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Abstract

The growinghumanpopulation woldwide and the changing growth environments require
significant crop improvement, which can be acceleratqudiytgenome engineering. Developing
plant cultivars amenable to transformation and improving understanding of the genetic bases of
important pheatypic 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 impropdransformation and
wheat disease resistance.

Plant transformation is a powerful tool for crop improvementgerc function validatian
However, the transformation efficiency of maize is highly dependent on the tisssatygpthe
genotyps. The maize inbred line A188 @nenable taransformationA188 also exhibits many
contrasting traits to the inbred line B73, which is recalcitrant to transform&#8was used to
generate the first maize reference genome. The lagkraime sequensef A188 limits the use
of A188 as a model for functional studies. Here, a chromodewat genome assembly of A188
was constructed using long reads and opftaisicalmaps. Genome comparison of A188 with
B73 based on both whole genonligraments andgequening 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 enlg@messkpression of
defense p&wvays and altered DNA methylation patterns of embryonic callus.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 aceiased with
the regeneration capability, which is a major factor determining the transformation efficiency.

Here, twocontrastingcallus typesslowgrowth type | calli and faggrowth type Il calli,from the



selected B73xA188 F2 population were sequenssdg GenotypingBy-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 Rb&Y], differentially expressegnes were identified
from the comparison of type Il and | calli. In addition, RI$&q analysis was performed using
fast and slowgrowth calli identified for the A188 calli. Gene ontology (GO) enrichment analysis
showed that the dowregulated genes inp 1l F2 calli and fasgrowth A188 calli, as respectively
compared to type | calli and slegrowth A188 calli, are overrepresented in the pathway related
to cell wallorganization suggeshg the role of cell wall formation in the callus development.

Beddes maize genetic and genomic studies, the dissertation includgeriing of a leaf
rust resistance gene in wheWtheat leaf rust disease is caused by a fungal path&gecjnia
triticina. TheLr42 gene from the wheat wild relativisegilops tauschiconfers resistance to all
leaf rust races tested to date. Through bulked segregamt$F&4ABSRSeq) mapping and further
fine mapping, we identified ahr42 candidate gene, which encodesucleotidebinding site
leucinerich repeat (NLR)protein Transfomation of the candidate gene to a leaf-sistceptible
wheat cultivar markedly enhanced the disease resistance, confirming the candidate NLR gene is
theLr42 gene. Cloning of.r42 expands the repertoire of cloned rust resistance genes, as well as

providesprecise diagnostigenemarkers for wheat improvement.
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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 gétle¢ic 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 resultd pribvide 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 ygmseand the
genotypes. The maize inbred line A188 is amenable to transformafi88. 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. Thedagenome sequences of A188 limits the use
of A188 as a model for functional studies. Here, a chromodewat genome assembly of A188
was constructed using long reads and optical physical maps. Genome comparison of A188 with
B73 based on both whole gaene 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
defensegpathways 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 embry@sissociated with
the regeneration capability, which is a major factor determining the transformation efficiency.

Here, two contrasting callus types, stgnwowth type | calli and faggrowth type Il calli, from the



selected B73xA188 F2 population were seaeed using GenotypiFgy-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 Rb&Y], differentially expressed genes were identified

from the comparisoof type Il and | calli. In addition, RNAeq analysis was performed using

fast and slowgrowth calli identified for the A188 calli. Gene ontology (GO) enrichment analysis

showed that the dowregulated genes in type Il F2 calli and fgsdbwth A188 callj as respectively

compared to type | calli and slegrowth 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 pRticoyea,

triticina. TheLr42 gene from the wheat wild relativisegilops tausdh confers resistance to all

leaf rust races tested to date. Through bulked segregamt$F&4ABSRSeq) mapping and further

fine mapping, we identified ahr42 candidate gene, which encodes a nucledbidding site

leucinerich repeat (NLR) protein. Traf@mation of the candidate gene to a leaf-sistceptible

wheat cultivar markedly enhanced the disease resistance, confirming the candidate NLR gene is

theLr42 gene. Cloning of.r42 expands the repertoire of cloned rust resistance genes, as well as

provides precise diagnostic gene markers for wheat improvement.
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Chapter1-Genelnakr oducti on

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 inease 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 constidicted a
utilized for research studies and maize improvement are introdutied ohapter. 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 wilthevhich 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. Thichapter 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 generatieduglehoth
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 higlnality aop 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 (GarciaLara and Sern&aldivar 2019) Facing the increasing population and climate
change, the production of maize and wheat needs to be increased with modern breeding
technologies. In moderbreeding, 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 condifibester and Langridge 2010; Watsetral.

2018; Ahmaret al. 2020; Gosal and Wani 2020y this chapter, the general information of the

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

Maize isboth an important crop a model organism for basic research

Maize is a grass specsgnative to America

Maize Zea mayd.. ssp.may9, also known as corn, is widely utilized as a staple crop, an
important source for animal feed, and a bioethanol resd®icéerawet 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 Psaceae,
believed to domesticate from its wild ancestor, teosinte, about 9,000 years ago in (Bexizo
2001; Matsuokaet al. 2002; Doebleyet al. 2006) During the domesticatipnsome genes,
particularly transcription factagenes, such ath1 (Teosinte branched)landtgal(Teosinte glume
architecture ), played key roles in transforming teosinte to the maize @opbleyet al. 1997,
Wanget al. 2005; Liuet al. 2020) After domestication in central America, maize was spread to
the world along with human activitig®rasanna 2012)The yield & maize was dramatically

increased after the adoption of hybrids in the 20th ceri@myw 1998; Duvick 2005)Until now,
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the hybrids are still dominating in the corn industry. Transformingnitee teosinte to the high
yield hybrid maize shows the great potential of breeding improvement to solve the problem of
food security.
Maize serves asn important model organism

Besides the agricultural value, maize is an important model organism far fdast
research. Even though maize has a longer growth period and larger plant size than many other
plant model organism@annas and Dawe 2015jhere are many advantages for maize to be an
importart model organism. For instance, the separate male and female flowers in a single
individual make it easy to outcross but also preserves the ability gbckifation; the strong
hybrid vigor makes it@attractive model to understand the genetics ofrbsig the large scale of
chromosomesllows effectivecytogenetic analysis; the large kernel arranged togé&dbéitates
genetic studies of kernel development; and the availability of rich genetic and genomic resources
enableghe genetic dissection glantitative trait§Strable and Scanlon 2009; Nannas and Dawe
2015; Hake and Rodbarra 2015)
Genetic resources of maize

Germplasms are the fundamental resources for both breedingesedrch. Genetic
analysis of the US commercial lines from 1980 to 2008 showed the commercial germplasms
originated from both public and private breeding progr@viikel and Dudley 2006; Mikel @11).
For quantitative analysis of maize, the Nested Association Magmapalation (NAM) was
released for the maize community along with individual genotype(Metisiullen et al.2009) In
the NAM population, the agriculturally important and walldied reference line B73 was crossed

with 25 diverse inbred lines to produce 200 recombingmed lines (RILsperfamily, 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 tr@mgeet al. 2020) The impact of the NAM design
is not limited to maize genetic studiés.addition to the NAM population, a maize association
population with 28 inbred lines and Ames inbred lines panel with 2,815 accessions are also
available for the publiaccessalong with genomic resourcéslint-Garciaet al. 2005; Romayet
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
(McCartyet al.2005)
Genomic resource of maize

The reference genome of the elite inbred line B73 was first assembled with bacterial
artificial chromosomes (BACs) sequencif@chnableet al. 2009) and intensely used for maize
genetics and functional studiéShiaet al.2012; Huffordet al. 2012; Jiacet al.2012; Romayet
al. 2013; Hirschet al.2014; Liet al.2014, 2015; Maet al.2015) With the rapid development of
sequencing technologies, the quality of the B73 reference genome is continually being improved
(Jiaoet al.2017; Huffordet al.2021) The version 4f theB73 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 speci€Springeret al.2009; Hirschet al.2016; Suret al.2018) which
inspires the research community to constructgamome referencdslirsch et al. 2014; Della
Colettaet al. 2021) High-quality reference genomes from diverse lines can be the first step to
build the pargenome(Jayakodiet al. 2021) Recently, the completgenome assemblies of 25
founder lines of the maize NAM population were relegstufford et al. 2021) Based on all the

25 newly released reference genomes and the updated B73 reference genomepa6g8&3&s
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were identifiedHufford et al. 2021) Of the 103,538 pagenes, about58% are core genes and
32% aredispensable gengblufford et al. 2021) Besides NAM founders, many other important
lines have been sequedcdhe inbred lines PH207 and Mo17 were two of the major progenitors
of the maize commercial hybrid from 192004 (Mikel and Dudley 2006)and the genomes were
assembled to 2.1 Gb and 2.2 Gb, respelst (Hirschet al.2016; Suret al.2018) The background

line of UniformMu seed stock, W22, was sequenced and would be important for the UniformMu
related function and transposon stu@pringeret al. 2018) Genomes of four representative
germplasms of European breeding programs, HH1,DK105, and PE0075, were recently
assembledHabereret al. 2020) The genome assemtbbf inbred line SK (smalkernel),which
originated from a tropical landrace, can be used for yield trait andlyaigy et al. 2019) The
genome of inbred line 1a453 increased the number of sweet corn reference géroraesl.
2021) All these highquality genome assemblies of the diverse germplasms will not only facilitate
functional analysis of phenotypic trajtbut also will be the foundation to build a higbverage

maize pargenome

Wheat and its disease resistance breeding

Wheat is a global food crop originaing in the Fertile Crescent of the Middle East
Wheat is a daily calories and protein source for peaplover the worldShiferawet al.
2013) The domestication and cultivation of whdagan about 10,000 years ago in Fertile
Crescent(Bell 1987) At the beginning of wheat cultivation, the diploid domesticated einkorn
(Triticum monococcujnand tetraploid domesticated emmeritjcum turgidum ssp.dicoccor)
were the two of the three staple cerg@sll 1987) Eventually, an allohexaploid bread wheat

(Triticum aestivuni..) arose from the hybridization of its ancestors (tetraploiicum turgidum
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and diploidAegilops tauschiiin the Fertile Crescent about 8,000 years @&fcFadden and Sears
1946; Dubcovsky and Dvorak 2007; Faris 2Q04d bread wheat, consistiofthree genomes A,
B, and D, became the major wheat cfPpbcovsky and Dvorak 200.7n history, the productivity
of wheat was dramatically increased during the Green Revolution through the adoftio
technologies and varieties, whidaved many people in developing countries from hunger
(Shiferawet al.2013) However, the increase of wheat yield is slow in recent years, and the global
consumption demand of wheat is still growi@hiferawet al. 2013) To face the challenges,
modern breeding based on the diverse germplasmsew technologies is urgently needed
(Tester and Langridge 2010; N T etalh?2019;VasgFele s t o
et al.2019; Qaim 2020; Alotaibet al.2021)
The wild relatives for wheat disease resistance breeding

Wild relatives preserve the genetic divergitatwas not captureduring the origin and
domestication crops, and the introgressiotraits fromwild relatives is important for the crop
adaptatior{Hajjar and Hodgkin 2007; Dempewdlf al.2017; Heet al.2019; Khouryet al.2020)
Genetic diversity analysis suggested that the D geruadrtiee bread wheataptured less diversity
from its donor Ae. tauschiithan the A and B genom@3ubcovsky and Dvorak 2007y herefore,
there is a great potential to improve the agronomic traits of wheat with thiecgiiaersity ofAe.
tauschiiand its related species. However, the wild relatives' resource for modern wheat breeding
is not only limitedto theAegilopsgenus(Wulff and Moscou 2014)

Disease causeoly plant pathogens is one of the major constraints of wheat productivity
(Shiferawet al. 2013) The most efficient way to manage wheat disease ggdw the cultivars

with genetic resistance or resistance géBeskuset al.2001) To breed the resistancultivars,
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it is crucial to identify the sources of genetic resistagerees For wheat leaf rust, a fungal disease
caused byPuccinia triticing more than 79 resistancengs have been officially namé@ark 2016;
Bansalet al. 2017; Singleet al.2017; Kolmeret al. 2018a; b; Qureshet al. 2018; Kumaret al.
2021) Ofthe 79Lr genes, 20 of them afeom the wild relatives in théegilopsgenus, most of
which have been transferred infoaestivumand 18 of them arieom otherwheatrelatives ofT.
aestivum(Park 2016; Bansat al.2017; Singlaet al.2017; Kolmeret al.2018a; b; Qureslat al.
2018; Kumaret al.2021) That a largenumber ofLr genes originated from wild wheat relatives
supports the importance of introducing the diversity of wild relatigesnhancevheat disease
resistanceéhroughbreeding. Currentlynoreresistance genesestill neecedto provide sufficient
sources for breeding of the durable resistance.
Genomic resource of wheat and its wild relatives

Hexaploid wheat has a genome z@about 16 Gb consisting of three subgaes, which
is about 7 times that of the maize genome, lzamB5% of repetitive sequens€Schnablect al.
2009; International Wheat Genome Sequencing Consortium (IW@&iS)2018) Although the
two progenitors of bread wheaTriticum turgidum (AABB, ~12Gb) andAe. tauschii(DD,
~4.3Gb) are tetraploid and diploid, respectively, their genome assemblissllachallenging
(Citovsky and Keen 2017; Luoet al. 2017) With years of efforts andmproved genomic
technologies, the chromosoreeale genome assemblies of thedar wheat and its ancestors were
currently available to public acceéSitovsky and Keren 2017; Luet al. 2017; International
Wheat Genome Sequencing Consortium (IWGE8C3l. 2018) The genome of wild emmer (
turgidum ssp. dicoccoidewas assembled into 10.1 Gb chromosomes and annotated with 65,012

high-confident gene models, while the genomeA&. tauschiiwas assembled into 4.03 Gb
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chromosomes and annagdtwith 39,622 higitonfidence gene modg8itovsky and Keren 2017;

Luo et al. 2017) The bread wheat was assembled to 14.5 Gb and annotated with 107,891 high
confidence gene mode{nternational Wheat Genome Sequencing Consortium (IWG$@).

2018) In addition to the bread wheat, the genome of durum wHegic(m turgidum L. ssp.
durum) was assembled to 10.45 Gb (9.96 Gb chromosomes) and 66,55€ohiglence gene
models(Maccaferriet al. 2019) Another milestone of the wheat genomiadst 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 pagenome and molecular function analysis, which will eventually facilitate

wheat breeding.

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

The long-read sequencingiechnology

The DNA sequencing technology is an invaluable invention for life science research, and
it experienced revolutionary changes during the last several de@deather and Chain 2016;
Shendureet al. 2017) The first generation sequencing represented by Sanger Sequencing
contributed and was improved during the genome projgats$, as the genome assembly projects
of yeast, nematode, and hum@@offeauet al. 1996; C. elegans Sequencing Consortium 1998;
International Human Genome Sequencing Consortium 2004; Shesidair017) The second
generation sequencing, also named as next generation sequencing (NGS), is dominated by the
lllumina platform, and the Illlumina sequencing technology has more than 99.9% accheacy, t

advantage of a high throughput, but with relative short sequencing(&aeisdurest al. 2017)
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The emergereof long-readsequencingechnologeswas designetb overcome the limitations of
read length of NG@Heather and Chain 2016; Shendatal.2017; van Dijket al.2018)

Oxford Nanopore sequencing and PacBio SMRT sequencing are the twdangjozad
sequencingechnologies and have been used to generate high quality maize and wheat genome
assembliegJiaoet al. 2017; Maccaferret al.2019; Habereet al. 2020; Huffordet 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(paireet al.2016) while the PacBio
is to capturdluorescent pulseduring the synthesis of a new complementary st(&nd et al.

2009) The average read length of SMRT isII®Dkb(vanDijk 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 conseguesceproducing high

fidelity (HiFi) reads with very low error@Vengeret al. 2019) Both technologies can sequence

DNA base modificatios (van Dijk et al. 2018) but Nanopore has the advantage to directly
sequence RNA modificatiar{Parkeret al. 2020) Overall, both technologies are being improved

and are highly valuable fgenomic research.

