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ABSTRACT

Pecan (Carya illinoinensis) is a tree nut crop of worldwide economic importance that is rich in health-
promoting factors. However, pecan production and nut quality are greatly challenged by environmental
stresses such as the outbreak of severe fungal diseases. Here, we report a high-quality, chromosome-scale
genome assembly of the controlled-cross pecan cultivar ‘Pawnee’ constructed by integrating Nanopore
sequencing and Hi-C technologies. Phylogenetic and evolutionary analyses reveal two whole-genome dupli-
cation (WGD) events and two paleo-subgenomes in pecan and walnut. Time estimates suggest that the
recent WGD event and considerable genome rearrangements in pecan and walnut account for expansions
in genome size and chromosome number after the divergence from bayberry. The two paleo-subgenomes
differ in size and protein-coding gene sets. They exhibit uneven ancient gene loss, asymmetrical distribution
of transposable elements (especially LTR/Copia and LTR/Gypsy), and expansions in transcription factor fam-
ilies (such as the extreme pecan-specific expansion in the far-red impaired response 1 family), which are
likely to reflect the long evolutionary history of species in the Juglandaceae. A whole-genome scan of rese-
quencing data from 86 pecan scab-associated core accessions identified 47 chromosome regions contain-
ing 185 putative candidate genes. Significant changes were detected in the expression of candidate genes
associated with the chitin response pathway under chitin treatment in the scab-resistant and scab-
susceptible cultivars ‘Excell’ and ‘Pawnee’. These findings enable us to identify key genes that may be impor-
tant susceptibility factors for fungal diseases in pecan. The high-quality sequences are valuable resources for
pecan breeders and will provide a foundation for the production and quality improvement of tree nut crops.
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INTRODUCTION oxidant polyphenols, and vitamins. Pecan is consumed world-
wide both directly and as a primary ingredient in many foods

The East Asia-North Eastern American disjunctive genus Carya  and confectionary products or as cooking oil after pressing

(hickories) are widely grown for their wood, edible nuts, and orna-

mental value. The most economically significant Carya species is b, piched by the Plant Communications Shanghai Editorial Office in

pecan (Carya illinoinensis), whose nuts are known to be rich in association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and
health-promoting factors, such as unsaturated fatty acids, anti- CEMPS, CAS.
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(Huang et al., 2019). Pecan is native to North America; its range
spans tropical to temperate regions, and it is currently
cultivated across six continents (Grauke et al., 2016).

Increasing consumer demands have promoted efforts toward
the genetic improvement of pecan as a nut crop. Nonetheless,
this work has been largely limited to the domestication and
identification of varieties with good performance in yield-related
traits, and the majority of cultivars have poor resistance to abiotic
and biotic stresses (Goff et al., 1996; Wood et al., 2003;
Thompson and Conner, 2012; Bock et al., 2020a). Among the
economically damaging fungal diseases, pecan scab, caused
by the phytopathogenic fungus Venturia effusa, is the most
significant disease-related constraint to pecan production in the
southeastern regions of the US, where severe fruit infection often
results in major or complete crop loss (Bock et al., 2016, 2017,
2018, 2020a, 2020b). Although several natural scab-resistant
genotypes have been selected and bred to limit yield losses,
scab-susceptible cultivars still predominate in much of the exist-
ing and expanding pecan acreage (Thompson and Conner, 2012;
Wells, 2014). In the last several years, control of this disease in
pecan orchards in major cropping regions has relied largely on
repeated and costly fungicide spraying, which also leads to
fungicide resistance in the scab pathogen (Bock et al., 2020a).
However, the genetic basis of scab resistance is poorly
understood, and sources of genetic resistance to the pathogen
are urgently needed.

As with many tree species, pecan requires a long generation time
to reach full productivity and also displays sporophytic self-
incompatibility (Thompson and Conner, 2012). This makes
selection for many agronomically valuable traits by classical
breeding approaches extremely slow, and it may take over 20
years to release a new cultivar (Thompson and Grauke, 1994;
Conner, 2012). Therefore, genome-wide database resources
that enable the identification and selection of many genetic loci
simultaneously have huge potential to accelerate pecan research
and breeding.

A draft genome assembly of the pecan cultivar ‘Pawnee’ was
recently published (Huang et al., 2019). Some molecular and
SSR markers have also been developed for pecan (Conner and
Wood 2001; Grauke et al., 2003; Beedanagari et al., 2005;
Chaney et al., 2015), and others are in progress (Jenkins et al.,
2015). Although these studies provide essential resources for
the identification of scab-resistant cultivars, there is still a need
for a high-quality reference genome sequence of pecan to
identify key candidate genes and to facilitate the development
of more scab resistance-specific markers to aid in scab resis-
tance breeding. Toward this goal, we used a whole-genome
shotgun sequencing strategy that combined Oxford Nanopore
long-read sequencing and Hi-C (high-throughput chromosome
conformation capture) technology to construct a de novo
chromosome-scale Pawnee genome assembly consisting of 16
pseudomolecules. Comparison of the pseudomolecules revealed
two recent whole-genome duplication (WGD)- and genome
rearrangement-related paleo-subgenomes with asymmetry in
genome size, gene content, and transposable element (TE) distri-
bution, as well as significant expansion of transcription factor
families. We also used whole-genome resequencing data from
86 accessions of 36 genotypes with susceptibility or resistance
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to pecan scab to identify 47 resistance-related chromosome re-
gions containing 185 putative candidate genes. The candidate
gene set highlights genetic selection on putative genes involved
in chitin responses, such as chitinase, MAP3K3, GLRs, and so
forth, and it provides potential seedling screening markers for
the development of fungal disease-resistant varieties.

RESULTS

Chromosome-scale assembly and annotation of pecan

A chromosome-scale assembly of a grafted plant derived from
the controlled-cross pecan cultivar Pawnee (Figure 1A) was
produced by integration of data generated from Oxford
Nanopore sequencing and Hi-C technologies. A total of 71.7 Gb
high-quality, cleaned Nanopore sequencing data, representing
about 104-fold coverage of the estimated 691.28 Mb genome
size with a heterozygosity of 1.52%, were used for de novo assem-
bly (supplemental Figures 1 and 2; Table 1 and supplemental
Tables 1 and 2). A 636.26-Mb initial assembly with a contig N50
length of 4.20 Mb and a longest contig of 23.88 Mb was obtained
by combining de novo assembly of Nanopore sequences,
error correction with lllumina sequences (generated previously),
and removal of redundant and bacterial contamination
sequences (supplemental Tables 1 and 3). The resulting 636.41-
Mb, high-quality final assembly (Cil_v. 2.0) was generated using
75.93 Gb of Hi-C paired-end sequences, and 90.51 % of the contigs
in the initial assembly were anchored onto 16 pseudochromo-
somes with lengths ranging from 20.8 to 50.7 Mb (Figure 1C and
supplemental Figure 3; Table 1 and supplemental Tables 1 and
4). Completeness assessment of the assembly revealed
complete coverage of 95.1% of the core eukaryotic genes in the
BUSCO database (Waterhouse et al., 2018) (supplemental
Table 5). At least 93.72% of the lllumina short reads could be
mapped to the assembly with coverages of 4-, 10-, and 20-fold
(supplemental Table 6). The scatterplots of GC distribution
showed a good concentration of nearly 36% and were close to
the Poisson distribution (supplemental Figure 4). These metrics
indicate the high accuracy and overall completeness of the
assembly.

