
Assessing the functional genetic diversity of blight resistance in Chinese chestnut (Castanea 

mollissima Blume) by whole-genome resequencing of a diverse germplasm collection. 

 

Project Summary 

 Chinese chestnuts vary in their resistance to blight.  Understanding the genetic basis for 

these differences is critical to recovering maximum resistance from Chinese chestnut in 

backcrosses with American chestnut (Castanea dentata (Marsh.) Borkh.).  We will use whole-

genome resequencing of mature Chinese chestnuts with variable disease responses to assess the 

functional diversity of DNA sequences associated with blight resistance.  This assessment will 

help isolate candidate genes responsible for chestnut blight resistance, identify variation 

associated with elevated resistance, and furnish useful information to breeders who need to 

determine how many donor parents are needed and which parents to use for durable resistance.   
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Short-term Goals 

-Sequence the genomes of 20 mature Chinese chestnuts with variable blight resistance 

-Sequence the genomes of ‘Clapper’ and ‘Graves,’ resistance donors for the ACF breeding 

program 

-Identify polymorphisms associated with resistant Chinese chestnuts and determine whether they 

occur in protein-coding regions 

-Assess the sequence diversity of QTL regions associated with blight resistance and of candidate 

resistance genes 

-Identify SNP haplotypes associated with elevated blight resistance 

Long-Term Goals 

-Develop a database of Chinese chestnut genome sequences that will enhance understanding of 

functional genetic diversity within the species 

-Determine the feasibility of using markers to screen uncharacterized Chinese chestnut 

germplasm for blight resistance 

-Enhance blight resistance in the backcross breeding program by allowing more precise selection 

of high-quality resistance donors and rapid screening of individuals currently in the program for 

their resistance genotypes.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Narrative 

 Chinese chestnut (Castanea mollissima Blume) has a large native range in temperate 

eastern and central China and was introduced to the United States in the early 1900s as a nut tree.  

Chinese chestnut is believed to be a native host of chestnut blight.  Because its resistance to 

blight damage is consistently higher than other Castanea species, Chinese chestnut was selected 

as the resistance donor in the backcross breeding program devised by Dr. Charles Burnham and 

colleagues (Burnham et al. 1986).  In this plan, after three generations of backcrossing hybrids to 

American chestnut and only advancing trees with elevated resistance and similar appearance to 

American chestnut, selected trees are intercrossed to produce a population (BC3F2) in which a 

small percentage of trees breed true for blight resistance.   

 This strategy was based on a hypothesis that a small number of major genes controlled 

blight resistance.  Since then, quantitative trait locus (QTL) mapping using neutral markers 

(Kubisiak et al. 1997, 2013) has indicated that three genomic regions account for three-quarters 

of the variation in blight resistance among Chinese/American chestnut hybrids with minor loci 

making up the balance.  The major QTL regions make up a small percentage of the genome of 

Chinese chestnut, but the individual genes that confer blight resistance remain unknown.   

 The success of the American chestnut restoration breeding effort depends on recovering 

nearly all of Chinese chestnut’s blight resistance in advanced backcross progeny.  Since there is 

considerable variation in blight resistance among individual Chinese chestnuts, choosing the best 

possible resistance donors would increase the likelihood of meeting the program’s goals.  To this 

end, the American Chestnut Foundation added a number of resistant Chinese parents to its 

breeding program at Meadowview; incorporating more resistance donors remains a priority for 

ACF’s breeding program (Hebard 2005).  The Chinese grandparents of the program’s original 

resistance donors (the BC1 trees ’Clapper’ and ’Graves’) were not characterized as having 

better-than-average blight resistance.  Since the original resistance donors were BC1 trees, they 

contained at most one Chinese chestnut allele at each resistance locus.  Many state chapter 

breeding programs use only ’Clapper’ or ’Graves’ as resistance donors.  With a single BC1 

resistance donor, true-breeding offspring of crosses between BC3 trees will be homozygous at 

resistance loci with two copies of a single allele from the Chinese grandparent of ’Clapper’ or 



’Graves’.  If both ‘Clapper’ and ‘Graves’ were included in a pedigree, most of the offspring 

would be heterozygous (C/G), but only two Chinese sources of  resistance would be present.   

 Whether or not reliance on a single version (allele) or a few versions of resistance genes 

is a liability for the restoration of American chestnut depends on the molecular basis of the 

differences in blight resistance observed among Chinese chestnuts.  Since blight resistance has a 

strong effect on fitness, it is possible that resistance loci have evolved under purifying or 

negative selection.  If so, intense selection for the most resistant trees in populations would result 

in a limited set of “best” resistance genes that are found in the vast majority of Chinese 

chestnuts: less-effective forms of the genes would have been purged from the population.  If this 

is true, only a few resistance donors would be needed, but selecting the most resistant Chinese 

chestnut parents available would still be essential. 