The application oflong-read sequencingor genome assemblies

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

the contig assably with long reads becomes a common strai@pnget al. 2020; Sunet al.
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2020; Huffordet al.2021; Huet al.2021) Although the error rate of long read sequencing is high,
reads correction and contig polishing steps can improve the sequence atiumgey al. 2019;
Amarasingheet al.2020) In addition to the important role for genome assembly, long reads can
be used to discover structural variation associated with important agronomi¢QGheitslaet al.
2021)
The application of long reads RNASeq

RNA sequencing plays a crucial role in transcriptome anafgseket al. 2019) Long
reads RNASeq technologiebave beerdeveloped, including the Nanopore and PacBMAR
sequencing(GonzalezGaray 2016; Garaldest al. 2018) All these have been used for
identification of transcripts, which provide evidence for gene discoftduyford et al. 2021)
construction of transcriptome referen@snio et al), and identification of long neooding RNA
(Cui et al.2020) The Nanopore technology can sequence RNA directly, which has been utilized
to characterize RNA modificatisr{fParkeret 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 redativio 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 technologiesuséld to
produce bettegenomicresources, which will accelerate the breeding.
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Mai lndorleidne A18S8

Abstract

The inbred line A188 is an attractive modgdnotypefor elucidation of maize gene
function andransformabilitydue to the high embryogenic and transformable character of the line.
A188 exhibits many contrasting traits to the inbred line B73ljnlkeaused fofirst maize reference
genome. The lack of a geme sequence of A188 limits the use of A188 as a nyetedtypefor
functional studies. Here, a chromoseleeel genome assembly of A188 was constructed using
long reads and optical maps. Genome compatistweenAl188 andB73 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 theGametophyte factoribcus for unilagral crossncompatibility and six inversions
of 0.7 Mb or greater. Increased copy number of a geretenoid cleavage dioxygenaséctdl)
in A188 compared to B78& associated with elevated expression during seed development. High
ccdl expression in s&ls together with low expression yéllow endosperm {yl) condition
reduced carotenoid accumulation, which accounts for the white seed phenotype of A188 that
contrasts with the yellow seed of B73 that has high expressigh arfid low expression of the
single-copyccdl 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 arbggitution segence for a complex

" Reprinted fronLin G., C. He, J. Zheng, EH. Koo, H. Le,et al, 2020 Chromosomkevel Genome Assembly of a
Regenerable Maize Inbred Line A188. bioRxiv 2020.09.09.28961020 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 extensivespecées structural variations
and other genetic differences. Expressiod aetwork 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 ljerde<st al. 1993) A188 is amenable to somatic
embryogenic cultureFigure B.1) and regeneration and wa®tfirst maize line used to produce
genetically modified plantRhodeset al. 1988) A popular maize transformation line,Hj was
isolated from offspring of a cross between A188 and B73, an elite maize reference inbred line
(Armstronget al. 1991; Vegeet al. 2008) Although highly valable for plant regeneration and
transformation, A188 is not agronomic competitive, having small ears and low grainFyggloe(

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 comparisote tmaize lines
(Wisseret al. 2011) Nonetheless, hybrids of A188 and B73 exhibit extenketerosisKigure

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 beepursued to develop efficiency and quality strategies for maize genome
sequencing and assemblies. The first maize reference genome for B73 was sequenced and

assembled usingacterial artificial chromosomes (BAC§$chnableet al. 2009) Since then,
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additional assemblies have been produced usingaled next generation high throughput
sequening, including both short and long read technolo@fitisschet al. 2016; Jiacet al. 2017,
Sunet al. 2018; Springeeet al. 2018; Yanget al. 2019; Ouet al. 2020; Habereet al. 2020)
Recently, two longead technologies, PacBio and Nanopore, were combined with optical DNA
mapping to producetagh-continuity maize assemb(iiu et al.2020) Here, Nanopore long reads
andopticalDNA mapping were used to construct a chromostewuel 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%eeds were obtained from the North Central Regional Plant Introduction

Station in Ames, IAThe A188 inbred line was derived from a cross between the inbred2i@e 4
and the inbred line 64, also named A48, followed by four generations of backcross2@itfilde

line 4-29 was derived from the commercial variety Silver King and the line 64 was from a
northwestern dent linGerdeset al. 1993) Double haploid lines were developed from thef

B73 (P1550473) x A188 at the Doubled Haploid Facility at lowa State University.

Nanopore A188 wholegenome sequencing

A188 were grown in the greenhauat 28°C and 23°C day/night, with a photoperiod of
14: 10 h (light:dark). Nucl ei were isolated
protocol(Zhanget al. 2012)and dissolved in buffer G2 (Qiagen). The lysate was used for DNA
isolation with Qiagen DNeasy Plant Mini Kit (Qiagen) following thamafacturer protocol. A188
genomic DNA was size selected for-36 kb and above with the BluePippin cassette kit BLF7510

(Sage Scienceyith high-passfiltering protocol, followed by a library preparation with the SQK
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LSK109 kit (Oxford Nanopore). Each DNirary was loaded on a FL-®IN106D flowcell and
sequenced on MIinlION (Oxford NanoporeEASTS5 raw datavere convertetb FASTQ dataising
thebasecaller Guppy (version 3.4@xford Nanoporgwith default parameters.

lllumina A188 wholegenome sequencing

Three independent A188 leaf samples were collected for extracting nuclear DNAs. Two
were used for PCiRee paireeend 2x125 bp lllumina sequencing and one was used forfRER
pairedend 2x250 bp Illumina sequencing on Hiseq2500 at Novogene. In addiioomic DNA
was extracted from Al8Bnmature ears for addition®lCRfree pairedend 2x250 bp Illumina
sequencing. Therefore, comparable 2x250 bp data were generated from the leaf and ear tissue
samplesThe 2x125 bp lllumina sequencing data were companaiih the previously generated
2x125 bp B73 whole genome sequencing data (SRR4039069 and SRR4{BRO&0Al.2017a)
both of which were used f@omparative Genomic Read Degg@®GRD) analysis.

Assembly of Nanopore datavia Canu

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

Contigs filtering

Leaf and ear 2x250 bp data were aligned to thegati wi t h t he fAmemd mo
(0.7.12r1039)(Li and Durbin 2010)Uniquely mapped reads with less than 15% mismatches were
used to determine read cosmter contig with the fAintersecto
(Quinlan and Hall 2010)The log2 of the ratio of read counts normalized by using total reads of

leaf and ear samples was calculated &mhecontig. 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) (Alongeet al.2019)were discarded. In addition, the contigs (N=16) smaller thadb sere

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 accessk2®3080.1) 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 dueotheterogeneous forms of mitochondriatie A188 genome assembly,

A188Refl, 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 contigsfrom 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/nanopddh). Briefly, Nanopore reads were aligned with the contigs using the

aligner Minimap2 (2.14892)(Li 2016). Polymorphisms, including small insertions and deletions
as well as single nucleotide polymbisms, were called arsgtquence errors wecerrected The
Nanopolish polishing was performed twice, followed by twice polishing with Illumina sequencing
data using Pilon (version 1.2B8\alker et al. 2014) In each Pilon polishing, reads were aligned
to contigs with the melD89)(eand Durbii BDa&d)yContigsrwerd w a
corrected with the parametersfefminmqg 40--minqual 1% wusi ng Pi |l on.

Hybrid scaffolding with Bionano data and polished contigs
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Bionano raw molecules were filteremlremovanolecules 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 theapr a me t -ebr-yso .ofThie hybri d scaffol ding |
Tools was used for scaffolding polished contigs. The conflict filter level for both genome maps
and sequences were set -BB-N22by wusing the para

Construction of a B73&A188 genetic map
Genomic DNA of DH lines was extracted by using BioSprint 96 DNA Plant Kit (Qiagen),

and normalized to 10 ng/uL femnableGenotypingBy-Sequencing (GBS) modified from tunable

GBS (Ott et al. 2017) Briefly, for each genomic DNAample the restriction enzymBsp1286l

(NEB) was used for DNA digestion for 3 h at’@7 followed by ligation with a barcoded single
stranded oligo with T4 DNA ligase (NEB) for 1 h at’@6 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 (Qiage). The purified ligated DNA was subjectto PCR amplification with

Q5 highfidelity 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 omMeseqX 10atNovogengUSA).

Raw FASTQ data were deconvoluted to multiple samples and trimmed to remove barcode
sequences and leguality basesisingTrimmomatic (version 0.38). Clean reads were aligned to
polished contigsvi t h t he fAmemo module of bwa and uniqu
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 var{ditkennaet
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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 D{lires al.2017) Genotypes of
bin markers of 100 DH lines were used to construct atgemap with MSTmapWu et al.2008)

Another genetic maBupplemental_file_211) 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 basedoolished 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 b 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 ALLKI&PS utility
libraries v1.0.6)(Tang et al. 2015) was conducted with default parameters, constructing 10
pseudomolecules corresponding to ten A188 chromosomes.

BUSCO assessment

Berchmarking Universal Singi€opy Orthologs (BUSCQ(Simaoet al.2015)was run in
amodeof fAgenomeo to assess the completeness of
was run in a mode of Atranscriptomed to asse
default parameters. Both assessments using the Liliopsida database (liliogbitid) that
consisted of 3,278 conserve core genes.

Estimation of base errors using KAD analysis
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The modul e AKADprofile. pl @eetal2020OmasuBedd t ool
estimate errors in A188Refl. The input read data were the merged trimmed Illlumina 2x250 bp
reads from leaf and immature ears. Thadr length of 47 mer was used.

Estimation of recombination rates

Genetic distances of nasverlapping IMb windows was estimated. Newverlapping 1
Mb wi ndows were generated by the modQuinlan of i
and Hall 2010) The last window of each chromosome was discarded due sontidéer size than
1 Mb. The prediction of genetic distance per window utilized a method developed prefigusly
et al.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
repetitiveelement. 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 tlleto uspresent the
recombination context of the element.

The recombination rates that dosver 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 ssté&aized for
30 minutes in 50% (v/v) bleach (6% sodium hypochlorite) that contathslf®ps of Tween 20
followed by three washes in sterile distilled water. Immature embryos of $iZe5lmm were
isolated and cultured on callus induction medium (C{RBkshitet al.2010). CIMwas composed

of Chu N6 basal medium with vitamii€hu et al. 1975) supplemented with 2.3 g/L-proline,
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200 mg/L casein hydrolysate, 3% sucrose, 1 mg/kd&Alorophenoxyacetic acid, 3 gdelrite,
pH 5.8. Subculture was conducted every 14 days. THa@9 callus samples were collected for
methylome and transcriptome analysis.

lllumina RNA -Seq, transcriptome assembly, and differential expression

Thirty-three RNA samples were extracttdm 11 diverse tissue types of A188 withree
biological replicatesisingRNeasy Plant Mini Kit (Qiagen)T@ble B.2). Briefly, the 11 tissues
included the root and the abegeound of 16day-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 tleallus after 39 days culture of DAP11 immature embryos. RNA
quality control, library preparation, and sequencing were perfoameah lllumina Novaseq 6000
platform at Novogen€USA). Trimmomatic (version 0.38Bolgeret al.2014)was used to trim
the adaptor sequence and lgwality bases of RNAeq raw reads. The parameters used for the
tr i mmi ng i s Al LLUMI NACLI P:trimming_db: 3:20:
SLI DI NGWI NDOW: 4: 13 MI NLEN: 400. The tri mming
the sequences: adaptorl, TACACTCTTTCCCTACACGACGCTCTTCCGATCT; adaptor2,
GTGACTGGAGTTCAGACGTGTGCTCTTCGATCT. Onlythese trimmegaired reads both
of which were at least 40 bp after trimming were retained for further analysis.

Trimmed reads were aligned to A188 (A188Refl) using HISAT2 (version 2.1.0) with the
par ame tpd+dsa--no-Mixeid--no-discordant-k 5-x ¢Kim et al.2019) Alignments whose
paired reads were concordantly paimnvere kept. The software StringTie2 (version 2.(KOyaka
et al.2019)was used tossemble 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
assemblysingthe merge function in StringTie2.

Differential expression of the callus relative to other tissue types
Trimmed reads were aligned to A188Refl with STAR (2.7 &x)bin 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) wasdagkzhtify differential expression between

the callus and each of other tissue types. Multiple tests were corrected with the FDR (false
discovery rate) approac{Benjamini and Hochberg 1995Yhe FOR of 5% was set as the
threshold.

Nanopore A188 cDNA direct sequencing
The samethree biological replicates of the seedling and callus samples used for lllumina

RNA-Seq were sequencedingthe Nanopore direct cDNA sequencing protocol. Briefly, mMRNA
was first isolated from 10 ug total RNA with Poly(A) RNA Selection Kit (Lexogen), Wi by
direct cDNA library preparation with SQRCS109 kit (Oxford Nanopojeusing he protocol
version DCS_9090 v109 revB_04Feb2019. The cDNA library was loaded onto-RIMLD6D

R9 flowcell and sequenced on MinlON (Oxford Nanopore).

FASTS5 raw data wasonverted to FASTQ data using the basecaller Guppy version 3.4.5
(Oxford Nanoporg with default parameters. Tw&imming steps were employed. Adapter
sequence was first trimmed by porechop (version 0.Btgs;//github.com/rrwick/Porechpprith
p ar a me-theck sead$ 10000adapter_threshold 108end_size 100-min_trim_size 5-
end_threshold 88-extra_end_trim t-middle_threshold 108-extra_middle_trim_good_side-5
extra_middle_trim_bad_sidé&50 |, and then poly A was tri mmed

2.6)(Martin 2011)wi t h t he -gP12j-ehlsaAfl2}-ni 1000. Tri mmed
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aligned to A188Refl as unstranded smliéeng reads using MiniMap2 (version 2.14) 2018)
with the -axarsapmeitceero . Mer ged alignments from th
for generating assembled transcripts.

Genome annoation
The Maker (2.31.10) was used for genome annotdtitoit and Yandell 2011)The

genome was masked by using Repeatmasker (4&n7jet al.20132015)with the A188 repeat

library built bythe Extensivele novol E Annotator (EDTA, v1.8.4jOuet al.2019) Two rounds

of the maker prediction were performed. At the first round, the A188 assembled transcripts and
B73Re#l 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,atwinitio gene predictors were used. Priothie 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 genetoredsnap (2013 _11 29Korf

2004) augustus (3.3.3)Stanke and Waack 20Q3nd fgenesh (v.8.0.0%dftberry.con. 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
withthef ol | o wi n-gvaleedebt-gecrava_Ms p_perc 600 to the trar
were filtered. Second, a transcript retained ifcérried Pfam domains from the result of
InterProScan (version 5.397.0) and/or had an annotation edit distance (NEBs than 0.4yhich
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 SWES8t database

(https://Iwwwuniprot.org) with the evalue cutoff of 166. Gene ontology (GO) was extracteaim

InterProScan.

Identification of a major transcript per gene

For a gene containing multiple transcripts, a major transcript per gene was selected if a
transcript hadhe highest noizero FPKM Fragments Per Kilobase of transcript per Million
mapped readsletermined from lllumina RNASeq datasets of diverse tissues by Cufflink (v2.2.1)
(Trapnellet al.2010) and/or the lowest BLASTPRalue to the SWIS®rot database, and/or the
longest transcript length. The BLASTRvalue had a priority relative to thieanscriptlength. 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 v1.0l@nget al.

2008) Maj or transcripts were -wusedras.99e iwaputus
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 alto-all BLASTP with the evalue cutoff of 1é5. The BLASTP resultvas 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.iiaximum 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 -WhRotator pipeline
(Steuernagedt al.2020)

Repeat annotation
EDTA (v1.8.4)(Ouetal.20199 was wused for repeat annotati on

input, the curated maize transposable element databaséttmst/github.can/oushujun/MTEC
as the Acuratedlibo IinpuAcdsadhdi BBt .coding seq

Analysis of NUMT and NUPT
The Anucmer o command f r (Kortzetbl.2004)was usedats e MU N

align the A188 mitochondria or chloroplast genomes to A188Refl. For mitochondrial alignments,
each required at least 5 kb and 95% idenfigr chlorglast DNA alignments,a&ch required at

least 3 kb and 95% identity based on the minimal requirement for a suffitiemeéscencen situ
hybridization(FISH) signal(Roarket al. 2010) Multiple alignments with the distance less than
100 kb were clusterddto a block, considered to be a nuclear integration event.

Comparative genomic analysis via SyRI and CGRD

The fAnucmer 06 command was used for whol e ¢
pseudomolecules between A188Refl and B73Refd.e p a r a-imexmatd -c 500-b 500
1 500 was used in the commadbs-tl100dmoéc maer © hand omim
of deltafilter, which resulted in best alignments with at least 1 kb matches and at least 95% identity
bet ween the two asmembodtrds genommaand TWHEHINEGO he p
was run to convert alignments to a-idimited flat text format. Alignment results were then used
for identifying genomic structural variation and nucleotide polymorphisms through SyRI (v1.2)

(Goelet al.2019)wi t h t h e p-allovaorfeft sea SyRIlABal&is.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)gfthub.com/liu3zhenlab/GRD) was employed to find copy

number variation (CNV) through comparing depths of lllumina reads from A188 and B73 with the
default parameter@enget al.2019) A value of the log2 read depth ratio per sequence segment

(0 ¢ "Q)M&he indication for CNV. For a segment, thé "Q¥©@lose to zero if sequences of two
genotypes are identical and no CNVs. The sufficient derivation of the méaa 60 Yr@n zero

is likely due to CNV or a high level of divergence. CGRD was performed using A188Refl as the
reference genome and idéietd 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), opy number plus (A188>B73), and copy number minus (A188<B73) in A188
relative to B73.

