATAVIA//2*WBLL1/5/BABAX/LRA42]//
BABAX*2/4/SNI/TRAP#1/3/...

BABAX/LR42//BABAX*2/4/SNI/TRAP#1/
3/IKAUZ*2/TRAP//IKAUZ/5/PRL/2*PASTO
R/4/CHOIX/STAR/3/...

BABAX/LR42//BABAX*2/4/SNI/TRAP#1/
3IKAUZ*2/TRAP/IKAUZ/S/WAXWING*2/
KRONSTAD F2004

BABAX/LR42//BABAX*2/4/SNI/TRAP#1/
3/IKAUZ*2/TRAP//IKAUZ/5/SAAR*2//[PBW
343*2/KUKUNA

BABAX/LR42//BABAX*2/4/SNI/TRAP#1/
3/IKAUZ*2/TRAP//IKAUZ/5/TACUPETO
F2001*2/BRAMBLING
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56 6684394 BABAX/LR42//BABAX*2/4/SNI/TRAP#1/ R R Present
3/IKAUZ2/TRAP//KAUZ/5/WHEAR/SOKO

LL
57 6569872 PFAU/WEAVER*2//TRANSFER#12,P88.2 R R Present
72.2/5/1BABAX/LR42//BABAX*2/4/SNI/TR
AP#1/3/...
58 6569899 VEE#8//JUP/BJY/3/F3.71/TRM/4/BCN/5/K R R Present
AUZ/6/MILAN/KAUZ/TISKAUZ/PARUS//
PARUS/8/BABAXI...
59 6569728 KRL19/5/BABAX/LR42/[BABAX*2/4/SNI/ R R Present
TRAP#1/3/KAUZ*2/TRAP//IKAUZ
60 6569740 BJY/COC//PRL/BOW/3/FRTL/5/BABAXI/L R R Present
R42//BABAX*2/4/SNI/TRAP#1/3/KAUZ*?2
ITRAP//IKAUZ
61 6690406 BABAX/LR42//BABAX/3/ER2000/4/NAVJ S S Absent
07
62 3822784 PRL/2*PASTOR S S Absent
63 6085788 QUAIU #1 R R Present
64 6333158 SUP152/BAJ #1 S S Absent
65 6176013 BORLAUG100 F2014 S S Absent
66 5106304 BAJ #1 S S Absent
67 4755014 KACHU #1 S S Absent
68 14853 PASTOR S S Absent
69 5390612 SUPER152 S S Absent
70 6922197 KACHU/SOLALA S S Absent
71 6977141 ARULA #1 S S Absent
72 NA TA2450 R R Present
73 NA TA10132 S S Absent
74 NA KS93U50 R R Present
75 NA Morocco S S Absent
76 NA NIL_R1%% R ? Present
77 NA NIL_S1%% S S Absent
78 NA NIL_R3%% R Present
79 NA NIL_S3%% S S Absent

%Genotype result using the two KASP markers. R=Resistant genotype; S=Susceptible genotype; ?=missing data
%% near-isogenic lines (F5) derived from KS93U50 and Morocco; R and S represent resistant and susceptible lines,
respectively. NIL-R1 is isogenic to NIL-S1 and NIL-R3 is isogenic to NIL-S3.
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Table D.10 MADA motif sequences of known wheat rust resistance NLRs
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First 21aa of each NL

protein were listed.

Table D.11 CIMMYT varieties developed from Lr42 wheat lines

Country Name

Pedigree

Afghanistan  Wafer 15
Afghanistan  Koshan 09
Ethiopia Gambo

Iran Aftab

Kenya Kenya Peacock
Mexico RSM Norman F2008
Nigeria Norman

Rwanda Reberaho

Rwanda Rengerabana
Turkey Ekinoks

Kenya Robin

BABAX/LR42//BABAX*2/3/TUKURU
BABAX/LR42//[BABAX*2/3/VIVITSI (=QUAIU)
BABAX/LR42//BABAX*2/3/VIVITSI (=QUAIU)
THELIN/3/BABAX/LR42//BABAX/4/BABAX/LR42//BABAX
QUAIU/3/PGO/SERI/BAV92

BABAX/LR42//BABAX

BABAX/LR42//BABAX

BABAX/LR42//[BABAX*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//IK
AUZ

BABAX/LR42//BABAX*2/3/TUKURU
BABAX/LR42//BABAX*2/3/VIVITSI (=QUAIU)
BABAX/LR42//BABAX*2/3/TUKURU
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