A combination of homology searches and de novo prediction re-
sulted in the identification of 304.41 Mb of repetitive sequences in
the Cil_v. 2.0 assembly, representing 47.83% of the pecan
genome (Table 1 and supplemental Tables 7-9). The TE content
of the assembly is 45.37%. LTR is the most abundant type,
accounting for 35.15% of the pecan assembly (supplemental
Tables 8 and 9), and the Gypsy and Copia subfamilies are the
dominant subtypes (34.69% and 34.23% of TE length). Gypsy
is usually enriched in the centromere regions of angiosperms,
and this is also the case for Pawnee (Figure 1C; supplemental
Table 9).

A total of 33472 protein-coding genes were predicted by inte-
grating the ab initio prediction, homology search, and transcrip-
tome assembly approaches, and 95.9% of these genes were
anchored to the 16 pseudochromosomes (Table 1 and
supplemental Tables 9 and 10). In total, 1349 of the predicted
protein-coding genes can be completely matched with the BUSCO
database (1440 genes), indicating the high completeness (93.7 %)
of the gene set (supplemental Table 5). Of the protein-coding
genes, 31 247 (93.35%) have known functions in the SwissProt,
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Figure 1. Genome features of the chromosome-scale assembly and evolution of the pecan genome.

(A) Morphology of fruit, nut, and fresh kernel of Pawnee. Scale bar corresponds to 1 cm.

(B) Comparison of contig lengths and clustered gene sets between versions 1.0 and 2.0.

(C) Landscape of the chromosome-scale pecan genome assembly. (a) Synteny of gene pairs from the recent WGD (WGD 2); (b) chromosomes; (c) contigs
of version 1.0 on chromosomes of version 2.0; red, green, and yellow indicate contigs >2, 1-2, and <1 Mb in length in the version 1.0 assembly; (d) protein-
coding genes; (e) LTR density distribution; (f-g) distribution of Copia and Gypsy elements.

(D) WGD and divergence within and among species of pecan, walnut, and bayberry.

(E) Syntenic distribution of pecan compared with walnut and bayberry.

Kyoto Encyclopedia of Genes and Genomes (KEGG), TrEMBL, In-
terPro, and Gene Ontology (GO) public databases (supplemental
Tables 10-12). Compared with our previously reported scaffold-
scale draft assembly (version 1.0), the chromosome-level assem-
bly filled in 98.06% of the gaps with highly improved contig length,
and this led to the identification of 2397 additional protein-coding
genes (Figure 1B, 1C, and supplemental Figure S5; supplemental
Table 13). Moreover, some agronomic trait-related genes that
have been studied previously have been improved in the new
genome version. For example, the copy numbers of genes
encoding key components of oil accumulation and polyphenol
metabolism decreased significantly in the Cil_v. 2.0 assembly
(supplemental Table 14), probably because the short-read-based
v. 1.0 assembly was inaccurate in the assembly of multicopy
genes (Huang et al., 2019). In addition, the Pawnee assembly
encodes 121 miRNAs, 565 tRNAs, 414 rRNAs, and 1318 snRNAs
(supplemental Table 15).

When compared to the most recent published genomes of
pecan (Lovell et al., 2021), the improved Pawnee Cil_v. 2.0
assembly is similar to the assemblies of four pecan genotypes
in assembly completeness (Lovell et al., 2021). The Cil_v. 2.0
assembly is also similar to the genotypes ‘Oaxaca’, ‘Lakota’,
and ‘Elliott’ in terms of genomic features, except that it has
fewer scaffolds/contigs (supplemental Table 13), indicating
that there are fewer gaps and missing sequences in the
improved assembly. The gap-free Pawnee assembly reported
by Lovell et al. (2021) shows slightly higher scores in genomic
features than Cil_v. 2.0 (supplemental Table 13). Synteny
analysis between the gap-free Pawnee assembly and Cil_v.
2.0 reveals high collinearity and one-to-one chromosome corre-
spondence between the 2 assemblies, with 21 504 gene pairs
(~67%) in syntenic blocks (supplemental Figures 6-7 and
supplemental Table 16). Differences outside the syntenic
blocks of the two Pawnee assemblies probably result from the
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Estimated genome size (Mb) 691.28
Total length of scaffolds (Mb) 636.41
Number of scaffolds and contigs 124 & 564
Longest scaffold (Mb) 55.75
N50 of scaffold and contig length (Mb) 38.78 & 2.89
Number of predicted protein-coding 33472
genes

Pseudochromosomes 16
Anchored sequence to 608.60
pseudochromosome (Mb)

Protein-coding genes in 32104
pseudochromosomes

Average gene length (CDS + intron) (bp) 5482.63
Masked repeat sequence length (Mb) 304.41
Percentage of repeat sequences (%) 47.83

Table 1. Global statistics of the chromosome-scale pecan
genome assembly (Cil_v. 2.0).

syntenic block cutoff (at least five genes) and haplotype
selection when assembling the chromosomes, as the outbred
Pawnee has a highly heterozygous genome.

Genome evolution and identification of two paleo-
subgenomes

We identified orthologous gene pairs in pecan, walnut, and
bayberry, estimated species divergence times based on the syn-
onymous nucleotide substitution (Ks) sites of orthologous genes,
and corrected the times using the earliest fossil records of Myrica-
ceae and Juglandaceae (64-84 mya) (Sauquet et al., 2012; Ho and
Phillips, 2009). Our analysis revealed a shallow peak that occurred
about 234.5 mya and very close to the ancient WGD event (WGD
1) in walnut and bayberry (~229.1 and ~250.9 mya) (Figure 1D),
probably reflecting the paleopolyploidy WGD (y) event in the
angiosperm lineage (Landis et al., 2017). Pecan and walnut also
experienced a recent WGD event (WGD 2) at about 65.4 and
54.5 mya (Figure 1D). Estimates of divergence times between
species of walnut-bayberry and pecan-bayberry indicated that
the speciation event in Juglandaceae and Myricaceae occurred
before the tetraploidization in the genera of Juglandaceae,
whereas the divergence between pecan and walnut (~13.6 mya)
occurred after their tetraploidization (Figure 1D), suggesting a
common ancestor between pecan and walnut.