 The other possibility is that blight resistance loci have undergone balancing, or positive, 

selection.  Positive selection leads to high sequence diversity in coding regions, and would result 

in blight resistance genes with diverse sets of variant alleles, like the major histocompatibility 

complex (MHC) loci of animal immune systems.  In studies of rice and Arabidopsis disease 

resistance loci, very high nucleotide diversity was found within some disease resistance genes 

(Rose et al. 2004, Thakur et al. 2013).  Positive selection would occur if unique alleles conferred 

an advantage against certain strains of the fungus, or in specific growing environments.  In this 

case, incorporating a large number of Chinese parents would be essential to successfully 

developing blight-resistant chestnuts for restoration to eastern U.S. forests.   

 We plan to investigate the functional diversity of blight resistance loci in Chinese 

chestnut by sequencing the genomes of 20 Chinese chestnut individuals, 2 American chestnuts, 

and several interspecific hybrids with variable blight resistance.  By aligning sequences from 

these individuals with the published Chinese chestnut blight QTL and whole genome reference 

sequences, we will be able to examine sequence (haplotype) diversity in regions linked to blight 

resistance (the QTL) and within candidate genes themselves.  To accomplish this, we have 

selected a set of mature Chinese chestnuts and interspecific hybrids of partial Chinese ancestry 

with variable blight resistance phenotypes growing at the Empire Chestnut Company in 

Carrollton, Ohio.  The blight resistance of these individuals has been determined by at least 15 

years of natural inoculation in an orchard setting.  They include trees from the major northern 

and southern chestnut-growing regions of China.  ‘Nanking’ has already been sequenced, and we 



hope to sequence  ‘Clapper’ and ‘Graves’.to compare their  DNA sequences  across the blight 

resistance QTL with sequences from a diverse collection of resistant and susceptible Chinese 

chestnuts.   

 The draft genome sequence of Chinese chestnut (http://www.hardwoodgenomics.org/ 

chinese-chestnut-genome) makes it possible to investigate haplotype diversity within blight 

resistance QTL.  The chestnut genome is estimated to be just under 800 million base pairs in 

length, moderately sized for a plant genome and comparable to sorghum (Sorghum bicolor) and 

tomato (Solanum lycopersicon); several times larger than peach (200 Mb), and much smaller 

than maize (Zea mays; 2300 Mb) or spruce (Picea glauca; 20 Gb, or 20,000 Mb).  With a 

genome this size, whole-genome resequencing is a reasonable approach.   

 Resequencing has revolutionized plant breeding over the past decade, and its importance 

is expected to expand in the future (Huang et al. 2009, Ingvarsson and Street 2011).  Large-scale 

resequencing is already being applied in breeding programs for non-model organisms, including 

apple, peach, walnut, and almond, and there are no theoretical limitations to doing so in chestnut.  

Resequencing has been applied to landscape genetics of poplar (Slavov et al. 2012) and the 

published reference genome of watermelon (Citrullus lanatus) came with genome sequences of 

20 diverse accessions that revealed sequence variants associated with important fruit traits (Guo 

et al. 2013).    Whole genome resequencing results in datasets containing hundreds of thousands 

of single nucleotide polymorphisms (SNPs).  Examining patterns of variation in these SNPs 

across the genome can reveal regions of the genome where the frequency of polymorphisms is 

decreased due to selective sweeps, or increased due to positive selection.  Investigations of 

disease resistance genes in rice and soybean (Lam et al. 2010) have found haplotype sets 

adjacent to important disease resistance loci.  By resequencing a diverse set of Chinese chestnuts 

with variable blight resistance, we expect to identify haplotypes associated with elevated disease 

resistance and to generate markers to screen uncharacterized Chinese germplasm for potential as 

a blight resistance donor.  This is important because Chinese donors that cannot be distinguished 

in terms of their resistance may have important differences at the DNA level. Understanding the 

diversity of haplotypes at blight resistance loci in Chinese chestnut would also shed light on the 

co-evolution of chestnut and blight.   Additionally, regions of suppressed or elevated 

recombination can be revealed by resequencing data (Lexer and Stoelting 2012); identifying 

these regions in chestnut will empower hybrid and backcross breeding efforts.   