Identification of presence and absence varian¢®AV) or highly divergent sequences
(HDS)
SyRI analysis listed B73Ref4 sequences that were not aligned to A188Reficeanersa

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

segments. For each SyRI event, a supporting score of read depth data from CGRD was determined
by using the formula 0B ——, whereQepresents thé&h overlap between a CGRD
segment and a SyRI evedt¢ "Q¥t@nddor thed ¢ "Q6fGhe CGRD segment and only negative

values were taken into calculatidim;is the overlapping length in bp;is the length in bp of the

SyRlI event; and is the total number of overlaps. The resulting value from the formula refgesen
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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.

Identifi cation of large inversion events

Inversion, from kb to Mb levels of events, between A188Refl 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 wergnald to B73Ref5 to confirm the inverted orientation
relative to A188Refl. 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 B73Ré&f 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 twogjandhoeated
on the inversion were identified. The common SNPs genotyped in the maig@u2@2vskiet al.

2018) population were extracted for determining linkage disequilibrium (LD) between SNPs in
distance of 0.20.3 Mb. Vcftools (v0.1.17jDaneceket al.2011)was employed to calculate LD.
The genomevide LDs between SNPs in distance of 0.2 Mb were determined as the control.

Structure analysis of inversions in maize HapMap2opulation
The software STRUCTURE (v2.3.4Pritchardet al. 2000) was used to analyze the

inference of population structure for A188 inversions in maize HapMap2 popu(btiidiord 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 STRIURE analysis. The major alleles, minor allele

and missing locus in SNP dataset were converted to 0, larebpectively. K=2 as the cluster
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number and 10 replicate runs of the admixture model were used, with-m ledirt0,000 iterations
and a rurlength of 20,000 steps.

Fluorescencen situ hybridization (FISH)

Mitotic and meiotic chromosomes were prepared as described by Koo and Jiang (2009)
with minor modificationgKoo and Jiang 2009Roottips 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 chcked under a phase microscope. All preparations were stei#f@tuntil use.

DNA probes of the CentC, Knob, Cendoo et al. 2016) and the probes for examining
NUMTSs, the PME cluster, and a potential large inversion on chromosoffiabde B.3 were
labeled with digoxigeni#i1-dUTP (Roche, Indianapolis, IN), biott6-dUTP (Roche), andro
DNP-11-dUTP (PerkinElmer), depending on whether two or three probes were used in the FISH
experimentKoo et al. 2016) The FISH hybridization procedure was according to a previously
published protoco{Koo et al. 2011) After posthybridization washes, the probes were detected
with Alexafluor 488 streptavidin (Invitrogen) for biotlabeled probes, and rhodamicenjugated
antidigoxigenin for diglabeled probe (Roche). TheNP-labeled probe was detected with rabbit
ant-DNP, followed by amplification with a chicken améibbit Alexafluor 647 antibody
(I'nvitrogen). Chr o mo s o me-diamuwiro2-phenyliodola (DARNSN ai n e d
Vectashield antifade solution (Vecthaboratories). 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 PhotoshdpS5 software (Adobe).

QTL mapping
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Kernel colors of 12873xA188DH lines were scored as 1 to 6 (1=white, 6=yellow, and 2
to 5 indicated colors between white and yello@T.L mapping of kernel color was performed by
using scanone function with Hak§nott regression method in the R package (#Btbmanet 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 expressiccd@findyl gene in genotypes of
A188 and B73 as all 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) f oRCRwasiperfgomedh e ma
in a reaction of 10 ul with the IQTM SYBR Green Supermix reagent (Bio&tathle CFX96 Real
Time PCR System (BioRad). The thermocycling conditions for the W€Rded an initial
denaturation at 95eC for 3 minutes, foll owed
annealing and extensi on keepingtefeerite gemetinlvdadusede c o n d ¢
as the internal control. Cycle threshold valugég 6f two technical replicates were averaged and
used to quantify relative gene expresdexels The relative expressidavelsof each ofccdland
ylgenes in eackamplewerecalculated using the formufa 1t 11¢ , WhereactinCt
andgeneCitstand for theCt values ofactinlandccdl1(or yl), respectively. The primers used are
as follows: actinl actl _qrt 2F and actl grt 2Rcdl ccdl grt 5F amh ccdl grt 5R;yl:
yl grt_ 4F and y1l_qgrt 4Rable B.3.

Whole-genome bisulfite sequencing (WGBS)
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DNA from seedling and the callsmmples that were used for RNB&qwere subjected to
WGBS on a Novaseq 6000 at NovogdhksSA). A Bismark pipeline (v0.22.1) was adapted to
process bisulfite sequencing DNA methylation d@eueger and Andrews 2011Briefly, raw
reads were subjected to Trimmomatic trimming (vO.3Bplger et al. 2014)to remove adaptor
and poolquality sequences. Bowtie2 (v2.3.5(Langmead and Salzberg 2018)ilt in Bismark
was used for the alignment and alignments of duplicated reads were removed before methylation
calling. Themethylation 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.@jtbub.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 transegpsequally
divided into 200 windows. For each gene, the 2rkthe5 -@pstream region and the 2 kbthe
3 -@lownstream region were also extracted. The DNA methylation rate in three sequence contexts
(CG, CHG, and CHH) on each window of the gene bodyeach 20 bp in upstream and
downstream regions was separately determioezkaminethe distribution of DNA methylation

on and around genes.

(@)

DMRs were |l ocated in the three regions, 5
kb. For each region, the iadendence between changes of DNA methylation, increased or
decreased in the callus versus the seedling, and regulation in gene expressangdapn
regulated in the callus versus the seedling from DE analysis, was examined thretajistical

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. Pdgstiwas
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)sing expression of 29,222 genes in 33 RBEY datasets from 11

A188 tissue types. WGCNA was performed to cluster A188 tissue samples with the parameters
minModuleSize = 6 and sethresholding power = 9. The Gephi software (ver§icn2)(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
functionsprcompwith the expression per gene averaged from three replicatesqes 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 (YOGeglet al. 2010)

was employed.

Results

Chromosomelevel A188 assembly

Long reads, representing a 90X coverage, were generated frongaid8&ic DNA using
the Oxford Nanopore sequencing platform. The N50 of read lengths is 23.9 kb, and the longest
read is 264.5 kbHigure B.3). Genome assembly, performed using Canu, resulted in 1,830 contigs,
comprising approximately 2.2 Gb of total sequesicThe N50 of contigs is 5.99 Mbable B.4).

Read depths for contigs were assessed using lllumina short reads generated independently

from seedling and immature ear DNAs to identify potential contamination from organelle genomes
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or extraneous microbial MA. 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 gen(@iiéon et al. 2004; Bosacchet

al. 2015)and contigs from extraneous contamination were discafdgdré B.4). The remaining

contigs werepolished using raw Nanopore data and 80X Hf@R lllumina 2x250 paireend

whole genome sequencing reatlalfle 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 isMif23T4e

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) consist®.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 pipelingHe 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
(Siméoet 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 (B73R@idpet al.2017)

Presence of comiex 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) retrotransposo@ypsyand Copia were the most prevalent elements,
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consisting of 44% and3.9% of A188Ref1, respectivel¥igure 2.2 circos plot(Krzywinski et

al. 2009). LTR centromere retrotransposon of maize (CRM) were largelijocalized with
centromerespecific satellite repeatentC, 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 Invesfezht Transposable
Elements (MITES) Eigure 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 regaly (4
were clustered on the distal regions of 1S, 3S, 4S, 5S, anBi@lrd 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
A188fluorescent in situ hybridization-(SH) data(Kato et al.2004) Most repetitive components
were located in regions dw-recombination contexts except the 5S rDNA locus and subtelomeric
clusters Figure B.5).

Nuclear mitochondrial DNA (NUMT) and nucleglastid (chloroplasitpNA (NUPT) were
identified at 10 and 21 genomic loci, respectivélig(re 2.3a, Figure B.§. Thelargest nuclear
organellelike 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 anfire@ad a homolog on the distal end of
10S Figure 2.3b,39. In summary, the genomic locations of repetitive sequences and nuclear
organelle sequences are largely consistent with previous findings by (Etsigh et al. 2008;

Roarket al.2010) supporting the largscale correctness of A188Refl.
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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 setngedata, A188 RNASeq
lllumina short reads, and transcripts from other maize lines, as well as protein sequences from
closely related plant species. The Maker genome annotation resulted in 40,74drtfigance
gene models with 62,142 transcripts (A188Ré) (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 mdiéied 178 gene clusters in A188 each of which contains at least
three paralogous genes, comprising in total 694 geéltes.dusters of genes encoding pectin
methylesterase (PME) were identified on an unanchored scaffold c04 002 (two clusters with 25
and18 genes), on chromosome 4 (one cluster with nine genes), and on chromosome 5 (one cluster
with five genes) Eigure 2.49. Gene clusters also include eight clusters ohd@eotidebinding
leucinerich repeat (NLR) disease resistance (R) geRragife 2.4a). One NLR gene cluster on
chromosome 10 has 16 genes homologous tpthgene that confers resistance to common rust
(Hulbert 1997)and was associ ated wHutethal. 2Gk8)gFgars 2.4h).i | t r
Most paralogous clusters were not located in regions with high recomhir(&igure 2.44.
Exceptions include thg1 locus, which has a high level of haplotype instability through frequent
recombination amongpl paralogs (Bennetzeret al. 1988; Suret al. 2001; Smithet al. 2004)
Divergentrpl haplotypes were observed between A188 and B73 that contaip$ hidmologs at

the syntenic locusHigure 2.4b).
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We identified 2,259 paralogous gene panfswhich one member was located inighi
recombination chromosomal compartment and the other in ado@mbination compartment
(Methods). Comparison of DNA methylation of A188 seedlings found that, on average, both CG
and CHG methylatiotevels where H represents A, C, or T, were higher raga within low
recombination paralogous genes as compared to-rBgdmbination genes. No obvious
differences were observed in CHH methylatiéig(re 2.4d-f). Comparison of gene expression
between members of the paralogous pairs using seedlingFadgAhta showed most paralogs had
similar expression levels and no expression bias to either bigbw-recombination genes was
observed for those paralogs that did exhibit differential expres§imure B.7). The result
indicated that the genomic contextgenes 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 geme assemblies of both genomes using SyRI software
(Supplemental_file_2.) (Goelet 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 read&upplemental_file_2.2, 2.B (Penget al. 2019) SyRI
revealed ~1.1 Gb of syntenic regions, 2,302 translocations, as well as 4,083 duplications in B73
and 2,333 dplications in A188 using a minimum cutoff of 10 kb for each translocation or
duplication eventTable 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. Fugheg fil

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 AXgfecific sequences that represent presence and absence
variance (PAV) or highly divergent sequences (HDS). These PAV/HigBns contain 6,728
genes in B73 and 7,301 genes in A188{plemental_file_2.4, 2.h Gene ontology enrichment
analysis indicated that genes related to endopeptidase inhibitor activity and extracellular activities
are enriched in both PAV/HDS gene séig(re 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 vessimrt available from maizeGDB)
showed the same orientation as A188Refl, including the largest inversion region (INV37083 on
B73Ref4, 97.8.03.9 Mb on chromosome 4). FISH analysis of A188 and B73 corroborated the
absence of inversion INV37083Figure 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 artdigh mean LD ranging from 0.56 to 0.79 of all pairs of
SNPs that are separated by-0.2 Mb within an inversion, which are much higher than the
genomewide average LD of 0.2 between SNPs in separated by 0.2TkMtig B.7). These six
inversions exhibitig marked recombination suppression characteristic of inver@itmrgan
1950) therefore, are strongly supported. The six inversions range from 0.7 to 2.1 Mb in size, of
which two are located close tiee centromere of chromosome 2 and four are on 3L, 4L, 5L, and
9L (Table B.7). In total, the six inversion sequences harbor 69 gaer#g3and 75genes inPA188.

The syntenic relationships of these genes were largely maintained between inverted seguences i
the two genomes (example fiigure 2.5d), although the gene sequences are divergent in a high

degree from each othdfigure 2.5b, Figure B.10B11,B12,and B16). The divergence of these
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inversions indicated that the inversions were not recent eventgamad in modern maize
populations. Admixture structure analysis showed that both A188 and B73 haplotypes of 3/6
inversions exist in teosinte, the maize wild ancedtagure B.19), and no clear evidence of the
haplotype of the remaining three inversiexsst in teosinteKigure 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 relpéiwea 8.68 Mb
and10.45 Mb on chromosome 4 of B73ReHdure 2.59. In A188, a portion of the duplication
was found in the unanchored scaffold c0O4_002 while most of the remaining duplicated sequences
can be found in chromosome Figure 2.59. The duplication region overlapped with the
Gametophyte factor({Gal) locus conferring unilateral crosscompatibility (UCI) (Zhanget al.
2018) The underling 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 ¢it8iosome
4S and weak signals on B¢BromosometS, indicating that the duplication occurred locally on
4S Figure 2.5f). The B73 Zm00001d048936 gene has no additional hmgyoak copies in
B73Ref4 but five homologous sequences can be identified on the duplicated sequence of
A188Refl, including the syntenic gene Zm00056a022745 that is identical to Zm00001d048936.
Collectively, the result documented the complexity and the patetynamic of theGallocus 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 B73Rd¥pre B.16). This region includes the
carotenoid cleavage dioxygenase (dcdl) gene catalyzing the cleavage of carotenoids to
apocarotenoid products, which is located at the White cap 19¢c® €onditioning kernel colors
(Vogelet al.2008) SyRI analysis supported a duplication of this region but failed to find a number
of copies in A188. SyRI anadys also indicated the duplicated region is embedded in-Ah88ific
sequencedHgure 2.6g. Comparison of A188Refl with an A188 BNG optical map aligned to the
duplication region indicated the incomplete assembly of the region. Previously, tandematpeats
an ~27 kb sequence at tW&llocus were discovergdanet al.2017) Each repeatdnibits four
discernible sitethat 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 gencoméains 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 repeatorigins acd1lgene indicating
at least B copies ofccdlin 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
accdlgene.

A188 seeds are white, whereas B73 seeds are yellowFgeaee 2.1). Analysis of
guantitative 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 gemergssociation

study(Romayet al.2013) as well as a weaker peak on chromosontedlife 2.6¢,Figure B.21).
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Two known genegl andccdlin themajor peaks are responsible for kernel coléigyre 2.6d)
(Buckneret al.1990; Taret al.2017) The dominan¥ 1allele conditions yellow kerne(8uckner
et al. 1990) Several variants exist between the AI@B (Zm00056a032392) and B781
(Zm00001d036345) alleles, including one amiwmagolymorphism (Ser258Thr) in the coding
region figure B.22) and polymorphisms found in 56 wupst
including a (CCA)mi crosatellite wvari at i (@Phelpsenal. 1996 506 u
(Figure B.23). Quantitative reverse transcription PCR (gRCR) reveals higher expression of
theylgene in B73 relatie to A188 Figure 2.69. In contrast, the B78cdlexpression was much
lower than that of A188, presumably due to the differences in copy nukigerd 2.66. Because
higher expression of functional alleles of tteellandyl genes is expected to reducelancrease
the accumulation of carotenoids, respectively, the differences in the expressionafitardyl
genes in B73 and A188 likely explains yellow kernels of B73 and white kernels of KR8«
2.6d,69. The expression levels of the alleles in two DH lines with different allele combinations of
these two loci were similaF(gure 2.69.
In addition to lernel color, QTL analysis of cob glume color of which A188 is white and
B73 is red mapped a single strong peaklenshort arm of chromosomgllOD=23.8) Figure
B.24). Pericarp color 1(P1) encoding a Myb transcription factor located in the QTL peak was
known to regulate pigment gen@Srotewoldet al. 1994) The CGRD result indicated thB73
had more copies of tiel gene than A188, presenting another structural variation event associated

with a phenotypic traitRigure B.24).
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Distinct gene expression and hypermethylation in calli relative to seedlings

Transcriptomic data were generated Id diverse tissues with three biological replicates
each. Both principal component analysis and clustering of these tissue samples based on their
genomewide gene expression showed that the callus from tissue culture were closely related to
root, leaf bae, embryo, and ear, but distinct from middle leaf, leaf tip, and seedkigyse
B.25, Supplemental_file_2.J A set of 734 callus featured genes were identified that exhibited at
least 2fold up-regulation in the callus as compared to any other ss@ugplemental_file 2.7).