The two WGD events involved a total of 3,683 orthologous gene
pairs, 2,829 of which were in WGD 2, reflecting its important contri-
bution to the protein-coding gene set. The gene pairs from WGD 2
were mapped to the 16 pseudochromosomes to visualize the
detailed syntenic relationships among chromosomes in pecan.
We observed eight chromosome pairs with one-to-one corre-
sponding collinear relationships in the pecan assembly
(Figure 1C). Further mapping of all identified orthologous genes in
syntenic blocks between chromosomes of any two genomes
(among pecan, walnut, and bayberry) revealed a considerable
number of pair-to-pair relationships between the chromosomes
of pecan and walnut but not between the chromosomes of pecan
and bayberry (Figure 1E). Based on the results of syntenic
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analysis, the chromosomes of pecan, walnut, and bayberry were
divided into eight groups, and one-to-one orthologous gene pairs
identified in the groups (supplemental Table 17) were used to
construct eight phylogenetic trees by the neighbor-joining (NJ)
method (supplemental Figure 8). Two paleo-subgenomes—
subgenome A (chromosomes Chr09 to Chr16) and subgenome B
(chromosomes Chr01 to Chr08)—were identified based on the
branch lengths of the NJ trees for both pecan and walnut
(Figure 1C, 1D, and supplemental Figure 8). The walnut paleo-
subgenomes were the same as those reported in the recently
published walnut assembly (Zhang et al., 2020). These results
reflected frequent large-scale chromosome rearrangements in
the pecan and walnut comparing with bayberry genomes after
the divergence of Myricaceae and Juglandaceae, as well asrarere-
arrangement events between pecan and walnut because of their
relatively short divergence time.

Features and evolution of the two paleo-subgenomes

Comparison of the sequence similarity of the two paleo-
subgenomes of pecan against the bayberry genome showed
higher average identity for each chromosome in subgenome B
than in subgenome A (supplemental Table 17). The overall
identity distribution between the two subgenomes displayed a
trend similar to that of the average identity for each chromosome
(supplemental Figure 9). Selection analysis (Ka/Ks, i.e., w)
revealed that the chromosomes in subgenome B had
experienced stronger positive selection than those in subgenome
A, in addition to the PAIR-5 chromosomes (supplemental
Figure 10; supplemental Table 17). We also detected asymmetry
in lengths and protein-coding genes between the paired
chromosomes of the two subgenomes. Except for the PAIR-8 chro-
mosomes, all chromosomes in subgenome A were longer and con-
tained more protein-coding genes (345.88 Mb and 18 498 genes)
than those in subgenome B (328.41 Mb and 13 606 genes)
(supplemental Table 17).

To compare the paleo-subgenome features in pecan, the values of
Ka, Ks, and Ka/Ks were estimated based on 6316 orthologous
gene pairs from the subgenomes. According to the values of Ks
and Ka, 6253 of the analyzed orthologous gene pairs had been
subjected to negative selection (Ka/Ks < 1), whereas 63 had
been subjected to positive selection (Ka/Ks > 1). No genes under
neutral selection were detected (Ka/Ks = 1). These results indi-
cated that these genes may have undergone lower selection pres-
sure, evolving at a slower evolutionary rate. In addition, we also
established the relationships among Ka/Ks, Ka, and Ks in the
pecan genome. We found that Ka increased gradually with
increasing Ks (supplemental Figure 11), with R = 0.71, P < 2.2 X
107 % (Spearman’s rank correlation). These data were basically
consistent with those in pear (R = 0.75) (Cao et al,, 2019),
suggesting that mechanisms that affect both Ka and Ks sites
may be shared in different genomes. In addition, the Ka/Ks ratio
was negatively correlated with both Ka (R = 0.34, P < 2.2 x
107" and Ks (R = —0.28, P < 2.2 x 107" (supplemental
Figure 11). The correlation between Ka and Ka/Ks was greater
than that between Ks and Ka/Ks, indicating that Ka may be a
determining factor for the Ka/Ks ratio between the subgenomes.

For evolutionary analyses of the two paleo-subgenomes in
pecan, a simplified phylogenetic tree was constructed using 1080
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Figure 2. The features, evolution, and divergence of the pecan subgenomes.
(A) Evolutionary analysis of genomes, subgenomes, and gene sets in pecan, walnut, and bayberry, using Arabidopsis as an outgroup. Numbers indicate

the number of gene families.

(B) Venn diagram of genes in the recent WGD (WGD 2), subgenomes (sub A and sub B), and transcription factors. Numbers indicate the number of genes.

(C) Significantly expanded TF families.
(D) Distribution of Copia and Gypsy LTRs on the subgenomes.
(E) Insertion time estimates of LTRs.

single-copy orthologous genes from pecan, with walnut, bayberry,
and Arabidopsis as references (Figure 2A). The topology of the
phylogenetic tree confirmed the close relationship between
pecan and walnut, as did our previous report (Huang et al., 2019).
Interestingly, the group A or B subgenomes of pecan and walnut
were clustered into a terminal clade (Figure 2A). The corrected
estimate for the split between subgenomes A and B in the 2
species was about 58 mya, earlier than 11.8-29.2 mya, a time
representing the splits of subgenomes A or B between the

species (Figure 2A) and during which time a speciation event
occurred between pecan and walnut (~13.6 mya) (Figure 1D).
This analysis indicated that differentiation between the two paleo-
subgenomes occurred in the common ancestor of pecan and wal-
nut after the Juglandaceae had diverged from the Myricaceae.

Gene family statistics showed that 4298 families were common to
pecan, walnut, and bayberry; 1361 or 3320 families were lost in
subgenome A or subgenome B of both pecan and walnut; 136

Plant Communications 2, 100247, November 8 2021 © 2021 The Author(s). 5
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families were lost only in pecan, and 70 were lost only in walnut;
and 449 families were retained in both subgenomes of pecan and
walnut (Figure 2A). The considerable alteration of gene families
among species and subgenomes largely reflects genome-wide
rearrangements before and after the recent WGD during the
species’ evolution.

The pecan genome encoded a total of 2282 transcription factors
(TFs) from 61 TF families, ~53% (1204) of them in subgenome A
and ~43% (985) in subgenome B. Only 117 in subgenome A and
116 in subgenome B were related to the recent WGD event
(WGD 2) (Figure 2B). Of the 2829 WGD 2 genes, 1332 were
encoded by subgenome A, and slightly fewer were encoded
by subgenome B (1398). Among the TF families, 18 were
significantly over-represented in pecan and walnut, and the far-
red impaired response 1 (FAR1) family showed extreme expansion,
especially in pecan (supplemental Table 18). A maximum likelihood
(ML) tree of 264 FAR1-encoding genes revealed three major clades
representing the three groups of this family, and group 1 and group
2b FARTs existed specifically in the pecan genome (Figure 2C).
Based on the diverse biological functions of this gene family,
expansion of the FARTs may account for the enhanced light
signaling in pecan life processes, including plant development,
stress response, and immunity (Ma et al., 2016; Wang et al,,
2016). Further chromosome mapping revealed an asymmetrical
distribution of FART loci between subgenomes, with more
members in subgenome A (Figure 2C and supplemental Figure 12).