 Because  trees have long generation times and long juvenility, the cost of evaluating a 

cross is much higher for tree breeders, and accurate characterization of germplasm is more 

important than it is in other plant breeding programs.  Understanding the molecular basis of 

differences in blight resistance within Chinese chestnut will help breeders plan for the number of 

resistant parents needed to capture in the restoration breeding population a significant portion of 

the natural diversity of blight resistance genes.  Additionally, we will be able to identify whether 

the most resistant Chinese chestnuts tend to be heterozygotes at disease resistance loci or are 

homozygous for a single strong resistance haplotype.  This information will help breeders plan 

crosses and design seed orchards to ensure maximum resistance in backcrossed trees that contain 

Chinese blight resistance genes.   Our resequencing dataset, made available to the wider research 

community, will allow the examination of sequence diversity for traits other than blight 

resistance that are of interest to chestnut breeders, including stem form and nut characteristics.  A 

resequencing dataset for Chinese chestnut would be the first of its kind for a nut-producing, long-

lived hardwood tree and would augment ongoing research on the genomics of trees in the 

ecologically and economically important Fagaceae family.   

Methods 

 Based on other researchers’ experience and our own, genomic DNA extracted from 

dormant chestnut twigs results in a higher quantity and quality of sequence data.  We have 

determined, through discussions with a maize breeder familiar with resequencing, that 

resequencing 20 individuals will allow us to adequately assess sequence diversity at resistance 

loci.   

 We have determined that sequencing two individuals in each Illumina lane results in 

enough genome coverage to accurately call SNPs across most of the genome (Table 1).  

However, if we continue to obtain high-quality DNA preparations, we could include 3 

individuals in each lane and still obtain 15-17x coverage.  Sequences will be obtained in 100 bp 

paired-end reads.  Sequencing will be performed by the Purdue Genomics Core Facility.  We 

have obtained blight resistance QTL and whole genome reference sequences from the 

hardwoodgenomics.org website, and we will use the program Geneious 7.0 (Kearse et al. 2012) 

to assemble quality-filtered reads to the reference sequences and to call SNPs.  We also plan to 

use the freely available software packages Samtools and Bcftools (Li et al. 2009) to assemble-to-

reference and call SNPs because they are easier than Geneious to integrate with other analysis 



programs.  Their package popgenome (Pfeifer et al. 2014) will be used to conduct nucleotide 

diversity analyses across the blight resistance QTL sequences.  The freely available program 

AUGUSTUS (Stanke and Morgenstern 2005) will be used to predict genes in the blight 

resistance QTL sequences, along with the predictions already available on the 

hardwoodgenomics.org website.  We will use Fastphase (Scheet and Stephens 2006) to conduct 

haplotype phasing across the blight resistance QTL sequences.  Other analyses and intermediate 

steps will be performed using custom Perl scripts.   

 

Status of project 

 We have sequenced the genomes of 10 Chinese chestnuts and 4 interspecific hybrids 

(Table 1).  Two American chestnuts from Indiana and two additional Chinese chestnuts are 

currently being sequenced at the Purdue Genomics Core Facility.  We assembled the reads from 

each individual to the three known blight resistance QTL, and identified large numbers of 

polymorphisms (SNPs and indels).  As a preliminary analysis, we identified loci that displayed a 

strong segregation pattern between the resistant (n=6) and susceptible (n=8) individuals 

sequenced to date by calculating an ad hoc score that is  highest for a locus where resistant and 

susceptible trees differ the most.  The score was calculated, over all nucleotides N: 

 score = ∑(N susceptible - N  resistant)(N resistant - N susceptible) 

 When we calculated this score over all loci on the three blight resistance QTL (Figure 1), 

the highest scores tended to cluster in a few regions of each QTL sequence.  We used Augustus 

software to predict genes across the blight resistance QTL, and used these predictions to 

determine the relationship of polymorphisms to predicted coding sequences.  Many of the SNPs 

most highly-associated with resistance were located near or within predicted genes, and several 

of these genes have functions associated with disease response (senescence-associated protein 

and several cupredoxin proteins on cbr1, a ubiquination protein on cbr2, and an epoxide 

hydrolase/lipase on cbr3).  Especially interesting were the numerous peaks near oxidoreductase 

genes on cbr1 (Figure 1).  We hope to further test and extend these preliminary results with help 

from TACF.   

 

 

 



Table 1. Samples sequenced to date.  Names in parentheses are accession codes from Empire Chestnut 

Company. 