Genes involved in cell wall biosynthesigfense activity, heme binding, transmembrane transport,
and transcription regulation are enriched in these featured dgeigese( B.25). For examplea
number of NLR and defenselated genes, includingPathogenesiselated protein 1(PRJ)
(Zm00056a001451), were activated in the callus. The top six enriched transcription factor families
areWOX, AUX/IAA, LBD, AP2, WRKY, and NAC, which included homologs 8aby boom

(AP2) andWuschelZWox) genes relevant to cell division and expanskeigyre B.26) (Lowe et

al. 2016)

The callus and seedling tissues were selected for examination of gemomeDNA
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.% vs
on CHH (Table B.8). The analysis of CG and CHG methylation over all genes did not find major
differences between callus and seedling tisgtigufe 2.7a, 78). However, there were major
differences in the level of CHH methylatioRigure 2.79. On aveage, 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 ttests,Figure 2.7d,7€). 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 pairedtests,Figure 2.71).

Differentially methylated regions (DMRs) were identified thghicomparison of the DNA
methylation profiles of callus and seedling. In total, 6,927 CG DMRs, 9,631 CHG DiviRs,
11,275 CHH DMRs were identified Table B.9 Supplemental_file 28, 29, 2.10).
Hypermethylation in callus relative to seedling was the preéaam 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 rawgdFigure 2.79. 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) (Gentet al. 2013; Liet al. 2015b) CHG DMRs exhibited different
trends for localization for hyper and hypomethylated DMRs with hypermethylation DNAs
enriched at TSS and TTS regions and hyetwylated DMRs enriched in gene bodiésy(re
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 enribed for being differential expression (DE) in seedling relative to callus
compared to genes without DMRs. £20.9, pvalue=4.9€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 expressiofii et al.2015a; Sartoet al.2019) We found that the DE genes with

hypomethyated or hypermethylated DMRs at most regions exhibited roughly similar numbers of
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up-anddowrr egul ated with exception at CG hypometh

and CHG hypomethylation in the gene body, both of which were associated wegulation of

gene expression in the calldddure 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 lofrgnge optical mapping. The quality of the assembly was enhanced by the
strategy of comparing read depths of short read data from indepeDNA sources to filter
contigs before the scaffolding, which eliminated contamination from DNA sequences of organelle
genomes and microorganisms and preserved ntickEmrated organellar sequences. Our
assembly added a new and reference genomeet@dhection of sequenced maize genomes
(Schnableet al. 2009; Hirschet al. 2016; Jiacet al. 2017; Suret al. 2018; Springeket al. 2018;

Yanget al.2019; Ouet al.2020; Liuet al.2020; Habereet al.2020)

A novel strategy for the discovery of genome structural variation based on quantitative
comparison of depths of sgencing 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 deal method to reveal copy number variation and rearrangements. However,
technically, alignmenbased methods still suffer from repetitive sequences. More critically,
finding structural variation with assembled sequences is sabjerthe quality of asseblies.

Unfortunately, assemblies of most plant genomes or other large complex genomes are generally

47


https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z
https://paperpile.com/c/CUcTA8/aBP0c+MfPvl+cXgMU+pYgp6+1orPb+x4ZsW+DoGnO+LUI3t+g1l0z

not complete or erreiree. For example, here we found that B73Ref4 is missing the topmost region
of the short arm sequence of chromosomd-igure 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 S§@delet al.2019) In particular, the CGRD
pipeline can detect copy number variation missed by SyRI due to incomplete assembly at
structurally complexegions. For example, through CGRD, a 1.8 Mb duplication @ #idocus
and a highcopy tandem duplication &W/clin A188 were identified, both of which did not stand
out from SyRI analysis. The two methods are complementary in that CGRD captures agtbalan
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 critital 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 ted1gene, which, in A188, consssbf 13 copies.
The high copy humber attd1corresponds to the high expression, which was previously observed
and presumably leads to a high activity of the carotenoid cleavage enzyme and enhanced
carotenoid degradatiqffanet al.2017) Furthermore, the expression of the Al8&llele is low
during seed development, while $texpressia in B73 is relatively higliStelpfluget al. 2016)
Both alleles were highly expressgdsome norseed tissues such as leaf. The Ay&&llele 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 thg X dlige and
the single copyccdlallele of B73. An additional minor QTL wancordant with QTLs from

multiple other B73derived biparental population§Chandleret al. 2013) The candidate gene
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zepl (Zm00001d003513), encoding zeaxanthin epoxidase, was previously identified but
functional validation is needg@wenset al. 2019) Based on kernel colors &f73 x A188DH
lines, the three QTL loci are not sufficient to fully determieenel 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 pluripotengikeuchiet al. 2013) The transition of differentiation status
is, physiologically, stresaf (Hu et al. 2020) Somaclonal variation in plants produced through
tissue culture mape the product of DNA damaging stress respoilises and Phillips 1988)
Transcriptomic data from this study revealed that, in fact, defense response genes were enriched
among the callus featured genthat were upegulated in the callus as compared to any other
tissues. Hypermethylation is consideredb® a protection mechanism against stresses, which
enhance genome stabilityé safeguard genome integrigoyko et al. 2007) Our comparison
between the callus and the seedling uncovered globally elevated methylation in the callus in al
three sequence contexts. Consistently, hypermethylation in the callus relative to the immature
embryo was found in a study that used another maize inbred linematidylated DNA
immunoprecipitation sequencing (MeD#eq)(Liu et al.2017b) In this study, 24 nt small RNA
was shown to be positively correlated with DNA methylation. In ricg,@permethylation was
seen in oneand threeyear callus relative to the shoot in the rice muMBiT 1-2, which encodes
a major DNA methyltransferase in maintaining CG methylation. Only Gifpérmethylation was
observed in wildtype ricéHu et al. 2020) In our study, the callus versus seedling comparison
showed that the A18BIET1-2 homolog (Zm00056a035610) was ~2xnggulated in the callus,
andmopl(Zm00056a013519), a homolo§iRNA-dependent RNA polymerase 2 that is involved

in the production of 24 nt small RN@obuta et al. 2008) was 56x upregulated in the callys
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indicating that the transcriptomic machinery was regulated to enhance global DNA mathylatio

the callus. In plants regenerated from calli, CG and CHG methylation tended to be lost as compared
to nonregenerated plants and many were herit@dbn et al. 2018) Heritable hypomethylation

in regenerated plants was observed in an earlier maize(stadgpler and Phillips 1993)n rice,

as compared to nemegenerated plants in ricggronounced hypomethylation was found in
regenerated plants from tissue cult(8&oudet 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 melhtjon was elevated during the formation of the
callus, likely due to the cellular defense responség. Majority of DNA methylation gained
appears to be demethylated duringdiféerentiation, resulting in hypomethylated regenerated
plants.

DH lines have been generated from A188 and B73, a transformation recalcitrant line.
Genomewide genotyping information of DH lines enables the projection of A188 and B73
genome sequences in each DH line. Transformaidranced DH lines of B73xA188 crosses
together with the respective reference genome pnoNide 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 @ferencequality 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

expressionwith 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 MaizeGDB.org (https://download.maizegdb.org/ZA188

REFERENCEKSU-1.0). Raw Nanopore whole genome sequencing data, lllumina whole genome

sequencing data, Nanopore cDNA sequencing data, lllumia-seq data, and whoelgenome
bisulfite are available at NCBI SRA under the project of PRINA635654. Essential scripts related

to the manuscript are availablegithub.com/liu3zhenlab/A188RefThe CGRD pipeline can be

downloaded frongithub.com/liu3zhenlab/CGRD
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Figures

A188 B73

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 ayeecombination rate (cM/Mb}y) gene density per Miz)

gene clustersj) number ofGypsyper Mb;e) number ofCopiaper Mb;f) number of MITEs per

Mb; g) high-copy repetitive elements. The central inset is the lefiantthe track ofg. Tracks of

b, d, e f are intensitycoded. 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. Closep alignments with the mitochondrion (mt) genome are shown

along NUMTs. Each aligment requires at least 5 kb match and 95% iderjtyCircos plot of
alignments between the mt genome and ten chromosomes. The same color of green, orange, dark
bl ue | abel duplicated regions i n mt. Ao r egi
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 8§bPhysical mapping of a mt DNA (mtDNA)

and knob repeats on the mitotic metaphase chromosommesizé 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 pm
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Figure 2.4 Gene clusters and paralogs in lowand high-recombination regions

a). The scatter plot of numbers of genes per cluster versus their clustdr) sggample of an

NLR gene (pl) cluster in A188 and their alignments with the Bp2 locus Each rectangle box
represents a gene with blue, tan, and red colors indicating plus, minus orientatiapland
homologous genes. Al homologs are in the same minus orientation. Gray bands connect
orthologs and orange bands highlight the pp alignments with at least 98.5% identity and a
2,500 bp matctc). 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 chromatkomes.
f). Distribution d 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 i
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 Megabaselevel duplication and inversion on chromosome 4

a, b, 9. SyRI and CGRD results on chromosome@y.The CGRD result using A188Refl as the
reference genome. -#xis represents log2 values of ratios of read depths of B73 to A188,
log2(B:A), signifying copy number variation {/). 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, respebjivBhe SyRI result is displayed.
Alignments of synteri 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 reds*alabel
well-evidenced inversionc) The CGRD result using B73Ref4 as the reference genome. The
similar color scheme to that @) is usedd). Synteny of genes (rectangle blocks) in the well
evidenced inversion (ABinv4a) regions between A188 and B73. blue and tan colors stand for plus

62



and minus gene orientatiorey. A dot plot between the 1.8Mb B73 region that was duplicated in
A188 and its bgned regions in A188Refl). FISH of the PME probe on A188, B73, and F
(B73xA188). Cent4 probe (green) that specifically targeted on chromosome 4 centromere was
used in k£ FISH. Arrows and arrow heads point at PME signals of A188 and B73 chromosomes,
respectively. Bar=10m.
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Figure 2.6 Structural variation and genetic analysis of theNcllocus

a). Duplication alignments between A188 and a B73 region identified as A188plus by ®ERD.
Tandem repeats of iBtact copies of 27.4 kb sequences. Two BLEestriction patterns in repeat
units: Types A and B were identifieg). The QTL result of kernel color using the DH population.
Arrows point at locations of known causal gends.A simplified carotenoid pattay. GGPP
stands for geranylgeranyl diphosphagg.Seeds at 16 days after pollination (DAP16) were
collected and used for quantifying gene expression (expylodnd ccdl Three biological
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replicates were used. Bars are caloded based on colors of mediseeds. Error bars represent
standard variation. Letters on top of bars are statistical groups determined by Tuk#&l {(est$)

and y1 Wc)) stand for B73 and A188 alleles, respectively. Mature seeds from the same lines show
slightly different colorsrom seeds of DAP16

a CG b CHG c CHH
© . . o "
o e seedling === callus = @ segedling === callus e @== seedling === callus
_ @
» » g— n ©—
2w i) Lo
© o © T 4
o [ € g
c c 31 c -]
S A s ° g °
= = =
© © T <
= < = 2 =, O
2o £o £s
£ < £
] @ T
E - I E o
© o
N
(=)
e TSS TTS ; - TSS TTS (= TSS TTS
T 1 T T T T T T T T T T
—2kb  -1bp 1bp  2kb —2kb  -1bp 1bp  2kb —2kb  -1bp 1bp  2kb
d CG of repeats e CHG of repeats f CHH of repeats
cenco U2 —_— centc | 22 = CentcH 002
ass_ona|{ 0! =7 | 455_DNA| 22 =S —— 455_DNA-| [ 0.01
cRM{ 2% =— ] oRM [ oo
0.02 — 1 — — — ‘
Gypsy ] 0.02 —_ Gypsy- 22 e — UEE [ —— 00,1
Copia{ —_— copia-| 2% —_— Gopia| = —
knob1go-| —2% " | knobtgo| 2! — | knob1so] 001
TIR-| 202 — ] TIR - =22 ————— LR ———— 203
Helitron | —>-2% == | Heliton| = s I I ————— 202
LNEH 22 = LINE - =202 —_ 3 e o.01
MiITE | 202 —_— ] MITE-{ 22 — T = 008 __
subtelomera - —2 — " |subtelomere —2! % [subtelomere| f—= 001
T T T T T T T T T T T T T T T T |
00 02 04 06 08 10 00 02 04 06 08 10 0.0 0.1 02 0.3 0.4
CG methylation level CHG methylation level CHH methylation level

h I 237
callus vs seedling DMRs Genic distribution of callus vs seedling DMRs hyper%ﬁé‘;

8117
: H{SE’ CG &=» hyper e hypo hypo 15
0 e ?ég
s 2183 "Vpe" 70
CHG i’ gb” Alonths IM%'J 65 *
CHG
I I o %4“

388
CG CG CHG. " CHH CHH
genic \ntergenlc genic mtergenlc genic |ntergen|c

DMR overlapping bps

1 4142 95()
* CHH al—dawnslream
[ 2 5-upstream
TISS T':'S hypo body

1
—2kb ~1bp 1bp 2kb

number of DMRs
0 1000 2000 3000 4000 5000 6000

00 02 04 06 08
% DE genes up-regulated

Figure 2.7 DNA methylation in callus and seedling tissues

(a, b, 9. Distribution of cytosine methylation in three sequence contexts (CG, CHG, and CHH)
around genes in twbiological 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/Bé@ehe

body. A window outside of the gene body is 20 k. €, 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 mettigtain 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 mathation in the callus, respectively. All differences are significant (p
value<0.0001) by pairedtést. ¢) Barplots of DMRs on genic regions, including 2 kb beyond

each of TSS and TTS, and the rest of the genome (intergenic regigrd)sttibution of DMR

sequences around genes. The definition of the gene body is the same as deseritefi) in
Proportions of DEgenesupe gul ated in hyper DMR and hypo DN
upstream and 1 kb 36 downst r e aomberea DEogeres. . Nur
Stars indicated significances (p<0.05) from tests for the independence of the DMR and DE
changing directions. g, h, andi, hyper and hypo stand for increased and decreased methylation

in the callus relative to the seedling, restvely.

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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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 reguladlyouseansformation.

The callus development has been found to be associated with plant regeneration, thereby
influencing the transformation efficiency. Of the segregation progeny of a transforimation
amenable inbred line A188 and a transformatiecalcitiant inbred line B73, the callus forms into

two major types: type | and type I, 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 GenotypingBy-Sequencing (GBS), which identified the quantitative trait loci (QTLS)
controlling the callus typenchromosomes 2, 5, 6, 8, and 9. This result was largely supported by
the bulk segregant RN&eq (BSRSeq) analysis. Both analyses indicated that only &&8Aallele

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 fasgrowth and slowgrowth sectorsdevelopedfrom the same Al188mmature
embryoswere 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 theell 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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Introduct ion

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 beneficialQueet al. 2014; Altpeteret 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 bréadimgironget al.1991)
medium optimization(Duncanet al. 1985; Kotchoniet al. 2012; Choet al. 2014, 2015) and
embryogenesis genes manipulatificowe et al. 2016) the transfamation efficiency across
cultivars, or genotypes, varies dramatically, and the underlying genetic basis remaing(Queear
et al.2014; Altpeteret 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 efficiencgDuncanet al. 1985; Tones and Smith 1985; Hodges al. 1986)

Of 25 maize inbred | i ne Hodgasat al. @986 the dallmninducede Ho g d

from immature embryos of A188, A634, W117, MS71, and H99 were highbneegble, 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, M&l95, 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 embryogersesiere analyzed by QTL mappiigrmstronget al. 1992;

Krakowskyet al.2006)and GWAS(Ma et al.2018)
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Two distinct types of embryogenic callus, type | and type II, 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 friabld Tomes and S mi tehal 199288ejtereab11935] Framest n
al. 2000) Plants are gendip regenerated from the type | callus through either the meristem or
thesomatic embryo, or from the type Il calldsveloped fromthe somatic embry@gWelteret al.
1995) Even though type | and Il calli from different genotypes had been used to produce
transgenic planté D 6 Hiadt dl. u19B2; Ishidaet al. 1996) type Il callus was favorable for gene
transformation due to the features of frsiwthand high regenebdlity over yeargMcCainet al.
1988; Frameet al. 2000)

Hi-1l is a popular line used for maize transformat(tshidaet al. 1996; Songstaét al.
1996; Queetal. 2014) and was generated by the cross of two partial inbred lind$ AHand B,
each of which had almost 100% type Il callus initiation of immature emi§Amsstronget al.
1991, Ishideet al. 1996; Songstadt al. 1996). Hi-1l 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 perform@Hcelgeset al. 1986) The type I
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-HiA 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 WUShave been shown to dramatically improve the
embryogenesis in maize and other monocot cfopwe 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(Shenet al. 2012; Salvcet al.2014; Zhanget al.2019; Duet al.2019) Analysis

of the callus induction from the maize immature embryo at the early stage revealed that the genes
involvedin the callus development were enriched in the processes of nutritioreupedikwall
organization, hormone pathway, stress response, lipid metabolism, signal transduction, exidation
reduction process, heme binding, and iron ion bin@8tgenet al.2012; Salveet al.2014; Zhang

et al.2019; Duet al.2019) In our study, the genetic mapping arehscriptomic profiling were
performed to analyze the callus development using both F2 progeny sAB3& as well as
transcriptomic analysis with fasand slowgrowth callus tissues identified from A188 calli. Our

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

B73xA188 F2 callus tissues for mapping and RNASeq

B73xA188 F1s were grown and sglbllinated to produce F2 ears in the nursery. Immature
embryos with length 1:@.2 mm were discted from 13 F2 ears at 11 days after pollination (DAP)
and cultured for 3 weeks on N6 medium supplemented with 1.5 mg/di2iMorophenoxyacetic
acid (2,4D) at 2 8 e CToimap QTls essatiated kvith maize callus type | and II, we
separately sected 100 eXtremely type | (XI) and II (XT-II) calli from 2,194 F2 calli (13 F2
ears). Each selected callus was cut into two pieces, one was for individual GeBptype
Sequencing (GBS), and the other one was for bulked segregans&iN#&ncing (BSfeq). For
BSR-Seq, fifty calli were pooled as one bulk sample, and 4 bulk sampléstal were usedfor
RNA-Seq.