The asymmetry of the subgenomes was also shown in the distri-
bution of TEs, especially in the numbers of major LTR types, the
Copia (132 369 in subgenome A and 90 474 in subgenome B) and
Gypsy (100 257 in subgenome A and 89 931 in subgenome B)
subfamilies (Figure 2D; supplemental Table 9). Insertion time
estimates show that the insertion times of total LTRs and Gypsy
and Copia elements are significantly earlier in subgenome A
than in subgenome B (Figure 2E).

Population phylogenetic and genetic analysis of pecan
scab-associated accessions

A total of 86 pecan accessions, representing scab-associated
core varieties in our collection, were selected for genome-wide
analysis (supplemental Table 19). This set of germplasm
includes 36 core pecan scab-associated varieties: 29 single indi-
vidual varieties and 7 cloned populations. Genome resequencing
of the accessions using the BGI-Seq 500 sequencer generated a
total of 1624.41 Gb of sequences after trimming of low-quality
reads. On average, ~19 Gb of clean data (27 X coverage of the
estimated pecan genome size) were obtained for each sample
(supplemental Table 20). The filtered reads from each accession
were mapped to the pecan Cil_v. 2.0 assembly with an average
mapping rate of 96.57%. The mapped reads covered most
regions of the reference genome with a coverage ratio from
90.99% to 95.16% among the accessions. A total of 24 972 828
high-quality SNPs were detected. A further filtering step revealed
5901 970 SNPs that were suitable for population analysis, more
than half of which (3 293 001) were unique to subgenome A and
2 608 969 of which were unique to subgenome B.

NJ phylogenetic trees were built to display the phylogenetic rela-
tionships among the 36 cultivars based on the variations in each
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subgenome (Figure 3A). Topologies of both NJ trees clearly
formed two major clades for each subgenome, but the cultivars
of different major clades varied between subgenome A and
subgenome B. The phylogenetic relationships of cultivars in each
subclade within major clades of subgenome A or subgenome B
were closely related to their genetic relationships (Figure 3A;
supplemental Table 21) but showed no obvious correlation with
disease resistance (Figure 3A; supplemental Table 20). Internal
structure comparison between the two phylogenetic trees
revealed the best correspondences of all the leaf (outer) nodes
and parts of the inner nodes, with a score of 1, and relatively
lower correspondences for the root nodes between the NJ trees
of subgenome A and subgenome B, with a score of 0.5.

Further population structure investigation of the 36 cultivars at the
subgenome level revealed that K = 4 was the best cluster number
for the datasets (Figure 3A). To facilitate comparison between
subgenomes, we denoted the four K numbers K7 to K4 based
on the color of the visualized structure and recorded the
ancestral types for each cultivar in subgenomes A and B
(Figure 3A; supplemental Table 21). We found that 10 of the
cultivars originated from a single ancestor and that 6 cultivars
derived from 2 to 4 ancestors, and all these 16 cultivars had the
same ancestral types in subgenomes A and B (Figure 3A;
supplemental Table 21). The remaining 20 cultivars differed in
both ancestors and ancestral types between subgenomes
(Figure 3A; supplemental Table 21). These results may reflect
the complex domestication history and frequent gene flow
caused by natural and human selection and inter- and intra-
species hybridization and admixture among the cultivars.

To evaluate the genetic diversity among the accessions, we first
divided the accessions into two populations based on their pecan
scab-resistance grades: the resistant population (denoted R) had
grades <2, and the susceptible population (denoted S) had grades
>2 (supplemental Table 20). We then quantified the variations in
nucleotide diversity (7 value) for each population and the pairwise
differentiation level (Fst) between the two populations.

Identification of selected regions and candidate genes
associated with pecan scab resistance

Given that disease resistance-associated regions in the R popu-
lation were subjected to stronger selection pressure and there-
fore had lower polymorphism than corresponding regions in the
S population, chromosome regions (100 kb per window) with
both  ratios of ws/mg and Fst values in the top 5% were identified
as selected regions associated with pecan scab resistance
(Figure 3B; supplemental Table 22). The analyses revealed a
total of 47 candidate regions that contained 185 putative
protein-coding genes, 141 of which were located in subgenome
A and 45 in subgenome B (Figure 3B; supplemental Table 23).
The candidate regions were unevenly distributed on 12
chromosomes and were most abundant on chromosomes 6,
10, 11, and 15 (Figure 3C).

Of the 47 selected regions, a region of approximately 83.6 kb on
chromosome 9 (between 3.1 and 3.2 Mb) displayed the highest
Fst value and a relatively high = ratio (Fst = 0.208, = = 2.879),
and it contained 7 putative protein-coding genes (supplemental
Table 23). Two of the seven genes, Cil_09G_00199V2 and
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Figure 3. Population genomics and identification of pecan scab-associated candidate genomic regions and genes under selection.
(A) NJ trees and population structures of subgenomes and scab-resistance grades of each accession. A score of 1 on the color scale bar indicates that
the tree structure of the node is identical to the tree structure of its best corresponding node. K = 4, the best substructure. PSRG, pecan scab-resistance

grade. The length of the red bars in the middle indicates the disease-resistance grade.

(B) Plots of the highest 5% = and Fst values in pecan scab-related accessions. Arrowheads indicate the loci of key candidate genes associated with

pecan scab resistance.
(C) Locations of the selected regions of pecan scab resistance on chromosomes.

(D) Fst and = ratio (upper, coordinate diagrams), gene details (middle, color bars), and LD heatmap of the candidate region containing two putative

chitinase-encoding genes.

(E) Fst and = ratio (upper, coordinate diagrams), gene details (middle, color bars), and LD heatmap of the candidate region containing five putative GRIP-
encoding genes. The pairwise LD between the SNPs is indicated as D’ values, where red indicates a value of 1 and yellow indicates 0. Rose-red indicates
the CDS regions of genes, and green indicates polymorphic SNP sites in the promoter and CDS regions.
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Cil_09G_00200Vv2, were annotated as chitinases (denoted
CilCHI5_1 and CilCHI5_2) (Figure 3B-3D). They were the
closest known homologs of an EP3 endochitinase in plants that
has been observed to participate in the innate immune
response through inhibition of fungal growth (de A. Gerhardt
et al., 1997). Detailed analysis revealed two nonsynonymous
nucleotide substitutions (missense variants) in CHI5_1 and four
in CilCHI5_2, and CilCHI5_2 also harbored an intron variant
(Figure 3D; supplemental Table 24).

An approximately 72.4-kb region on chromosome 15 with an Fst
value of 0.174 and a = of 1.623 also attracted our attention
because it contains 5 tandem repeat genes encoding ionotropic
glutamate receptors, Cil_15G_00015V2 to Cil_15G_00019V2 (de-
noted CilGLR3.6/GRIP1-CilGLR3.6/GRIP5) (Figure 3B, 3C, and
3E; supplemental Table 20). Plant glutamate receptor-like (GLR)
homologs have been reported to participate in many plant-
specific physiological functions, such as sperm signaling, pollen
tube growth, root meristem proliferation, abiotic responses, and
innate immunity (Zhu, 2016; Li et al., 2019; Wudick et al., 2018).
We detected a total of 183 variants in this tandem repeat
region, 28 of which were synonymous substitutions and 21 of
which were located in the downstream (14) or upstream (7)
regions of the CilGLR genes (Figure 3E; supplemental
Table 24). Most of the variants (up to 92) were located in
introns, and 42 missense variants were found within the GLRs.
Four variants were detected in the splice-and-intron regions of
GRIP3 and GRIP5, and one was identified as a stop-
gain variant in CilGRIP5 (supplemental Table 24).