Sample* Description/origin Bases of sequence Coverage 

EC06 (72-49.5) Susceptible Cm 9,260,381,051 ~11x 

EC10 (SC3) Susceptible Cm (Southern China) 8,222,958,309 ~10x 

EC14 (NC6) Resistant Cm (Northern China)  10,409,768,009 ~13x 

EC19 (NC2) Susceptible Cm (Northern China) 5,550,828,877 ~7x 

EC23 (B32) Susceptible (Cd x Cs) x Cm “Paragon” seedling 10,541,019,369 ~13x 

EC26 (Nanking) Resistant Cm 10,356,181,466 ~13x 

EC09 (B21) Resistant (Cd x Cs) x Cm “Paragon” seedling 20,592,332,404 ~25x 

EC13 (Schmucki) Resistant Cm (Northern China) 22,014,846,268 ~27x 

EC15 (SC2) Susceptible Cm (Southern China 20,232,385,484 ~25x 

EC16 (SC1=B66) Resistant Cm (Southern China; red leaf) 21,367,008,759 ~26x 

EC17 (NC5) Resistant Cm (Northern China) 19,972,882,115 ~24x 

EC18 (NC1) Susceptible Cm (Northern China) 21,931,104,690 ~27x 

EC22 (Paragon) Susceptible Cd x Cs hybrid 20,060,894,569 ~25x 

EC24 (Paragon-1) Susceptible (Cd x Cs) x Cm “Paragon” seedling 20,592,382,508 ~25x 

 

Submitted for sequencing June 19, 2015 

EC20 (NC3) Susceptible Cm (Northern China) 

EC21 (NC4) Resistant Cm (Northern China) 

IAC1  C. dentata (state champion; northern Indiana) 

IAC2 C. dentata (southern Indiana ; native range) 

 

Collected but not submitted 

EC01 (72-132) Susceptible Cm 

EC02 (72-139) Resistant Cm 

EC03 (72-41.5) Susceptible Cm 

EC04 (81-16) Resistant Cm 

EC05 (72-124) Resistant Cm 

EC07 (72-226) Resistant Cm 

EC08 (72-211) Susceptible Cm 

EC12 (SC4) Resistant Cm 

EC25 (B25) Resistant Cm x Cd hybrid 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 1. Association of DNA polymorphisms across three blight resistance QTL sequences (cbr1, cbr2, 

cbr3) and a 3 Mb set of randomly selected chestnut genome scaffolds (control).  The scores charted were 

calculated as the average ad hoc association score (described in text) of all SNPs across a 500-locus 

window.  Values displayed are standardized to the mean and standard deviation of all scores within the 

sequence.  
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Timeline 

 DNA will be extracted from selected trees in November 2015 and sequenced as soon as 

possible.  Once sequences are generated (January 2016), quality and coverage analysis and 

sequence alignment will be completed by the end of March 2016.  We anticipate the remaining 

analysis--quantification of haplotype diversity, identification of selective sweeps, and 

identification of SNPs and haplotypes associated with elevated blight resistance--will take an 

additional 6-8 months with a goal of June 2017 for completion of analysis.   

  

 Measurement and Reporting of Results 

 We plan to provide updates of the sequence generation and analysis to be published in the 

Journal of the American Chestnut Foundation in the summer of 2016.  A final manuscript 

detailing the results of the blight resistance functional diversity analysis should be submitted for 

publication by the end of 2017.  At this time, we also plan to make the generated sequences 

publicly available to the wider research community.  Results measured will include a map of 

SNP diversity across the entire Chinese chestnut genome, with detailed maps of SNP variation 

across the blight resistance QTL regions.  We will also report the sequences of any haplotypes 

identified that are associated with elevated or decreased blight resistance.   

 

Allocation of Funds 

 All funding by TACF will be used to pay for Illumina sequencing of ‘Clapper,’ ‘Graves,’ 

and four additional Chinese chestnuts, and will be spent in December 2015 or January 2016 

when sequencing is completed.  The rate for sequencing at Purdue is $2500 per lane, and sample 

preparation (quality control, cleanup, library preparation) costs $100-$200/sample depending on 

the work needed.  These prices are highly competitive with other sequencing centers, and the 

Purdue genomics facility includes preliminary filtering and trimming of reads in the sequencing 

cost.  Therefore, the total cost to sequence 6 individuals (2 per lane) is about $8000.  N. LaBonte 

will be supported by a van Eck endowment scholarship during his work on the project.  This 

work is also being supported by the Northern Nut Growers’ Association (Chinese chestnut 

sequencing) and the Indiana Academy of Sciences (American chestnut sequencing).  
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Invited presentations: 86; other presentations/ posters at scientific meetings and conferences: 94 

Current Students (total, 4 post-docs, 5 PhD, 2 M.S., committee service: 2 PhD, 5 MS) 

 James Jacobs, PhD student, The etiology of butternut canker disease. 

 Nick LaBonte, PhD student, Genomic analysis of chestnut. 

 

Synergistic Activities 

 Assistant editor, genetics,  Forest Science. 

 The American Chestnut Foundation, Science Advisory Committee. 
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 Principal investigator, NSF/IUCRC Center for Advanced Forestry Systems, 2006-2009.  

 