A188 callus tissues for RNASeq

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

N6 medium for 30 days followedylb days sukrulture. 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
sepaately pooled. In total, 3 fast growing callus bulks and 3 slow growing callus bulks were
collected for RNASeq

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

samples were disrugd 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-lIl A and B seeds were grown in the greenhoaise 7 énGhe day and 23°C at night
with a 16hour photoperiod. Teday-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 chagetn brief, 150 ng DNA of each individual
sample was digested with restriction enzymes |
2 hours followed by the ligation oligos as barcodes using T4 ligase (New Brigjlalabs, USA)
at 16eC for 1.5 hours. The enzymes in the pr
minutes. After that, digestieligation products of multiple samples were equally pooled and
purified with Qiaquick PCR purification kit (Qiagen,34) 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 lllumina adaptors. The PCR prodwas purified by using AMPure XP beads (Beckman Coulter
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Life Sciences, USA), resulting in a GBS library. The GBS libnaagsequenced on an lllumina
HiseqgX 10 platform at Novoger{&/SA).

RNA extraction and sequencing

XT-I, XT-1l, A188 fast and slow growqg 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 20llon pair reads were generated for each RNA sampla on
HisegX 10 platform.

Genotypes of GBS segment markers

lllumina 15Gbp paired raw reads were trimmed using Trimmomatic (version (B8&er
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 \B&& 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 (B7@Red4)
et al.2017)using the BWA aligne(Li and Durbin 2010)Aligned reads wereemovedf they did
not match the following criteria: insert sia€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 haplotypdtalérd Durbn
2010; McKenneet al. 2010; Poplinet al. 2018)was used to discover SNPs. SNPs were further
fillered 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.TheR/qtl (Bromanet al.2003)function scanone was used to map the QTLs with the standard
interval mapping method and the binary model. Two LOD thresholds wedethsee OD value
at the 5% significance level from 1000 permutations and the LOD valu@obfan 2001)R/qtl
functions plotPXG and fitgtl were used to plot and estimate the QTL efésgiectivel.

Genetic mapping using logistic regression

With GBS segment genotyping data of individual-Kand XT-II, the logistic regression
was employed to test the hypothesis that there was no genotype frequency difference between XT
| and XT-Il groups. Two appr@ches were employetb determine significaze thresholds.
Multiple tests were accounted for with the false discovery rate (FDR) ofBE¥jamini and
Hochberg 1995)A permutation tessimilar to a satndard QTL permutation testas conducted
1000 times taletermine the distribution @Fvalues under the null hypothesis aitsignificarce
level of 5%were selected as thevalue cutoff

BSR-Seq analysis

RNA-Seq raw reads were trimmed using Trimmométersion 0.38)Bolgeret al.2014)
and then aligned to B73Ref4 with STAR (versiofi.2a) (Dobin et al. 2013) SNPs were
discovered using GATK unifiedgenotypgti and Durbin 2010; McKennat al. 2010; Poplinet
al. 2018) Bi-allelic SNPs were selected using GATK with the criteria "AF >= 0.2 && QUAL >=
30.0 && DP >= 100 && DP < 1000". Potential error SNPs based on polymorphic data between
B73 and A188 were discardethe generalized linear model assuming the binomial distribution
of two alleles were employed to detect the association between the SNP site and callus types.

Differenti al expression analysis
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Reads trimming and alignment were described in the-B&Rmethod. With read counts
per gene resulting from STAR analysis, the statistical test with DESeg2 was performed to identify
differentially expressed gen@sove et al.2014) Multiple tests were accounted for with the false
discovery rate (FDR) for the XT-1l versus XTI comparisonandthe fast versus slowgrowth
A188 callus comparisofBenjamini and Hochberg 1995)

Gene ontology (GO) enrichment analysis

Differentially expressed genes (DEGs) with the FDRL@% were usedo determine if
DEGs are enriched icertain GOterms The resampling method in GOS@¢(pung et al. 2010)
was employedThe p value cutoff is 0.05.

Identification of candidate genes

Three sets of genes were selected to explore the genes of interest usirigiagegam in

R (https://www.rgraphgallery.com/14venndiagramm.htm)l The three gene seisclude the

genes in the QTL intervals and two DEG sets. Genes in the LOD support QTL intervals were
identified usingBEDtools (Quinlan and Hall 2010)Significant DEGs between type Il and |, and
between A188 fastand slowgrowth comparisonvere selected with absolute fold changes greater
than 2 andheFDR of 5%.

Thefunctionof candidate genes B73 wereobtained fronthe annotatiorfile deposited
on github (https://github.com/liu3zhenlab/collected data/tree/master/maize_gene_fireion
manually checking oMaizeGDB (https://www.maizegdb.ory/

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

including genetic mapping of the QTLs, segments genotypes-tf MT -1 and |l samples, were

plotted with custonR scripts.
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Resuls

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 | and friable type IFegiiré 3.19
were observed, and 100 most typicadd | (referenced to as extremely type I, or-XBnd 100
most typical type Il (referenced to as extreme type Il, ol XTalli were sampled. Individual calli
were subjected to GenotyBy-Sequencing (GBS) and XT and XT2 calli were separately
pooled,50 calli per bulk, resulting in two bulks of XT and two bulks of XTIl for bulked
segregant RNA sequencing (BSRQ).

Out of the 200 calli, GBS data of 153 individuals were produced, and 96,703 SNPs were
identified. SNP genotypes of each F2 individuare 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 Higr than expecte(Renet al. 2020) 60 XT-I and 58 Xl individuals
were retained. Wit the segment genotypes, 6,369 GBS segment markers were generated for
genetic mapping of the callus typeidure 3.1b, 3.1d; Figure C.1C.10; Table 3.). 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 estimaletlé 3.1). In total, these five

QTLs explained 5@% of the phenotypic variance.
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From BSRSeq of the bulked XT and XTIl samples, 68,147 SNPs were identified.
Assuming read counts of two alleles of a SNP site had a binomial distributicstatiséical test
found 284 associated SNP sites with a divergent allele distribution between -thendTXT-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 chromosar{tegure 3.1c; Figure D.3; Table 3.1

Among these five QTLs, CtAB.5.01 was the QTL with the strongest sigigire 3.1b
d, 3.2; Table ). The homozygous B73 genotype of CtAB.5.01 was highly enriched il XT
individuals, while the homozygous A188 géyyee was enriched in XT individuals §igure
3.2d,9. 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 B73alleles were favorable alleles for type Il callus phenotype at the QTLs
CtAB.2.01, CtAB.8.01, and CtAB.9.0Figure 3.3, 3.4; Table 3.}, whereas the A188 genotype
only positively contributed to type Il callus at CtAB.6.Fgure 3.3,3.4; Table 3.1
The type Il callus favorable alleles of three QTLs selected in HI A and B

Hi-ll 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 Hill A and B, respectivelyKigure 3.5; Table C.). The genotyjg data also
showed that théavorable alleles fotype Il callusat thethree QTLs, CtAB.2.01CtAB.6.01, and
CtAB.8.01, were selected in both-HiA 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.
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Differential expression of type Il and | F2 calli

BSR-Seq were alsosed to examine differential expression betweenrl 4hd XT-1I calli,
identifying 1,193 ugregulated and 1,012 dowegulated differentially expressed genes (DEGS).
Gene ontology (GO) term enrichment analysis showed thagguydated genes were enriched in
the pathways related to transmembrane components, lipid metabolism, oxidative response,
carbohydrate metabolism, DNA binding, and aspdyjie endopeptidase process, while the
downregulated genes were enriched in the pathways involved in DNA bindingl,iorebinding,
cell wall organization, and aspartyl esterase prodégsiie 3.6). Further examination found that
66 downregulated DEGs were associated with cell wall modification, such as pectinesterase,
expansin, xyloglucan endotransglucosylase, ata dedactosidase.
Differential expressed genes of A188 fasand slowgrowth calli

In the tissue culture, the growth rate of callus tissues varies. &absslowgrowth calli
initiated from single immature embryos of A188 were sampled for f8¢4 analysigFigure
3.7). In total, 1,287 upegulated DEGs and 1,926 dowegulated DEGs in fagjrowth calli were
identified from the comparison. GO enrichment analySigure 3.8 indicated that wegulated
DEGs were enriched in the process relatedtramscriptional regulation, transmembrane
transportation, fatty acid biosynthesis, and heme binding, and the-régwiated DEGs were
enriched in the process of oxidative response, metal ion binding, DNA binding, heme Janding
cell wall formation. Ofhe 83 dowrregulated DEGs associated with the GO term of cell wall, 60
genes were overlapped with the DEGs from the- IX&nd 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 versio{Mao et al. 2017) From the QTL intervals, we identified 39
DEGs from the two RNASeq comparisons with the fold changes in both comparisons greater than
2 and the 5% FDRFjgure 3.9; Table 3.2. QTL CtAB.6.01 contains five such genes. All these
five genes were dowregulated in the F2 Xl versus XFl comparison, and four gesavere
downregulated and oneasgene upregulated in the comparison between A188-fast slow
growth calli (Table 3.2. The four downregulatedgenesin both XT-Il and fastgrowth calli
include watl (walls are thin 1, Zm00001d036123) amshdl (early nodulin homologl,
Zm00001d036125) that are homologs of genes involved in the nodule developihésitkyl,
Zm00001d036425) ending a DNA binding protein involved in the silk development, and the
gene Zm00001d036409 encoding an unknown function protein wHBZ22nc finger. All these
genes were loly expressed in immature embryos 13 days after pollination (DAP) and highly or
medum expressed in the endosperm exeegtl, which was highly expressed in the pericarp and
the endosperm adjacent to scutell(Doll et al.2020) The cell wall related gengatl encoding
an EamAlike transporter was further examined (Figure 3.10). Comparison the A188 and B73
allele sequences found seven SNPs anth@ iBsertion/deletion (INEL) in exons, and two large
INDELs (382bp inanintronand276p i n the 36 UTR) and a numbe
nontcoding sequences. However, the allelic expression ifllXdhd XT-I maintained a similar
ratio based on read counts of each SNBl&lin 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 genomidArestronget al.1992; Loweet al.2006;
Krakowskyet al.2006; Salvaet al.2018) In the two studies using A188 or-Hj they were used
to cross with other transformatiwacalcitrant lines and identified chromosomal segments from
transformatioramenable p&ntsor segregation distortioafter multiple rounds of selection of the
highly transformable proger(Armstronget al. 1992; Loweet al. 2006) Using this atypical QTL
mapping strategy, transformatiassociated loci were found at chromosomes 1, 2, 3, and 9 using
an (Al188 x B73) x B73 backcrossed populatigdrmstrong et al. 1992) and mapped to
chromosomes 1, 2, 3, 6, and 10 using an FBLL x (FBLL sHdackcross populatiofLowe et
al. 2006) The chromosome 3 QTL was further examined and mapped to an approximately three
megabase regigi®alvoet 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 higlolgnedoief
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 identiiton. 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.,-HiA and B) developed a higher proportion of type Il calli than
the parents durgntissue 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 Low2@d@ikstudy, 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 transcriptior@ysis(Shenet al.2012;
Salvoet al.2014; Zhanget al. 2019; Duet 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 Il and
slow growing type |, and between the fastwjirtg and slow growing A188 type Il callgenes
downregulated in fast growing calli are enriched in the pathway related to the cell wall
organization. The cell wall is crucial for plant growth developnigtarowaet al.2016) and the
differential expressed genes involved in cell wall organization were also identified in the previous
transciptional analysis of callus induction in maigghenet al. 2012) The downregulation ¢
genes functioning in cell wall organization could loosen the cell wall and cellular adhesion
(Nishikuboet al.2011; Maroweet al.2016; Wormit and Usadel 2018)he difierence in the cell
wall component and structure between type | and Il 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 dlus types are expected to contribute to the phenotypic variation.
We found 39 significant DEGs shared by both RE&g comparisons were located in the QTLs
intervals. Of the 39 genes, a gevatlclose to our QTLs on chromosome 6. Cell elongation was
defected in théArabidopsiswvatl mutant, which resulted in an abnormal secondary cell wall in the
fiber cell and short steiRanochaet al.2010) The downrregulatedvatlgene 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 usiderd 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 n&end other species were discussed in the previous chapter
and literaturé€Lee and Seo 2018; Ha 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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Figure 3.1 Genetic mapping of callus type QTLs

(a) Type | and type Il calli initiated from B73XA188 F2 immature emlistyp,d) Genetic mapping

of callus type with GBS seg markel$®) the QTLs were mapped usirtige standard interval
mapping method (R/qtlyith abinary model. The red dash line indicgifge significance threshold
defined by the 1000 permutation tests%t &ignificance level, and the grey dash line indtte
threshold 3. d) the QTLs were mapped with logistic regression method. The red dash line
indicatesthe significance threshold defined by the 1000 permutation tests at 5% significance level,
and he grey dash line indicat¢he threshold of FDR=0.01c)(Genetic mapping of callus type
with SNPs identified from BSFSeq. The orange dash line indicatie thresholdusing the
Bonferroni correction ahe 5% significance level. The significant SNP menk were colored in
olive green or light salmon. In all three mapping plgtaxes designate the accumulated physical
positions ofmarkes.
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Figure 3.2 Detailed characterizationof QTL CtAB.5.01

(a,b) Genetic mapping of callus type with GBS segntmarkers on chromosome %) (The
result on chromosome 5 using the interval QTL mappiihg.red dash line indicatéhe
significance threshold defined by permutation testee% significance level, and ¢hgrey
dash line indicatethe threshold ®f LOD. (b) The QTLresult on chromosomeusing a logistic
regression method. The red dash line indgtte significance thresholdith permutation tests
at 5% significance level, and the grey dash line ingsthe threshold ofhe 1%FDR. ()
Genetic mapping of callus type from BSRq. The orange dash line indicstee threshold
defined bythe Bonferroni correction ahe5% significance level. The significance SNP markers
arecolored in olive green or liglsalmon. The vertical purple dash linesdin) indicatesthe
LOD support QTL interval, and the red vertical dash line indgddie left flanking of the
interval adjusted based on the BS&) mapping.d) Genotype of the 118 F2 individuals on
chromosomé. The upper panel contaithe genotypes of 58 XTI individuals, and the bottom
panel contaisathe genotypes of 60 XTindividuals. Each horizontal line represegtite
genotype of an individual. The grearange, purple, whitines stand for a&shromosome region
with homozygous A188 genotype, homozygous B73 genphgierozygous genotype, and
missingdata, respectivelyThe red rectangle indicata QTL interval, and the gray vertical line
labekthe QTL position mapped by the GBS)sentmarkers. The individuals within a
phenotype group (XTand XT-11) areordered based on the genotype of the QTL markgr. (
The dfect of the QTL marker. The-gxis represents the callus type phenotype, aaxix
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represents different genotypes. Ty@nd Il phenotypas coded as &nd 2 respectively The

genotype AAis homozygous A188 genotype, ABheterozygous genotypand BBis

homozygous B73 genotype. The open circle in the plot indieaté2 individual, which was
genotyped byhe GBS methd. 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 grous indicated nearby. The phenotype means of each genotype group were plotted
in blue, purple and red with standard deviation.

a Marker 2_158183928 b Marker 6_88567616
20 71 9 30 e 19 em> 2.0 4 28 o el J 6 owm
1.8 - } 1.8 — }