In addition to two CilCHI5s and five CilGLR3.6s/GRIPs, we also
identified a mitogen-activated protein kinase kinase kinase
(MAP3K3/MPKKK3)-encoding gene (Cil_03G_00295V2) that has
been well studied in model plant species as a key gene in the
chitin-signaling cascade (Figures 3B and 4A; supplemental
Table 20 [Gong et al.,, 2020]). We also detected eight
transcription factor genes in the selected regions, including two
FAR1 family members in the pecan-specific expansion
(supplemental Table 23) that may contribute to pecan scab
resistance in this species.

Expression patterns of candidate key genes in response
to chitin treatment

To investigate the functions of candidate key genes in response to
fungal disease, two cultivars with historical records of strong
pecan scab resistant (Excell and susceptible (Pawnee)
phenotypes were subjected to chitin treatment for 30, 60, and
180 min (Figure 4B). Expression levels of 10 candidate key genes
were examined by real-time qPCR: CilCHI5_1, CilCHI5_2, five
CilGRIPs, CiIMAP3K3, CilFAR1_1, and CilFAR1_2 (supplemental
Table 25). Six of the genes responded to the chitin treatment,
five of which were induced as early as 30 min after chitin
treatment (Figure 4C-4H). CHI5_2 and MAP3K3 were induced by
chitin with similar expression in both susceptible and resistant
cultivars at the early response stage (Figure 4C and 4D),
indicating that they may have important roles in defense against
fungal pathogens at early infection stages. Two GLR3.6/GRIP
homologs were significantly induced in “Excell” (Figure 4E and
4F), suggesting their close correlation with fungal pathogen
resistance. By contrast, two FAR members were quickly

The chromosome-level genome of pecan

upregulated in only the susceptible cultivar Pawnee (Figure 4G
and 4H), probably reflecting their involvement in fungal disease
resistance.

DISCUSSION

Toward a reference genome for pecan

Pecan is typical of a number ofimportant tree nut crop species with
high heterozygosity and high genetic diversity due to self-
incompatibility and for which limited genome data are currently
available. The publicly available draft genome sequence of the
pecan cultivar Pawnee makes it possible to identify most gene se-
quences of interest but not their chromosomal locations or the
exact family members for multicopy genes. A highly continuous
and complete reference genome is an essential basis for a wide
range of studies on gene functions, molecular and metabolic mech-
anisms, population genetics, breeding, and so forth. By combining
current state-of-the art technologies — Oxford Nanopore long-read
(>2 kb) sequencing, Hi-C technology, and high-quality genome as-
semblers—we constructed a chromosome-scale genome assem-
bly for the pecan cultivar Pawnee. The de-novo-assembled Cil_v.
2.0 Pawnee genome displays high continuity, integrity, and quality,
with a contig N50 of 3.04 Mb and BUSCO assessments of 95.1%
for assembly and 93.7% for protein-coding sequences. The newly
assembled genome sequence is about 92% of the estimated
genome size, with a total of 608.6 Mb on 16 chromosomes
(95.6% of the new assembily). All of the missing sequence lengths
are likely to be telomeric and centromeric repeats. The Cil_v. 2.0 as-
sembly contains 33 472 predicted protein-coding models, of which
9516 are unique to Cil_v. 2.0 and, in total, 2397 more than the pre-
vious version (v. 1.0) (Huang et al., 2019), reflecting the higher
continuity, integrity, and accuracy of the new version.

Asymmetry in the evolution and features of the pecan
paleo-subgenomes

Anancient WGD event, i.e., the v triplication event, has been widely
reported in many angiosperms, including Fagales (Tuskan et al.,
2006; Jaillon et al., 2007; Huang et al., 2009, 2019; Luo et al.,
2015). Our analysis confirmed these ancient WGD events (WGD
1) and a recent WGD (WGD 2) in the pecan genome (Figure 1D).
Based on the syntenic relationships of homologous gene pairs in
WGD 2, we divided the 16 pecan chromosomes into 8 pairs of
homoeologs and further divided them into 2 paleo-subgenomes
based on the phylogenetic relationships among pecan, walnut,
and bayberry (Figures 1C, 1E, and 2), which were similar to
those reported in walnut (Luo et al., 2015; Zhang et al., 2020).
Previous studies suggested that the y triplication generated a
genome with n = 21, indicating that the 8 homoeologous
chromosome pairs in haploid genomes of Juglandaceae evolved
from n = 8 by a recent WGD rather than n = 21 by dysploid
reduction (Salse, 2012; Luo et al., 2015). Our analysis of the
pecan genome was consistent with this conclusion (Figures 3D
and 4B). One hypothesis of x = 8 as the ancestral state was
supported by the presence of chromosome number n = 8 in the
genera Roipterlea and Myrica, which are closely related to
Juglandaceae (Luo et al., 2015). Timing inference in this study
revealed that the recent WGD events in pecan and walnut (65.4
and 54.5 mya) happened in the “juglandoid” WGD (56-66 mya)
near the Cretaceous-Tertiary (K-T) boundary about 66 mya
(Manchester, 1989; Luo et al., 2015), after the divergence from
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Figure 4. Identification and expression analyses
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of key candidate genes involved in the chitin signaling pathway.

(A) A simplified chitin signaling pathway in plants and the key genes under selection. Genes in red are putative candidate genes selected for further

analysis.

(B) Chitin treatment and sampling strategy for expression analysis by gPCR. R, pecan scab resistance; S, pecan scab sensitivity.
(C-H) Expression of selected candidate key genes involved in chitin signaling pathways in chitin-treated leaves of the pecan cultivars Excell and Pawnee.

Letters show the significance of differences between ti

me points within cultivars (P < 0.05, one-way ANOVA), and stars show the significance of dif-

ferences between cultivars (‘P < 0.05, **P < 0.01). gPCR was performed using five replicate leaves from each time point and cultivar.
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bayberry (Figures 3D and 4B). The divergence between the paleo-
subgenomes preceded the split between pecan and walnut, and
the divergence time between paleo-subgenomes followed and/or
coincided with the “juglandoid” WGD events and was accompa-
nied by extensive genome rearrangements, probably reflecting
rapid genome evolution and adaptive evolution to survive the
adverse environmental conditions associated with the K-T bound-
ary (Fawcett et al., 2009; Soltis and Burleigh, 2009; Van de Peer
et al., 2009; Luo et al., 2015). The relatively lower syntenic
relationship of bayberry with pecan or walnut in this study
provided solid evidence for this conclusion (Figure 1E). Moreover,
the asymmetry between paleo-subgenome features, such as
genome size, number of gene models, TE distribution, and
pecan-specific gene family expansion, all strongly supported the
inference of a “juglandoid” WGD and a large-scale genome
rearrangement-associated evolutionary trajectory during the K-T
boundary in the Juglandaceae. Nonetheless, further evidence is
still needed to uncover the sources of the “juglandoid” WGD, i.e.,
data derived from parental ancestral hybridization or from duplica-
tion of one ancestral species.

Genome-based insights into breeding targets for fungal
disease resistance

Fungal pathogens constitute major threats to land plants and
pose growing challenges to global crop production; they have
led to losses of approximately 30% in annual global crop produc-
tion before and after harvest (Gong et al., 2020). In plants, the first
layer of innate immunity relies on the perception of conserved
pathogen-associated molecular patterns (PAMPSs). This percep-
tion is mediated by pattern recognition receptors located at
the cell surface, including membrane-localized receptor-like
kinases and receptor-like proteins, which elicit PAMP-triggered
immunity (Wang et al., 2017; Dodds and Rathjen, 2010; Tena
et al., 2011). Chitin, an insoluble polymer of 3-1,4-linked N-acetyl-
glucosamine, is a highly conserved building block of fungal
cell walls and a broadly effective elicitor of plant immunity. Invasion
by fungal pathogens can induce the secretion of plant chitinases
into the apoplast to hydrolyze fungal cell walls and release chitin
oligomers. PAMP recognition then rapidly initiates a series of early
immune responses, including the activation of mitogen-activated
protein kinase (MAPK) cascades and the production of reactive
oxygen species (ROS) to combat pathogen infection.

Todate, many key genes involved in chitin perception and signaling
pathways have been identified in model plants such as Arabidopsis
andrice (Liuetal.,2016; Wangetal.,2017; Gong etal., 2020). Inthis
study, genome-based population genetic diversity enabled us to
identify 47 selected regions containing 185 putative candidate
genes associated with scab resistance in pecan (Figure 3).
Fourteen of them were annotated as receptor(-like) proteins,
including one bacterial flagellin receptor-like protein (FLS2) and
five proteins with ionotropic GLR activity (supplemental Table 23).
FLS2 has been extensively reported to function in bacterial-
derived PAMPs but not in fungal-derived PAMPs (Wang et al.,
2017), and its identification here may reflect its important role in
fungal disease resistance of pecan. However, the chitin receptor
kinase CERK homolog did not appear to be under selection in
this study, possibly because of the small population sample.
GLRs in plants participate in diverse and important biological
processes, such as photosynthesis, cellular C/N balance, plant
organ development, abiotic stress response, plant-pathogen inter-
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actions, calcium-mediated signal transduction, and so forth (Kang
and Turano, 2003; Kang et al., 2004, 2006; Singh et al., 2006; Li
et al., 2013; Manzoor et al., 2013; Cheng et al., 2016). The
relatively high Fst values of the five GLR genes detected in pecan
scab-resistant cultivars probably suggest enhanced chitin-
induced fungal resistance. Recognition of chitin is known to
trigger the intracellular activation of MAPK cascades and the rapid
production of ROS (Tsutomu et al.,, 2017). The activation of
MAPK cascades is the core step in chitin-induced immune re-
sponses (Yamada et al., 2017), and a homolog of MAP3K3
(Cil_03G_00295V2) was identified and shown to be induced by
chitin treatment in scab-resistant pecan cultivars, implying that it
may have an important role in the fungal defense response
of pecan. Our results also highlighted two putative EP3
endochitinase-like genes, CHI5s, which have been reported to
function in innate immune responses by degrading the fungal cell
wall to inhibit fungal growth in plants (de A. Gerhardt et al., 1997).
One of the two detected CilCHI5 genes was strongly induced in
both resistant and susceptible cultivars at the early stages of
chitin treatment, indicating its important role in early defense
against fungal pathogens. The expression levels of CHI5_1
showed no obvious differences between the cultivars, indicating
that the defense mechanism of resistant varieties may involve
downstream signal transduction and corresponding processes.
Also, the specific induction of GLR3.6_ 4 and GLR3.6_5
expression in resistant cultivars (Figure 4E and 4F) may serve as
a potential marker for the screening of fungal pathogen-resistant
varieties at the seedling stage after further experimental
validation. Our findings provide important clues and potential
targets for uncovering the intrinsic mechanisms of fungal disease
resistance and breeding in the future.

MATERIALS AND METHODS

Plant materials

The widely planted cultivar Pawnee, which was released in 1985 as the
progeny of a controlled cross between ‘Mohawk’ x ‘Starking Hardy Giant’
performed in 1963 (Thompson and Hunter, 1985), was selected for whole-
genome sequencing. Fresh young leaves were collected from a grafted
plant growing in the plantation of Zhejiang A&F University, Lin’an
District, Hangzhou, China in April 2018. To investigate genome-wide
associations with scab resistance, fresh young leaves from 86
accessions representing 36 genotypes, including 7 cloned populations,
were collected from April to May 2019 (supplemental Table 19). All the
collected samples were frozen and transported in liquid nitrogen and
stored at —80°C in a freezer before use.

Preparation of genomic DNA and Nanopore sequencing

High-molecular-weight genomic DNA was extracted from young Pawnee
leaves using the DNeasy Plant Mini Kit (QIAGEN, Germany) for use in v.
2.0 genome assembly. DNA quality and quantity were determined using
a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA),
Qubit dsDNA HS Assay Kits, and a Qubit 2.0 fluorometer (Invitrogen,
USA). Genomic DNA of over 2 kb in length was purified using a BluePippin
automatic nucleic acid electrophoresis and fragment recovery system
(Sage Science, USA). The recovered DNA was used to construct libraries
for whole-genome sequencing using the Nanopore PromethlON platform
(Oxford Nanopore Technologies, UK) at Biomarker Technologies, Beijing,
China.

Hi-C library preparation and sequencing

To enable a high-quality, chromosome-level assembly of the pecan refer-
ence genome, fresh young leaves were collected from the tree and used
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for whole-genome sequencing. Leaf samples frozen in liquid nitrogen
were fixed with 2% formaldehyde solution in PBS buffer for 30 min, and
the reaction was terminated using 2.5 M glycine for 5 min. The fixed
samples were sent to BGI-Qingdao (Qingdao, China) for Hi-C library con-
struction using the DNA restriction endonuclease Dpnll, according to the
standard library preparation protocol (Burton et al., 2013). The BGISEQ-
500 platform (BGI-Shenzhen, China) was used for library preparation
and sequencing.

Genome survey

Approximately 168 Gb of lllumina data that had been used for scaffold-
level assembly of the version 1.0 pecan genome (Huang et al,
2019) were used for a genome survey in the present study. We first
used SOAPnuke software (Chen et al., 2018) to remove low-quality
paired-end raw reads and then used GenomeScope (Vurture et al.,
2017) to estimate the genome size, heterozygosity, and repeat
rate based on the 17-mer depth frequency distribution.