816 816

% {_ '@

I

314 314
U 2] .
1.0 4 22cmm ¥ i@ 104 Yao 3] o 18 amD

AA AB BB AA AB BB
Genotype Genotype

Cc Marker 8 174632571 d Marker 9_108566128
20 7aoo pL 29D 20 | 6om 32 e 19 e
1.8 - { 18 _:E

816 - 816 -

> ==

(= (=

: T : T

o — © -

3 1.4 8 1.4
eq T el T
1.0 4 26mmo 22 amm 5amo 1.0 4 2lemom 29 e 7 o

AA AB BB AA AB BB
Genotype Genotype

Figure 3.3 Effect of QTL markers on chromosomes 2, 6, 8, and 9

(a) Marker effect of QTL CtAB.2.01h) Marker effect of QTL CtAB.6.01.cf Marker effect of
QTL CtAB.8.01. @) 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 wazyigeiaso
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 differesitidemMNumbes represent
countsof individual samplesn each group. The phenotype means of each genotype group were
plotted in blue, purple and red with standard deviagtion

d Segment genotype of chromosome 2 b Segment genotype of chromosome 6

® — AtBE

XT-l

XT-1

0 50 100 150 200 250 0 50 100 150
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Segment genotype of chromosome 8 Segment genotype of chromosome 9

50

Physical coordinate (Mb) Physical coordinate (Mb)

Figure 3.4 Genotype of the 1182 individuals on chromosomes 2, 6, &nd 9

(a) Genotype of chromosome d)(Genotype of chromosome &) Genotype of chromosome 8.
(d) Genotype of chromosome 9. The upper panel of eaclinglatiesthe genotypes of 58 X
individuals, and the bottomanelincludesthe genotypes of 60 XTindividuals. Each horizontal

line represerstthe genotype of an individual. The greenange, purple, whittnes indicate the
chromosome region (segment) with homozygous A188 genotype, homozygous B73 genotype,
hetrozygous genotype, and missiuhata, respectivelyThe red rectangle indicatthe QTL

interval, and the gray vertical line labgbt the QTL position mapped by the GBS rmegt
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markers. The individuals within a phenotype group {p&hd XT-11) were ordeed based on the
genotype of the QTL marker.

a b
Genotype of Hi-Il A Genotype of Hi-ll B
Chr 1 Chr1
Chr2 'y Chr 2 ry
Chr3 Chr 3
Chr 4 Chr 4
Chr5 'y Chr 5 'y
Chré yy Chré ry
Chr7 Chr7
Chr8 yy Chr8 y{
Chr g == yy —— homozygous A188 Chr9 ry —— homozygous A188
—— homozygous B73 —— homozygous B73
Chr 10 —— heterozygous Chr 10= = heterozygous
I I | I | I | I I I I I I |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Physical coordinate (Mb) Physical coordinate (Mb)

Figure 3.5 Genotypes of Hi-lIl A and B

(&) Genotypes of chromosome segments in-HiA. (b) Genotype of chromosome segments in
Hi-1l B. The greenorangepurple, whitdines indicate chromosome segment with homozygous
A188 genotype, homozygous B73 genotype heterozygous genotypejsaigdata
respectively The triangle under chromosomes lalibe QTLs mapped bthe GBS method, and
the color of the tringleindicatesthe favorableallele. Geen indicate theA188 alleleand orange
indicates theB73 allele
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a Up DEGs in Il versus | b Down DEGs in Il versus |
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Figure 3.6 GO term analysis of type Il and | DEGs

() GO term analysis of upegulatedDEGs (b) GO tem analysis of dowanegulatedDEGs GO
terms witha p-value smaller than 0.05 were presented.
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Figure 3.7 Fast and slow growing A188 callus

Fast and slowgrowth calli areindicated byovals and arrove.
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Up DEGs in fast versus slow Down DEGs in fast versus slow
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Figure 3.8 GO term analysis of CEGs betweerfast- and slowgrowth A188 calli

(a) GO term analysis of upegulatedDEGs (b) GO term analysis of dowregulatedEGs GO
terms witha p-value smaller thaf.05 were presented.
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Figure 3.9 Venn diagrams of genes in genetic mapping intervals and D&s
(&) Venn diagram ofip-regulatedDEGs andyenes in the QTLs intervab) Venn diagram of

downregulated DEGs and ges in the QTLs intervdt) Venn diagram of upegulated DEG#
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the comparison betwedast and slowgrowth A188 calli downregulated genes in F2 type |l
and | calli comparison, and the genes in the QTLs intedpl/énn diagram of dowsnegulated
DEGs in the comparison between faahd slowgrowth A188 calli, upregulated genes in F2
type Il and | calli comparison, and the genes in the QTLs interval.
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Figure 3.10 The expression of gengvatl

Snapshot of the alignment of RN®eq and the alleles afatl The sample name, DNA
sequence name, or the gene annotatretabeled on the left of the alignment or annotation. The
gene annotation afatlin B73 Refdis indicated in blue rectangle in the bottom track, higher
rectangle represesithe exon of the gene, and white arrow indis#ite transcription orientation.
The tracks over the gene annotation reprag#fierent alignment files. Reads and coverage
shown in eah alignment. The ticks with blue, green, orange, and red indicate thedBNPs
sequencingerrors il 6 and tINDEls.ngthe ®NA seqlienae Zrm00056a032220,
the fAthree r ead slength gene@amndtaed in the A188Raflh andytpe | |
were the INDELSs between A188 and B73 allelesvafl

Tables

Table 3.1 The QTLs supported by three mapping methods

QTL Chr R/qgtl mapping logistic regressiol BSR-seq QTL interval**
QTL LOD QTL  pvalue QTL p value Interval Interval
(bp) (bp) (bp) start (bp) end (bp)
CtAB.5.01 5 16927369¢6.93 16927369¢{1.71E 84632155 0.00E+0C 80458296°19827043:
07
CtAB.8.01 8 17463257:4.61 17447991(2.35E 16907381:1.46E09 12787251:18092981-
05
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CtAB.6.01 6 88567616 4.13 832963199.63E 99960681 1.12E12 1006642 10041994

05

CtAB.2.01 2 15818392¢3.79 99580047 1.93E 15688375 3.88E10 2409510417601160!

04

CtAB.9.01 9 10856612¢3.25 15975286:4.50E 10854081:4.39E11 1021383215872324:

04

**The QTL interval is the LOD support interval, which was estimated in R/qtl.
* QTL CtAB.5.01 was adjusted to include the BS&q QTL.

Table 3.2 39 SignificantDEGs in the QTL intervals

Gene Chr. DEG pattern* Description

Zm00001d00337'2 up-up Major latex protein 22

Zm00001d00382:2 up-up Linoleate 12epoxygenase

Zm00001d00507.2 up-up Proteinserine/threonine phosphatase / Serine/threon
specific protein phosphatase

Zm00001d01225'8 up-up Oligopeptide transporteelated // subfamily not namec

Zm00001d01227-8 up-up Omegahydroxypalmitate Eferuloyl transferase / O
hydroxycinnamoyltransferase

Zm00001d01253'8 up-up Family not named // nespecific lipid transfer protein
gpi-anchored zelated

Zm00001d01623'5 up-up Aquaporin NIP11-related

Zm00001d0171415 up-up Chlorogenateglucarate Ghydroxycinnamoyltransferas

Zm00001d017255 up-up Protein CER4like 1-related

Zm00001d00361.2 downdown Non-specificserine/threonine protein kinase / Threoni
specific protein kinase

Zm00001d01091.8 downrdown Chitinase / Polybetaglucosaminidase

Zm00001d01181:8 downdown ABA/WDS induced protein (ABA_WDS)

Zm00001d0120818 downrdown Probable lipid transfgiL TP_2)

Zm00001d01542(5 downdown Expressed protein

Zm00001d017045 downrdown NA

Zm00001d01750:5 downdown Trehalosephosphatase / TrehalosgBosphate
phosphatase

Zm00001d03612:6 downrdown EamAdlike transporter family (EamA)

Zm00001d03612'6 downrdown Early nodulin 93 ENOD93 protein (ENOD93)

Zm00001d03640'6 downdown Zinc-finger of the FC8ype, C2C2 (zFFLZ)

Zm00001d03642'6 downdown MADS box protein // MADSbox family protein
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Zm00001d0453919
Zm00001d04539.9
Zm00001d00397:2
Zm00001d00399'2
Zm00001d01123'8

Zm00001d01247'8
Zm00001d01663.5

Zm00001d01675i5
Zm00001d03605.6
Zm00001d04504:9
Zm00001d04551'9
Zm00001d04667'9
Zm00001d00289:2
Zm00001d00290:2
Zm00001d00343:2
Zm00001d00407'2
Zm00001d00440.2
Zm00001d00492.2
Zm00001d0167615

downdown
down-down
up-down
up-down

up-down

up-down

up-down

up-down
up-down
up-down
up-down
up-down
downup
downup
downup
downtup
downup
downtup

dowrtrup

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

Cotton fibre expressed protein (DUF761)

C2 calcium/lipid-binding plant
phosphoribosyltransferadi&e protein

Laccase / Urishiol oxidase

Serine/threoningrotein kinase rio // subfamily not
named

NA

Glucan endél,3-betaD-glucosidase / Laminarinase
Pectinesterase / Pectin methylesterase
ISP4 like protein // subfamily not named

NA

Peroxidase / Lactoperoxidase

Peroxidase / Lactoperoxidase

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

*up-up: Significant DEG was upegulated in both A188 fastow and typdl-I comparisons. dowwdown: both
downregulated. Ugdown: up in A188 comparison, down in typd Bomparison; and vice versa.
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Lr 42 ansf erAreegdi Iforposm t auschi i

Abstract

The wheat wild relativé\egilops tauschjia rich resource of genetic variation for wheat
improvement, was previously used to transferlth42 resistance gene into bread whdat}2
confers resistance at both seedling and adult plant stages to thesi¢anhgusPuccinia triticina
It is broadly effective against all leaf rust races tested to Het8.has been used extensively in
the CIMMYT international wheat breeding program with resulting cultivars deployed in several
countries. Using a bulked segregant RSBAq (BSRSeq) mapping strategy, we identified three
candidate genes foLr42. A susceptible Wweat line transformedwith a candidate gene
AET1Gv20040300encodinga nucleotidebinding site leucingich repeat (NLR)protein, was
sufficient to confer strong resistance to leaf rust. Homologs were found in wheat and wheat
relatives, but th&r42 resisaince allele was found only in one accessiofA@ftauschiisuggesting
that it is of recent origin. Genetic markers were developed.id? that identified over one
thousand CIMMYT wheat breeding lines that carry thd2 segment, which significantly
enhanced resistance to leaf rust at the seedling stage. Cloningt®d®xpands 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 rusttee®is genes to preserve its utility.

Introduction

Leaf rust, caused b¥uccinia triticina Erikss, is a prevalent disease limiting wheat

production worldwidg(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 resistancgHuertaEspinoet al. 2011) More than 70 leaf rust resistance genes have
been characterized andfficially named in the Catalogue of Gene Symbols for Wheat

(https://shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList $p leaf rust resistance genes

have been clonedncluding four racespecific genes from the nucleotidending leucinerich
repeat (NLR) gene family,r10 (Feuilletet al.2003) Lr21 (Huanget al. 2003) Lrl (Cloutieret
al. 2007) andLr22a(Thind et al.2017) as well as two raeronspecific genes,r34 encoding an
ABC transporter(Krattinger et al. 2009)and Lr67 encoding a hexose transpor{dtoore et al.
2015) Cloned resistance genes may be useful in transgenic multigene cassettes for developing
strong and durable resistant varieties to corfastevolving fungal pathoger{8Vulff and Moscou
2014)

ThelLr42 resistance gene was identified from accession TA2450 in a collection of wheat
wild relative Aegilops tauschiCoss. (DD, 2n=14)the diploid D-genome donor for hexaploid
bread wheatT(riticum aestivuni., AABBDD, 2n=42)(Coxet al.1994a) Lr42 confersresistance
to leaf rust atooth seedling and adult stagy&he Lr42 gene is effective against alrrently
reported races of the leaf rust fungus in the (K8lmer 20B). TheLr42 resistance locus was
introduced to a bread wheat cultivar 6Century
Century, and was released in a germplasm line KS91WGRC11 in (C@%let al. 1994b)
KS91WGRC11 has been extensively used in CIMMYT wheat breeding programs and is
representlLetzd asn ICil nveM YABagnetad al. @01 2044) Several cultivars
derived from KS91WGRC11 ka been released by CIMMYT that have outstanding yield

potential. Field studies in Oklahoma showed that4mzgenic lines withLr42 introgressions had
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a 26% increase in yield and 9% increase in kernel weight, which was attributed to leaf rust
resistancéMartin et al.2003)

We undertook the cloning of tHe42 gene because of its extensives us international
breeding efforts, broad effectiveness, possible association withgnélahcing factors, the need
for diagnostic markers, and the potential utility of the cloned gene in transgenic cassettes. The
Lr42 gene was previously mapped to thmi arm of chromosome 1D (1DS) using hexaploid
mapping populationgCox et al. 1994a; Suret al. 2010; Liuet al. 2013; Gill et al. 2019) We
employed BSRSeq, a bulked segregant RNA sequencing methiodet al. 2012) to mapLr42.
To eliminate interference from-§enome or Byenome homoeologous sequences from hexaploid
parents, we catructed two diploid mapping populations by crossing the resistant accession with
susceptible accessions Ag tauschii Another advantage of using diploid parents is that the
phenotype oLr42 is stronger and easier to distinguish compared to the plpnotyhexaploid
wheat. We identified the candidate gemsing BSRSeq and mapased cloning andonfirmed

the candidate gene B#&42 by ectopic expression in a susceptible wheat line.
Materials and Methods

Plant materials

Ae. tauschiaccessionasedfor genetic mapping and haplotype analysis are list@cloie
D.1. Ae. tauschissp.strangulataaccession TA2450 from Caspian Iran is the donor of_t4@
gene. Two highly susceptiblae. tauschiiaccessions TA10132 (also known as AL8/78) and
TA2433 were crossed with TA2450 and advancet k.4 and R:s populations by single seed
descenfor gene mapping and BS&eq

Leaf rust disease phenotyping
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The leaf rust disease inoculation procedutk¥eed the protocol developed by Let al
(Liu et al. 2013) except plants were inculeat in a growth chamber at ZD and a 16 hr
photoperiod. Briefly, forAe. tauschiileaf rust phenotyping, twteaf stage seedlings were
inoculated with the leaf rust race PNMRJ. The virulence/avirulence phenotype of rust races is
given inTable D.2. The inkction 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 wheagseedli
leaf rust phenotyping, the race TFBJG was used to inoculate seedlings atltbaftstage. TFBJG
was used because it defeat6 in Bobwhite.

Bulked Segregant RNASequencing (BSRSeq)
Two F:3 populations (population 1: TA2450 x TA2433 and poputatib TA2450 x

TA10132) were used for BSBeq analysis. Fifteen seeds from each of families were
inoculated and phenotyped. Of 100 TA2450 x TA2433&milies, 27 were homozygous resistant
(HR) families of which all individuals were resistant to leakt, 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 familiespectively to form two separate pools
Of 101 TA2450 x TA10132 Hamiliesevaluated for seedling rust resistari@@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 extractddom the seedling tissuasing RNeasy Plant Mini Kit
(Qiagen, Germany,) Sequencing was done time lllumina HiSeq2000platform at theGenome
Sequencing Facility (GSF) #he Kansas University Medical Centand~180 million pairs of

2x101 bp pairegendreads were generated. Raw reads were trimmed using Trimnegnesion
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0.32). Trimmed reads were aligned to the. tauschii reference genome (Aet v4.0,

GCA _002575655.1)uo et al.2017)by GSNAP (version 20283-25) (Wu and Nacu 2010yith

the par aB@iNelrms6-i@fn3WO . Single nucleotide polyn
discoveredusing GATK (version 3.3 McKennaet al.2010)UnifiedGenotyper modulith the

following pa r a me t-heteraszygosity 0.005tand_call_conf 30.6stand_emit_conf 20.@Im

BOTH -U ALLOW_N_CIGAR _READS-p|l oi dy 206. SNPs was filtered
SelectVariants with the following parameters:-restrictAllelesTo BIALLELIC --
selectTypeTololude 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 Bayediased approach was used to determine the
probability of the complete linkage between each SNP and the causdlLgere al. 2012)

Fine mapping with KASP markers
Genomic DNA of leaf tissues frome. tauschiand wheat was extracted as descrifigernardo

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 mazkesed for fine mapping were listedTiable

D.3. To confirm the mapping interval, 6&.£families from the population 1 used for Beq

were selected for genotyping. The 68 DNAs of pooled tissue samples from it@liiduals per

family were genotypedvith KASP markers p12A10, p1A05, and p1lA02. As a result, 44 F
recombinant families were identified. Analysis of genotypic data together with phenotypic data
confirmed that thé&.r42 gene was located between the markers p12A10 and p1A05. To validate
thisinterval, 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 usedpkants from population 1. We first
identified 9 R families that were derived from the resistant iRdividuals heterozygous for the
Lr42 in the mapping interval. In total, 891 irdividuals were phenotyped for rust resistance and
genotyped with the markers p12A10 and plAOQ5, which identified 85 recontbirGenotyping
recombinants with additional markers identified fifdividuals harboring the recombination
between p12A10 and pC24. Further analysis of gh@dgeny of these Afndividuals confirmed
by the new mapping interval between 8,655,291 kg &830,775 bp on 1DS flanked by the
markers pC43 and pC49.