Genome assembly

The quality-filtered Nanopore data were assembled using CANU v.
1.6 software (Koren et al, 2017) with optimized parameters
(genomeSize=700m minReadlLength=500 -correctedErrorRate=0.20
-fast). The accuracy of the initial assembly was then improved three
times using Pilon v. 1.22 (Walker et al., 2014), and redundant contigs
were removed using Purge_Haplotigs in the CANU package. To remove
possible contamination by bacterial sequences identified by GC depth
analysis, NT Blast was launched to scan all assembled contigs and
eliminate those contigs with best hits to bacterial sequences. Next, all
contigs were mapped to the pecan chloroplast genomes deposited in
GenBank (accessions MW410238, MH909600, and MH909599) to
remove chloroplast sequences. To evaluate the consistency and
integrity of the initial polished assembly, lllumina short reads were blast-
searched against the genome assembly using BWA v. 0.7.12 (Li and
Durbin, 2009), and BUSCO v. 4.1.2 (Simdo et al., 2015) analysis was
performed to further evaluate the assembly.

To generate a chromosome-level assembly, Hi-C paired-end reads were
subjected to quality control using HiC-Pro v. 2.8.0 (Servant et al., 2015).
Low-quality bases and adapter sequences were then removed using
Bowtie 2 v. 2.2.5 (Langmead et al., 2009), and Juicer v. 1.5 (Durand
et al.,, 2016) was used to analyze the Hi-C datasets. Finally, a 3D de
novo assembly (3D-DNA, v. 170123) pipeline (Dudchenko et al., 2017)
was used to scaffold the assembly onto pseudochromosomes.

Genome annotation

Repetitive sequences were predicted in the pecan genome using homology-
based searches combined with ab initio approaches. TRF (v. 4.07b; Benson,
1999) was used to identify tandem repeats. RepeatMasker and
RepeatProteinMask (v. 3.3.0; http://www.repeatmasker.org/) were used to
search for known TEs against the Repbase library and the TE protein
database (Jurka et al., 2005). Then, a de novo repeat library was built
using RepeatModeler software (v. 2.0; http://www.repeatmasker.org) with
default parameters, and all TEs were classified using RepeatMasker
(http://www.repeatmasker.org/).

The de novo prediction of protein-coding genes was performed using AU-
GUSTUS (v. 3.1; Stanke et al., 2004) and Genscan (v. 1.0; Aggarwal and
Ramaswamy, 2002). GeneWise (v. 2.4.1; Birney et al., 2004) was used
for homologous annotation against protein datasets from nine species
(supplemental Table 8) downloaded from the National Center for
Biotechnology Information (NCBI) database. To assist with gene model
prediction, paired-end RNA sequencing reads from leaf, epicarp,
embryo, and stem tissues in our previous study (Huang et al., 2019)
were assembled de novo using Trinity (v. 2.8.5; Grabherr et al., 2013),
followed by gene model prediction of transcripts using PASA (v. 2.3.3;
Campbell et al., 2006). Gene models from these different approaches
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were integrated into a non-redundant set of gene structures using GLEAN
(v. 1.0; Elsik et al., 2007) with default parameters. The final pecan gene set
was assessed for completeness of the annotated protein-coding genes.

Functional annotation of protein-coding genes was achieved by homolog
searches against the TrEMBL (UniProtKB), SwissProt (Bairoch and
Apweiler, 2000), KEGG (Kanehisa and Goto, 2000), GO (Consortium,
2004), and InterProScan (Jones et al., 2014) databases with an E value
cutoff of 1 x 1077 Non-coding RNAs, including rRNAs, tRNAs, snRNAs,
and miRNAs, were identified by searching against various RNA libraries.
tRNAscan-SE v. 1.3.1 software (Lowe and Eddy, 1996) was run with
eukaryote parameters to identify tRNA genes. The rRNA sequences were
annotated based on homology to previously published rRNA sequences
in plants. The snRNAs and miRNAs were predicted using the “cmsearch”
program in Infernal v. 1.1 (Nawrocki and Eddy, 2013) to search against
Rfam v. 13.0 (Kalvari et al., 2018) with an E value cutoff of 0.01.

WGD and synteny analyses

To estimate the timing of WGD events, wgd software (Zwaenepoel and
Peer, 2019) was used to calculate the Ks distribution of orthologs from
pecan, walnut, and bayberry, and then the Gaussian mixture model
(GMM) was used to fit a curve for the Ks distribution of each species. In
the same way, wgd software was also used to estimate the divergence
between any two species among pecan, walnut, and bayberry by
calculating the Ks values of one-versus-one ortholog pairs between two
species and fitting curves using the GMM model. The divergence times
of WGD events within species and the divergences between species
were estimated by the formula Ks 1/time 1 = Ks 2/time 2 (Ks 1, divergence
value of ortholog pairs between species; Ks 2, WGD peak; time 1, diver-
gence time between species; time 2, WGD time), and corrected based
on the earliest fossil records of Myricaceae and Juglandaceae (64-84
mya) (Ho and Phillips, 2009; Sauquet et al., 2012). Gene pairs
associated with the recent WGD event in pecan were used for circos
mapping among chromosomes (Krzywinski et al., 2009).

To obtain the syntenic relationships between pecan and walnut or
bayberry, Blast v. 2.2.6 (Boratyn et al., 2012) was used to identify the
syntenic gene pairs between species with “-e 1e-6” and other default
parameters. The results were then used for syntenic mapping with
MCScanX (Wang et al., 2012) using default parameters.

Insertion time estimates of all LTRs and Gypsy and Copia elements were
obtained as described by Huang et al. (2019) with the model T = K/2r (r =
1.3 x 1078 per site and per year).

Defining the two paleo-subgenomes

To define the subgenomes of pecan, protein sequences from the v. 2.0
pecan assembly and from the bayberry and walnut genomes were used
to generate clusters for gene families. All protein sequences of bayberry
and walnut were downloaded from the NCBI database. Orthologous
genes with ratios of 2:2:1 in pecan, walnut, and bayberry were selected,
and orthologous gene pairs located on two different chromosomes
with syntenic relationships in pecan and walnut were filtered out and
connected into super sequences according to their chromosomes. The
super sequences were aligned with MUSCLE v. 3.8.31 (Edgar, 2004).
Regions with gaps were removed using Gblocks v. 0.91b (Talavera and
Castresana, 2007) to generate eight chromosome groups (including two
chromosomes from pecan, two from walnut, and one from bayberry),
and an ML tree was constructed for each group using FastTree (Price
et al., 2010) and displayed using MEGA7 (Kumar et al., 2016).
Subgenomes A and B and the chromosome numbers of pecan were
defined based on evolutionary distance.