We also analyzed 78;fFamilies of the population 2 and found 4 families with the
recombination between p12A10 and plAO05. Luckily, 1 recombinant between the marker pC43
and the marker pC50 ereal us to locate the gene at a 116 kb interval between 8,655,291 and
8,771,761.

Cloning of full-length coding region ofLr42 candidate gene

Total RNA was extracted from leaf tissues of resistant (TA2450) and susceptible
(TA10132) accessions using TRIzoarg ent (I nvi tr ogen, USA) accor
instructions. After removing residual DNA with DNase | (Invitrogen, USA) treatment, 1 pg of
total RNA was revers&anscribed to cDNA using SuperScript® IV Fitrand Synthesis System
(Invitrogen, WBA) with an oligo(dTp r i mer f ol l owing the manufactu
length coding region of ther42 candidate gene was amplified by PCR with the egpexific
primers AET300.2_CD% and AET300.2_CD®R (Table D4). The PCR product was clongdo
the pCRXL-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
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The fulllength ofLr42 coding regions flanked by BanHl| restriction site was amplified
via PCR using primer sets AET300.2_CB&mHIF and AET300.2_CD8amHIR (Table D 4).
DNA fragments were ligated into pAHC17 vec(@hristensen and Quail 199&)theBanH]| site.
The expression constructs contained thel&rgth Lr42 coding region under a maize ubiquitin
promoter (Ubil) and a nopaline synthase terminator (tNOS).
Transgenic plants

Immature embryos were isolated from a spring whEati¢um aestivuniL.) cv. Bobwhite
grown in a controlled environment with a-h6photoperiod, and the day/night temperatures at
20/18°C. The expression constructs and the pAHC20istensen and Quail 199&)ntaining the
bar gene were cdombarded with 1:1 ratio into selected embryogenic calli. Biolistic
transformation using a particle inflow gun and following tissue culture protocols were performed
as describe@Tassy and Barret 2017; Tiabal.2019) Recovered plants in soil were screened for
herbicide resistance by brushiag).2% v/v Liberty (glufosinate) solution (Bayer CropScience,
USA) on leaves. The putative herbicitesistant 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 UbiF and Seg2RT@able D4). The transgenic plants with the high expression of GOI

were selected for leaf rust bioassays.

Lr42-specific GBS tags and identification of.r42+ and Lr42- CIMMYT wheat lines

GBS datarom bothAe. tauschiaccessiongSinghet al. 2019)and CIMMYT breeding
lines(Julianaet al.2019)were used to identifiir42-specific GBS tagfom theAe. tauschidonor
accession TA2450 after aligning all the GBS tag§A2450 to theAe. tauschireference genome

(v4.0)(Luoetal.2017) The GBS tags located at thet2 locus (~1 Mb upstream and downstream

of the gene) and detected in less than A@0tauschilines out of allAe tauschiiin the collection
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at WGRC were considered to be associatel thieLr42 segment. From the CIMMYT pedigree,
5,121 CIMMYT lines that were genotyped were involved in the introgression bf42esegment
from TA2450. Given missing data of GBS tags, we expect that each GBS tag that is specifically
associated with thé.r42 segment should be detected in less than 5,000 lines. With that
consideration, we obtained 1442-specific GBS tagsTable D.6), which were used to identify
Lr42+ andLr42- wheat lines.

From the CIMMYT pedigrees, 5,121 CIMMYT lines that were GBS ggmediycould have
the introgression of thier42 segment from TA2450. The wheat lines carrying at leastLfige-
specific GBS tags were categorizedLad2+, the lines harboring thier42 segment. The wheat
lines with noLr42-specific GBS tags detected but ket least 0.2 million total GBS tags were
categorized akr42-, the lines without ther42 segment. All other lines were not classified.

Phenotypic comparison betweehr42+ and Lr42- CIMMYT lines

Seedling plant responses of CIMMYT lines to leaf rust race MB{/&fet al.2014)were
obtained using the original disease rating scale4t0d converted to a®scale for the purpose
of quantitative comparison using the conversion formula described in Zhah@014(Zhanget
al. 2014) The adult plant scoring was conducted using severty0@o, modified Cobb Scale).
Seedling leaf rust responses were phenotypedMiMY T6s gr eenhouses in EI
plant leaf rust responses were phenotyped in field trials at two locations, Ciudad Obregon and El
Batan, in Mexico. Analysis of variance (ANOVA) anetdst were used to test the association of
theLr42 marker with gedling 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 latsown heat stress bed planting environments. In additiersaime tests were
performed on grain yield related traits, such as test weight and thousand kernel weight, evaluated
as described by Juliana et al. 2@l@lianaet al.2019)

Haplotype analysis
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DNAs extracted from 3%e. tauschiiaccessions in the minicore collection from WGRC
were used to survey sequencekrd2 haplotypesLr42 alleles/hanologs were amplified with the
primers Lr42_H1F and Lr42_H1R&ble D .4) using Q% High-Fidelity DNA Polymerase (NEB,
USA) with High GC Enhancer. The PCR ther mocyc
for 3 minutes, 33 cy&aedeG fodr 938B® Cs € man dd8s ,s eacnodn
foll owed by a final extension at 72eC for 5 1
QIAquick Gel Extraction Kit (Qiagen, Germany) and sequenced by Sanger sequeraarngwiz
(USA). Sequencing readserede novoassembled using Geneious software (version 8.1.7). The
command cehit-est from the software GBIIT (4.8.1) was used to cluster42 allelic homologs
with default parameterd.i and Godzik 2006)The allele selected by 4tt-est to represent each
cluster was considered to be the haplotype sequence.

Phylogenetic analysis

Software Geneious (version 8.1.7) was used for meltgignment and phylogenetic
construction. Multiple alignments were performed with the software ClustalW using the default
setting. Phylogenetic trees were built with the JQmtor model and the Neighbjmining
method. Trees were exported as Newickrfatted flat files that were then uploaded to iTOL for
plotting (Letunic and Bork 2019)

Nucleotide diversity

Nucleotide diversity of the 1Rr42 alleles was calculated by an R package, PopGenome
(Pfeiferet al. 2014) The input data for the R package was a ClustalW multiple alignnieri fi
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 (r42 cluster)
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Clusters ofLr42 homologs were identified with BLASTAltschul et al. 1990) First, the
Lr42 resistant allele was aligned to the genomesBohchypodium (GCF_000005505.3
Brachypodium distachyon v3.0)(International Brachypodium Initiative 2010)Barley
(GCA _901482405.1_ Morex_vi1.QMascheret al. 2017) Triticum dicoccoideswild emmer
(GCA_002162155.2 WEW Vv2.0JAvni et al. 2017) Triticum turgidum subsp. durum
(GCA_900231445.1 Svevo.viMaccaferriet al.2019) Ae. tauschi{Aet v4.0)(Luo et al.2017)
andT. aestivuntv. CS(iwgsc_refseqvl.0)international Wheatenome Sequencing Consortium
(IWGSC)et al.2018) Homologs were identified if an alignment had thedtie smaller than 1e
100 and the matchdéngth of the queryL{42) was longer than 1 kb. Second, a chromosome
interval smaller than 2 Mb with at least 2 homologs was identifiedLad2acluster. Alignments
of theLr42 resistant allele and homologs in each cluster were plotted using G{raysvinski et
al. 2009)

Semtquantitative RT-PCR
Leaf tissue fromAe. tauschiand 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
housekeping gendé\ctinamplified with primers actin_F1 and actin_RE=ble D 4) for 25 cycles.

The Lr42 resistantand susceptible alleles were amplified with primers Lg8X-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
(MarchlerBaueret al.2017) Leucinerich repeat (LRR) was searched by a web based LRR search

tool with additional manual examinati¢Bej et al.2014)
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Development of diagnostic markerdor Lr42

Multiple alignment ofLr42 alleles from theAe. tauschiminicore set identified a unique
region (~140bp) in the LRRL{42R-uniquesegment) from thé&r42 resisant allele.To design
diagnostic markers on th&42 geneusingthis region we alignedhelLr42 sequence of the unique
region to allLr42 homologs in reference genomesA@ tauschii wild emmer, durum wheat, CS,
Barley, and Brachypodium. The top hiés a homolog (1D:738184&8384626) in CS. The top hit
sequence carries two SNBsmparedvith thelLr42 unique sequence. Outside this highly similar
region, high polymorphisms were found betwéed2 and the homolog 1D:738184/384626.
The second best hiequence has 19 SNPs, confirming that thd2R-uniguesegment is not
common in diverse genomes. Based on this finding, for each KASP assay, we design a
specific primer on ther42R-uniguesegment, and a primer on a homolog from the clustier4#
honmologs on CS 1D. The common primer paired with them was designed on a conserved region
betweerLr42 and the homolog. The primer pair that amplifiesltrd2 homolog could potentially
amplify a paralog irhe tauschiigenomes. Therefore, in most populatiadhs,assay is considered

to be a dominant marker for detection of tié2 resistant allele.

Results

Genetic mapping pinpointedLr42 on 1DS and identified candidate genes

For efficient genetic mapping, we established two diploid mapping populations by crossing
theLr42 donorAe. tauschil A2450 with two leaf rust susceptibhe. tauschiaccessions, TA2433
(Figure 4.19 and TA10132Fkigure D.1). B:zindividuals from eachgpulation were phenotyped
for leaf rust resistance at the seedling stage. We scored:3@infilies of the TA2450 x TA2433
population and identified 27 homozygous resistant and 21 homozygous susceptiiaiaikes

(Figure 4.1b). Leaf tissues of homogpus resistant and susceptiblegs Family seedlings were
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separately pooled for BSReq(Liu et al.2012) The BSRSeq experiment mappé&d42 at a locus
close to the end of 1DFigure 4.19, consistent with the mapping results from the other mapping
population TA2450 x TA10132Hgure D.1), and from the previoukr42 mapping studies in
hexaploid wheatSunet al.2010; Liuet al.2013; Basnett al.2014; Gillet al.2019) The results
indicated that the gene we mapped in the diploid populations is the same lagdaigene
transferred to hexaploid wheat. Based on the £58R results, we identified single nucleotide
polymorphisms (SNPs) that were likely located neal.r42 gene and converted them to KASP
(Kompetitive Allele Specific PCR) markers for genotyping &hd R individuals from both
mapping populations Table D.33). The Lr42 mapping interval was narrowed down to
approximately 116 kb flanked by the two markgr€43 at 8,655,291 bp and pC50 at 8,771,761
bp on 1DS (based on tle. tauschireference genome Aet v4(Duo et al.2017) (Figure 4.10).
Note that pC43 is an effective -cominant marker to seletr42R-carrying lines in bothAe.
tauschiiand bread wheat lineSdble D.6). The two markers are located on two genes that flank
three other gnes including an intact NLR gene (AET1Gv20040300), an NLR fragment
(AET1Gv20040500), and a protein kinase (AET1Gv20040200).
Gene transfer confirmed that one NLR isLr42

Our BSRSeq result showed that all three candidate genes in the mapping interval were
expressed in uninfected seedling leaves in both resistant and suscAgptibiguschiilines.
Sequence comparison of the candidate genes between the resistant anibkuineptusing
RNA-Seq data revealed that only the candidate AET1Gv20040300 showed polymorphisms in
transcribed regionsF{gure D.2, Figure D.3. We then amplified the fullength cDNA of

AET1Gv20040300 from the resistant donor, TA2450, and the sudeegtitession TA10132, and
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confirmed polymorphisms between the two allelEgyre 4.29. Both alleles were separately
transferred to a bread wheat <cultivar O0Bobwhi
transgenic TO lines carrying the4?2 resistance allelel42R) from TA2450 and two carrying the
Ir42 susceptibility allelel(42S) from TA10132. All T1 the transgenic lines were evaluated for leaf
rust resistance.

Bobwhite carries the leaf rust resistance dei2é that confers resistance to nydeaf rust
P. triticina races(German and Kolmer 2012)We screened siR. triticina races and found that
Bobwhite was susceptible to the race TFBJ@bhle D.2), which presumably overcanig26
resigance therefore TFBJQ was used h® inoculum to evaluate all the T1 transgenic lines for
leaf rust resistancénfection with the race TFBJQ found that bi¥2R transgenic lines gained
high resistance and twio42S transgenic lines were highly suscépdi like Bobwhite Figure
4.2A). Gene expression analysis showed that Uth2R allele was expressed in dlr42R
transgenic lines anld42Swas expressed in bot2S transgenic linesHigure 4.2B). Note that
expression of bothr42R andIr42S were not @tectable in Bobwhite. The phenotypic and gene
expression data of transgenic lines confirmed that the NLR gene AET1Gv20040Q302. is
Lr42 resistance allele rarely occurs in thé\e. tauschiicollection

We amplified the_.r42 homologs from 3%failedto obtaingenomic DNAs from 5 of the
40 accessim) out of 40 accessiorfsom a minicore set ofe. tauschiithat captured >80% of
genetic diversity 0549Ae. tauschiaccessions maintained at the Wheat Genetics Resource Center
(WGRC) (Singhet al. 2019) Ae. tauschiihas been classified to two major lineage grouyss:
tauschiissp.tauschi (Lineage 1, L1) and ssptrangulata(Lineage 2, L2)Singhet al.2019)and

35 exammed minicore accessions incku@4 L1 and 11 Laccessions. Thierd2 donor TA2450
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is an L2 accession. The42 gene failed to be amplified from 21/24 L1 accessions. Expected bands
were amplified from 8/11 L2 accessions and 3 L1 accessions. Of thdmd2@omologs were
successfully sequencetigble D.1). We also extracted intatt42 homologs from thée. tauschii
reference genome of the leaf rust susceptible accession TA10132. The homolog from TA10132
(Ir42s) with the highest similarity and located in thepping interval, which was used in the
transgenic experiment is considered to be the allelic homologtaf Comparison of all theske.
tauschii homologous sequences witlr42R showed that 10 homologs from k. tauschii
minicore accessions are closer tolthé2R as compared to neallelic homologs in the reference
genome, supporting that these 10 sequences from 10 accessions are aliéRqfigure 4.39.

Three seedling leaf rust resistant accessions TA1651, TATB&AS8 contained differeritr42
haplotypes. Among these, TA1667 and TA2458 haplotypes were found in susceptible accessions,
suggesting that thier42 allelic homologs are not responsible for the leaf rust resistance in these
two accessions. The phylogemetinalysis also indicated that thel2 alleles are not completely
sepaated in the twd\e. tauschiiineages Figure 4.339. Sequences of 11r42 allelic homologs,
including Ir42S, belonged to three major haplotypes, I, Il, and lll, representdddByT A2376,
Ir42-TA1605 andIr42-TA2536 respectively Figure 4.3b). Most sequences of the42R allele

can be found from these three haplotypes except for a segment in the LRR Faguoa D.4,

Table D.7). Interestingly, the ~140 bipr42R uniqgue segment in ¢hLRR region (referred to as
Lr42R-uniquesegment hereafter) can be identified in a-atlalic Lr42 homolog with 98%
identity (the homolog 1D:738184B384626 has only 83.8% identity tor42R) from 1D
subgenome of the wheat Chinese Spring (CS) refereamoerge(Figure 4.3b,Figure D.5, Figure

D.6), implying that this unique sequence originated through either intragenic recombination or

ectopic recombination. Beside the uniqueneds42R we also observed conserved sequences at
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the beginning of the RXCC domain, at the end of the NBRC domain, and at the beginning and
the end of LRRFKigure 4.3h). Separate phylogenetic analysis using these domains (e £RX
NB-ARC, and LRR) of the gene resulted in different phylogenetic relationships among\these
tauschiiaccessions further supported intragenic recombination occurred betw@dmaplotypes

or ectopic recombination at some domaiRgy(re D.4).