Subgenome features

Orthologous gene pairs of sub A and sub B were determined by bilateral
Blast searches against the bayberry gene set, and orthologs with the best
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identity to bayberry genes in the sub A or sub B genome were selected. A
set of 6316 orthologous gene pairs with the best identities was obtained,
and MUSCLE v. 3.8.31 (Edgar, 2004) was used for alignment of the gene
pairs with codons. KaKs_calculator (v. 2.0) software was used to estimate
the Ka, Ks, and Ka/Ks values using the NG method (Wang et al., 2010).
Frequency distribution histograms and scatterplots of the Ka, Ks, and
Ka/Ks values were displayed using the ggplot2 package in the R
language, and curve fitting of the scatterplots was performed using the
“Im” method (Wickham, 2016).

Comparative genome analyses and phylogenetics

To investigate the evolutionary status of subgenomes in the Juglandaceae,
protein sequences from the Cil_v. 2.0 pecan assembly and from three refer-
ence species (Arabidopsis, bayberry, and walnut) were used to generate
clusters for gene families. All protein sequences of the three species were
downloaded from the NCBI database. Genes with frame shifts that encoded
fewer than 30 amino acids and redundant copies in each species were
removed, and only the longest transcripts for each gene were selected for
further analysis to ensure the analysis quality. To compare orthologous
genes from the references with the protein-coding genes from the current
pecan assembly (v. 2.0), all one-to-one orthologous gene sets were identi-
fied by BLASTP (Altschul et al., 1990) with an E value cutoff of 1 x 1075,
and similar genes were clustered into families using hcluster, a
hierarchical clustering algorithm in the TreeFam v. 0.50 pipeline (Li et al.,
2006). All the gene families were aligned with the multi-sequence
alignment software MUSCLE v. 3.8.31 (Edgar, 2004). To consider
sequence conservation, the aligned single-copy genes from different gene
families were further concatenated into super long sequences for the
subgenomes of each species using a perl script. An ML phylogenetic tree
was constructed using RAXML v. 8.2.4 (Stamatakis, 2006) with the
PROTGAMMAAUTO option to automatically determine the optimal amino
acid substitution site model; Arabidopsis was used as an outgroup, and
branch confidence settings were based on 100 bootstrap replicates. The
ML tree was used as a starting tree to infer the divergence times between
species or subgenomes using the MCMCTree program in the PAML
package (Yang, 1997). The calibration times for the divergence between
Arabidopsis and walnut (98-117 mya) and between walnut and bayberry
(43-74 mya) were obtained from the TimeTree database (http://timetree.
org/). The divergence time between bayberry and walnut was calibrated
based on the earliest fossil records of Myricaceae and Juglandaceae
(64-84 mya) (Ho and Phillips, 2009; Sauquet et al., 2012). The common
and lost genes among and/or within species were determined based on
the results of homologous alignment.

Transcription factors in the A and B subgenomes were predicted by
combining homologous searches against Arabidopsis, walnut, and bayberry
transcription factors in the PlantTFDB v. 3.0 database (http://planttfdb.
gao-lab.org/) based on the core domain structure using a hidden Markov
model with further manual correction. The visualized heatmap of TF quantity
distribution was generated by R script homogenization processing.

Genome resequencing, SNP calling, quality control, and
validation

Genomic DNA was extracted from 86 individuals using CTAB methods. One
microgram of high-quality DNA from each sample was used for genome re-
sequencing library construction with the MGIEasy DNA Rapid Library Prep
Kit (BGlI, catalog no. 1000006985), and libraries were sequenced on the
BGISEQ-500 platform following the manufacturer’s protocol. The raw data
(PE100) were filtered using SOAPnuke v. 1.5.6 (Chen et al., 2018) to
remove reads with adapters or poly Ns and low-quality reads (reads in
which >30% bases had Phred quality <25). The quality-controlled reads
were then aligned to the Cil_v. 2.0 pecan assembly for SNP and
indel calling by Sentieon, a pipeline that integrates BWA (Burrows-
Wheeler Aligner) and GATK (Genome Analysis Tool Kit) (Kendig et al.,
2019). The Haplotype Caller module of GATK was used for variant calling
in the two subgenomes, and the concordance variants were filtered with
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the parameters “QD < 2.0 || MQ < 40.0 || MQRankSum < -12.5 ||
ReadPosRankSum < -8.0 || FS>60.0 || SOR>3.0". The indels were further
filtered with “QD < 2.0 || ReadPosRankSum < -20.0 || FS > 200.0 ||
SOR>10.0".

Genetics and diversity analysis of the pecan scab-resistant and
susceptible accessions

SNPs in subgenome A, subgenome B, and the whole genome of each
sample were used to build NJ phylogenetic trees with 1000 bootstrap rep-
licates using TreeBeST (http://treesoft.sourceforge.net/treebest.shtml),
and the trees were visualized using the iTOL online tool (Letunic and
Bork, 2019; http://itol.embl.de). To obtain a better alignment result, we
did not split the subgenomes into two parts for processing. The internal
structures of the two phylogenetic trees were compared using the phylo.io
online tool (http://phylo.io/index.html). Structures of the accessions on the
subgenome scale were analyzed with ADMIXTURE (Alexander and Lange,
2011).

The sampled accessions were divided into two groups based on their
pecan scab-resistance grades: the scab-resistant group (R, grade num-
ber < 2) and the scab-susceptible group (S, grade number > 2). To deter-
mine the pairwise genetic diversity Pi (x) and the fixation index Fst of the R
and S groups, vcftools software (Danecek et al., 2011; http://vcftools.
sourceforge.net/) was used with a 100-kb sliding window. Chromosome
regions whose values of Pj ratio (rs/mg) and Fst were both in the highest
5% were selected for further analysis.

Hot-block linkage disequilibrium (LD) mapping of the chromosome re-
gions of interest above was visualized using LDBlockShow (Dong et al.,
2020) with default parameters.

Chitin treatment and real-time gPCR validation

To validate our results, fully expanded leaves from the scab-resistant
cultivar Excell and the scab-susceptible cultivar Pawnee were collected
and subjected to chitin (100 pg/ml) treatment for 0, 30, 60, and
180 min (Figure 4B). At least three biological replicates of each sample
type were collected for RNA extraction using the RNAprep Pure Plant
Kit (TIANGEN, Beijing, China), and cDNA was obtained using the
SuperScript Il First-Strand Synthesis System (Takara, Dalian, China).
Eleven putative genes that were involved in the chitin signaling pathway
and ROS elimination were selected for expression analysis, and the 18S
rRNA gene was used as the internal control (Mattison et al., 2017).
Real-time qPCR was performed on an ABI 7500 Real-Time PCR System
(Foster City, CA, USA) with three technical replicates for each gene in
each sample. Gene expression levels were calculated using the 2722¢T
method (Livak and Schmittgen, 2001). The genes and primers are listed
in supplemental Table 25. Significant differences in relative gene
expression levels between samples were determined using the SPSS
program (Kretzschmar, 2000).

Data availability

Genome sequences, assembly, and annotation data have been deposited
at NCBI GenBank under BioProject/BioSample numbers PRINA727440/
SAMN19020793. Resequencing reads for the 86 individuals have been
deposited in the Sequence Read Archive (SRA) under BioProject/
BioSample numbers PRJNA735040/SAMN19554720-19554805.
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