In the Ae. tauschiireference gemme, the susceptibilityr42 allele (r42S), four intact
homologs, and far partial gene fragments were clustered within a 871 kb re§igare 4.39.
Interestingly, homologous sequences with plus and minus orientations hysieglly separated
into two regions, and homologs with the same orientation are more similar. Tdrezatgn of
the gene cluster indicated tHatt2 homologs likely expanded independently in the two separate
regions. The_.r42 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 baBepgglemental_file_4.). Onlytwo
homologs were identified in Brachypodium, a more distantly related sp&tiesd 4.39. The
results indicated th&ir42 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 ther42 segment, both pedigree
information and genotyping data via GenotypBySequencing (GBS) of 52,943 CIMMYT lines
(Julianaet al. 2019)were used. We identified 1442-specific GBS tagsTable D.5. Of 5,121
genotyped CIMMYT linesvith Lr42-carryingdonosin ther pedigree, 33.7% (1,724/5,121) were

classified as.r42+ lines fFigure 4.4a,Supplemental_file_4)2In contrast, only 2% (928/47,822)
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of lines that were not expected to carg2 based on pedigree were categorizetlrd2+ 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 witlr&hdonor in the pedigree were
categorized as without the42 segmentl(r42-) (Figure 4.4a,Supplemental_file_4)2

SomelLr42+ andLr42- wheat lines were phenotypically examined for leaf rust resistance
and grain yield at CIMMYT(Julianaet al. 2019) Comparison betweer42+ andLr42- wheat
lines from the breeding palation supported that ther42 segment is highly associated with
seedling resistance to the leaf rust race MBJL3R et al.2014) and moderately associated with
resistance at the adult stage to leaf rigjyre 4.4b). Without leaf rust infection, grain yield traits
of Lr42+ andLr42- lines were not significantly different, indicative w6 significant yield boost
or penalty directly imposed by the42 resistance segment frofre. tauschi{Table D.8).
Diagnostic markers for Lr42 genotyping

To facilitate markeiassisted selection &f42 in breeding we developed an effective-co
dominantKASP marker pC43 that is located 46kb from tlrd2 gene for selection ofr42-
carrying lines in botlAe. tauschiand bread wheat lines. We have also designed and validated two
markers, Lr420D1 and Lr42pD2, on the_.r42 gene to distinguish the presenceabsence of the
Lr42 resistance allele in whealdble D.6, Table D9). These markers will facilitate deployment

of Lr42 in wheat breeding programs througtecise markeassisted selection.
Discussion

We employed an efficient mapping strategy using diph@dtauschipopulations to clone
the broadly effective leaf rust resistance ger2 by takingadvantage of the newly constructed

Ae. tauschireference genom.uo et al.2017) high-throughput sequencing technology, and the
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optimized genetic analysis strategy, BSBq(Liu et al. 2012) Using susceptible and resistant
bulks, BSRSeq enabled simultaneous hidénsity SNPdiscovery and genotyping to map the
genomic region that containkr42. Further finemapping delimited the gene interval to
approximately 116 kb and revealed an expressed candidate NLR gene, AET1Gv20040300, for
Lr42. The causal gene was confirmed by gafiresistancevia gene transfer to a susceptible
hexaploid wheat cultivar.

The cloning ofLr42 added a new member to at leasttidhedwheat rust resistance NLR
genes Figure D.7) (Huanget al.2003; Feuilletet al.2003; Cloutieret al.2007; Periyannaast al.
2013; Saintenaet al. 2013; Liuet al. 2014; Magoet al. 2015; Steuernageit al. 2016; Thindet
al. 2017; Zhanget 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 respBsse. NL
exerting both functions were recently referred to as singleton NLRs, sivih éSauret al.2019)
and Sr50(Chenet 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 prposed(Adachiet al. 2019) An NLR gene in monocots generally consists oNan
terminal coiled-coil (CC) domain, the central NBRC domain, and a @rminal leucineich
LRR domain.Recent protein structure studies of an Arabidopsis NLR gene product, ZAR1,
revealed that a pentameric whéké NLR resistosome is assembled upon activationHay t
pathogen. The funnahaped structure formed from the N termidal h e &t the @Csdomain is
hypothesized to directly compromise plasma membrane integrity and induce ce(\ilaatiet
al. 2019a; b) Interestingly, a MADA motif MADAXVSFxVXKLxXLLXXEX, where x represents

non-conserved amino acids) conserved among hélihéts and singleton NLRs but not sensor
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NLRs, was identified on the CC domaibhr42 has a typical NLR structure and contains a
homol ogou SMAEAMY¥IGQLYVTLGEALAKEAO, which 1is
MADA motif among all known wheat rust resistance NL(Rable D.10). This implies that.r42
is more likely to be a singleton NLR or a helper NLR, not a sensor NLR.

Lr42Ris apparently a new allele at an ancient locus. Homologjs4& were detected in
the distant wheat relative Brachypodiukigure 4.39, which diverged from the Triticeae (wheat,
rye, barley) lineage 3329 MYA (International Brachypodium Initiative 2010Nevertheless,
34/35 samples in th&e. tauschiminicore have been excluded to carry a resistand2 allele,
suggesting thatr42 is rare and, likely, of recent origin. @hariation in LRR repeat numbers
amongLr42 alleles indicated that unequal crossovers could have occurred within the LRR domain
(Richter and Ronald 2000l addition, intragenic recombination as was documented.riait
(Huanget al. 2009) or even ectopic recombination, may also have played a role in the origin of
Lr42 allele. Indeed, the unique LRR sequence ofLti# allele can be identified in a neailelic
region in the subgenome 1D of CS, supporting the potential role of ectopic recombination in the
origin of theLr42 resistance allele.

The phenotypic expression of resistancerd? lines depends on several factors. Although
no leaf rust isolates have shovull virulence toLr42, some isolates showed lower infection types
than others on KS93U50, &am42 resistant selection from KS91WGRC(@Sunetal. 2010) The
resistance reaction of the dipldie. tauschilTA2450 donor accession is consistently very strong,
ranging from a hypersensitive fleck (Infection Type (IT) = ;) to flecks with tingtydas
surrounded by necrosis (IT =)iFigure 4.19. However, the reaction of nontransgenic hexaploid
Lr42--containing lines ranged from flecks and small pustules surrounded by necrosis (IT = ;1) to

mediumsized pustules surrounded by chlorosis (IT =@&9x et al. 1994a; Suret al.2010) The
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reduced expission of introgressed resistance in hexaploid bread wheat compared to diploid donors
is a frequently observed phenomer{@vulff and Moscou 2014)In contrast, the reaction of the
transgenic hexaploiderivatives was very strong, ranging from a hypersensitive fleck (IT =;) to
flecks with tiny pustules (IT = ;) (Figure 4.2g. The improved performance of the transgenic
versus nontransgenic hexaploid lines may be due to the strong maize ubiquitingprihiaiovas
used in the transgenics. The very strong resistance of the transgenic helxeffldides bodes
well for its utility in transgenic cassettes. Plant age and/or environment may also influéfce
resistance. Adult plants in the field showed matrongelr42 resistance than greenhotg®wn
seedlinggMartin et al.2003)

The undefated status dfr42 raised the possibility that it might be a more durable type of
resistance gene. However, elucidation of the NLR structuke4df indicates that the mechanism
of resistance is typical effecttriggered immunity (ETI). ETI is usually haurable because the
rust pathogen can become virulent by loss of the corresponding avirulence factor (effector) that
triggers the hypersensitive resistance respdnge.is currently deployed mainly in wheats from
CIMMYT that contain combinations of daible adult plant resistance (APR) genes to leaf rust
(Table D.11). This may have reduced the selection pressure on the pathogen population to
overcomeLr42. The CIMMYT wheat breeding pipeline has mamg2-containing breeding lines
in a background with higlevels of APR to leaf rusTéble D.9). Effective gene stewardship will
require breeders to releake42 only in varieties with strong combinations of other leaf rust
resistance genes.

Previous field trials showed that the42 introgression contributed to large increases in
yield and kernel weight in Oklahonfiartin et al.2003) We used GBS markers to classify 5,121

CIMMYT breeding lines that haldr42 in the pedigree. Some of advanced linestpesfor Lr42
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were compared to their counterparts withobt2. 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 GI¥T lines also had a high level of APR that kept
disease severities lowigure 4.49. In a QTL analysis o& highly resistant CIMMYT line Quaiu

3, Basnet et al (2014) were able to separate the efféectdffrom other resistance genés42
explained 32%f the phenotypic variation and limited disease severity in the field to a maximum
of 40%.Lr42 combined very well with_.r46 and QLr.tam3D to achieve near immunity to leaf

rust in Quaiu 3Basnetet al.2014) We did not detect a direct or indirect impact.c42 on yield

and other grain quality traita theLr42+ lines alsoprobably 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. KS91WGRC11 carrié&Thepstem rust
resistance gene on chrosmme 6DS from the Century pardhbpezVeraet al.2014) We also
documented a hiddemtrogression in the WGRC germplasm. Recently, a stripe rust resistance
NLR geneYrAS2388&originating from chromosome 4D of &e. tauschiaccession was cloned
and TA2450 was found to carry the resistance allleanget al. 2019) We amplified the
YrAS2388gene from TA2450 and confirmed that the sequence is identical to the reference
resisance allele reported. We also found that KS91WGRC11 carrie¥rth®2388resistance
allele from TA2450, which implies that thérAS2388resistance allele has been introduced to
germplasm in CIMMYT and many other breeding programs. Given the limited basksrdéo
Century, KS91WGRCL11 is expected to harbor additional genomic segmentdraauschithat
might contribute valuable genetic diversity to future cultivars. Our regaitg to the need fan

situ conservation of robust populations of nativedasgpecies for enhancing crop biodiversity so
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that rare alleles such ds42 reported here can evolve and be conserved for future crop

improvement.
Conclusion

ThelLr42 gene from the wheat wild relativeegilops tauschiconfers resistance to all leaf
rust races tested to date. Through bulked segregant B84ABSRSeq) mapping and further fine
mapping, we identified ahr42 candidate gene, which encodes nucleelioheling site leucine
rich repeat (NLR). Transformation tiie candidate gene to a leaf rust susceptible wheat cultivar
markedly enhanced the disease resistance, confirming the candidate NLR geng4g tene.
Cloning ofLr42 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 theLr42 gene

(a) Phenotype ofe. tauschiaccessions TA2433.(42-) was susceptible (Infection Type = 33+)
and TA24501(r42+) was hypersensitive fleck (Infection Type = ; te) ;dt the seedling stage
uponinoculation with race PNMRJbJ Genetic mappin@ir42 genes via BSEeq. In total, we
phenotyped 1004z families (15 individuals for each family) from the cross TA2450 x TA2433
and identified 27 homozygous resistance (HR) families, 52 heterozygousojHatailies, and

21 homozygous susceptible (HS) families. Bulked segregant analysis vieSR§lABSRSeq)

of 21 HR and 21 HS seedling pools was employed to maprétiegene. €) For each variant
identified from RNASeq, the probability of complete linkadpetween the variant and thel2
gene was plotted versus the chromosomal position of the vadaii¢ first track shows some
singlenucleotide polymorphisms (SNPs) identified from BS&y. The second track shows
KASP markers that were developed kod2 fine-mapping. The two flanking markers pC43 and
pC50 delineate the finmapping interval. The physical positions on &e tauschiireference
genome (Aet v4.0) of the KASP marker SNPs are shown in the third track. Annotated genes in
the interval areepresented 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 Lr42 resistance alleld_(42R) was hypersensitive fleck (Infection Type

= ; to ;1), and three independent eventsLofi2 susceptibility allele [(42S) was susceptible
(Infection Type = 3) upon inoculation with race TFBJG. Transgenic plants are ianEtagion.
Lr42Ris from accession TA2450, alrd2Sis from accession TA10132)RT-PCR of the_r42

gene of Bobwhite (BW) and transgenic plants from the T1 generation. Resistant and susceptible
alleles were amplified with primer sets LHRT-F5/R5 and Ir42_1F/RT@ble D4). (C) The

protein structures of tHe42RandIr42Salleles. Note thdt42Shasfewer LRR repeats compared

with Lr42R
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Figure 4.3 Homologs ofLr42 in Ae. tauschiiand closely related species

(a) Phylogenetic tree of intatt42 homologs fromAe. tauschiiTheLr42Ris the resistance allele.
TheIr42S allele is a susceptibility allele from the reference accession TA10132. The other 10
alleles (signified byr42-accession) were from the. tauschiminicore set. Solid colored circles
represent.rd2 haplotypes. Squarésdicate lineages of accessions. Bootstraps are labeled on the
tree. p) Haplotype analysis. Elevelr42 alleles that do not includer42R are clustered and
grouped into three major haplotypes, represented by three alleles from TA2376, TA2536, and
TA1605.Each sequence block (A to E) lof42R 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. €) The nucleotide diversity of the twelha42 alleles in 56bp windows scanned on the
gene with the step size of 10 bp. Each dot represents a nucleotide diversity-bp avb@ow

versus the middle position of the window. Conserved regions with very low diversity are
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highlighted by red ovalgd) Circos view ofLr42 homologsLr42 clusters includ&r42 homologs

(at least 1 kb match and 79% identity) Aa. tauschiilD (7,842,623,713,757 bp), bread wheat

CS 1A (8,612,18®,546,340 bp), 1B (9,547,81,062,691 bp), 1D (7,056,154871,394 bp),
durum wheaflA (8,461,8029,214,843), 1B (8,108,319,210,082), Wild emmer 1A (10,412,667
11,483,838 bp), 1B (11,947,692,868,059 bp), Barley 1H (3,492,35216559 bp), and
Brachypodium chromosome 2 (38,092,588649,528 bp). The beginning of each cluster was
adjuged to 0. The 1s on the cluster track represent 1 Mb positions. The identity between each
homolog and_r42 is colorcoded. The red line points at the position ofltrd2 susceptible allele

on theAe. tauschireference genome.
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Figure 4.4 Introgression of theLr42 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 &f42-specific GBS tags on thegxis. Green anblue colors signifyLr42+
andLr42- Lr42-introgressed lines, respectively. Other lines that are eithdrrddtintrogressed

lines or not confidently categorized intw42+ or Lr42- are gray colored. Numbers &f42-
specific GBS tags were jittered with tfector 0.25 for better visualization of data densiby.d)

Using disease phenotypic data collected at CIMMYT, statistical comparisons of disease infection
types betweehr42+ andLr42- lines were performed for seedling stage leaf rust widst and

for adult stage resistance with ANOVA. Two field locations in Mexico for adult stage leaf rust
phenotyping are labelled. The Stakmad @cale was linearized to 4 9 scale for seedlings
(Methods). The percent disease severity on adult plant flag leaveasitwdon the Cobb scale.
Bars represent standard deviation of means of infection types or disease severity.
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unpublishectontent from this dissertation.
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AppendixB-Suppl e me otCahla pd aetra 2

SupplementalFigures

Figure B.1 Calli from immature embryos of A188, B73, and Hil A. a, b, ¢) White, compact,
and nodulated somatic embryos and embryogenic callus from ¢@)L8&ownish, loose and nen
embryogenic callus from B7®), and white, friable and embryogenic callus fromlHA () after
28 days of culture in callus induction media.
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Figure B.2 Phenotypes of B73, F1, and A188,b). Plants from 2020 summer nursery in Kansas
(a) and Beijing b).

A188 Nanopore reads
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Figure B.3 Histogram of lengths of Nanopore raw readsMinlON flowcells (N=31) were used

to produce Nanopore reads for the A188 genosserably, 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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lllumina reads on contigs
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Figure B.4 Contig filtering based on read depthsLog?2 values of lllumina 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 O of log2(leaf:ear) and contigs less than
15 kb were @carded. 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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Reccombination contexts of repeats
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Figure B.5 Recombination of contexts around repeats$:or 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 esgréee 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 integratioruiClose
alignments with the chloroplast genome are shown along NUPTk.dlignment requires at least

3 Kb match and 95% identitp). 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 chronoosal scale is different from the pt scale. Numbers on the
track are in Mb.
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seedling callus
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Figure B.7 Expression comparison of paralogs in highand low-recombination regions.Pairs

of paralogs of which one is located at a highombination region (H) and the othetdsated at

a lowrrecombination 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 gen@ontext 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 genegnriched GO terms in B#8pecific PAV/HDS

genes @) and in A188specific PAV/HDS genesbj. 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 tervalBes were labeled on the top of each bar. Only
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the GO terms with the-palue smaller than 0.005 and containing at least five PAV genes were
plotted.

Figure B.9 SyRIl and CGRD results on chromosome ICGRD results using A188Refl and
B73Ref4 as the reference genomes were plotted on the top and bottom, respectasady. Y
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 oérymblocks 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 (divergeahd centromeres are highlighted. The same plotting
strategy was applied to chromosome 2, 3, 5, 6, 7, 8, 9, and 10.
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