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Background: The release of the first reference genome of walnut (Juglans regia L.) enabled many achievements in the
characterization of walnut genetic and functional variation. However, it is highly fragmented, preventing the integration of
genetic, transcriptomic, and proteomic information to fully elucidate walnut biological processes. Findings: Here, we report
the new chromosome-scale assembly of the walnut reference genome (Chandler v2.0) obtained by combining Oxford
Nanopore long-read sequencing with chromosome conformation capture (Hi-C) technology. Relative to the previous
reference genome, the new assembly features an 84.4-fold increase in N50 size, with the 16 chromosomal pseudomolecules
assembled and representing 95% of its total length. Using full-length transcripts from single-molecule real-time sequencing,
we predicted 37,554 gene models, with a mean gene length higher than the previous gene annotations. Most of the new
protein-coding genes (90%) present both start and stop codons, which represents a significant improvement compared with
Chandler v1.0 (only 48%). We then tested the potential impact of the new chromosome-level genome on different areas of
walnut research. By studying the proteome changes occurring during male flower development, we observed that the
virtual proteome obtained from Chandler v2.0 presents fewer artifacts than the previous reference genome, enabling the
identification of a new potential pollen allergen in walnut. Also, the new chromosome-scale genome facilitates in-depth
studies of intraspecies genetic diversity by revealing previously undetected autozygous regions in Chandler, likely resulting
from inbreeding, and 195 genomic regions highly differentiated between Western and Eastern walnut cultivars. Conclusion:
Overall, Chandler v2.0 will serve as a valuable resource to better understand and explore walnut biology.
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Persian walnut (Juglans regia L.) is among the top 3 most-
consumed nuts in the world, and over the past 10 years, its global
production increased by 37% [1]. Its richness in alpha-linolenic
acid (ALA), proteins, minerals, and vitamins, along with docu-
mented benefits for human health, explains this increased inter-
estin walnut consumption [2]. As suggested by its generic name
Juglans from the Latin appellation “Jovis glans,” which loosely
means “nut of gods,” the culinary and medical value of Persian
walnut was already widely prized by ancient civilizations [3].

The origin and evolution of the Persian walnut are the re-
sults of a complex interplay between hybridization, human mi-
gration, and biogeographical forces [4]. A recent phylogenomic
analysis revealed that Persian walnut (and its landrace Juglans
sigillata) arose from an ancient hybridization that occurred be-
tween American black walnuts and Asian butternuts after a
climate-driven range expansion in Eurasia during the Pliocene
[5]. Evidence suggests that the mountains of Central Asia were
the cradle of domestication of Persian walnut [6], whence it
spread to the rest of Asia, the Balkans, Europe, and, finally, the
Americas.

Today, walnut is cultivated worldwide in an area of
1,587,566 ha, mostly in China and the USA [7]. Considerable phe-
notypic and genetic variability can be observed in this wide dis-
tribution area, especially in the Eastern countries, where wal-
nuts can still be found in wild fruit forests. Many studies on ge-
netic diversity in walnut have outlined a genetic differentiation
between Eastern and Western genotypes [8, 9]. Moreover, wal-
nuts from Eastern Europe, Central Asia, and China exhibit higher
genetic diversity and a higher number of rare alleles than the
genotypes from Western countries [10].

The release of the first reference genome, Chandler v1.0 [11],
enabled the study of walnut genetics at a genome-wide scale.
For the first time, it was possible to explore the gene space of
Persian walnut with the prediction of 32,498 gene models, pro-
viding the basis to untangle complex phenotypic pathways, such
as those responsible for the synthesis of phenolic compounds.
The availability of a reference genome marked the beginning of
a genomics phase in Persian walnut, allowing whole-genome re-
sequencing [5, 12], the development of high-density genotyping
tools [9, 13], and the genetic dissection of important agronomi-
cal traits in walnut [14-17]. However, the Chandler v1.0 assembly
is highly fragmented, compromising the accuracy of gene pre-
diction and the fulfillment of advanced genomics studies nec-
essary to resolve many, still-unanswered questions in walnut
research.

The recent introduction of long-read sequencing tech-
nologies and long-range scaffolding methods has enabled
chromosome-scale assembly for multiple plant species, includ-
ing highly heterozygous crops such as almond (Prunus dulcis [18])
and kiwifruit (Actinidia eriantha [19]). The availability of genomes
with fully assembled chromosomes provides foundations for
understanding plant domestication and evolution [18, 20, 21]
and the mechanisms governing important traits (e.g., flower
color and scent [22]), as well as the impact of epigenetic mod-
ifications on phenotypic variability [23]. Recently, Zhu et al. [24]
assembled the parental genomes of a hybrid Juglans microcarpa
x J. regia (cv. Serr) at the chromosome scale using long-read Pa-
cific Biosciences (PacBio) sequencing and optical mapping. They
relied on the haplotype divergence between the 2 Juglans species

and demonstrated an ongoing asymmetric fractionation of the
2 subgenomes present in Juglans genomes.

Here we report a new chromosome-level assembly of the
walnut reference genome, Chandler v2.0, which we obtained
by combining Oxford Nanopore long-read sequencing [25]
with chromosome conformation capture (Hi-C) technology [26].
Thanks to the increased contiguity of Chandler v2.0, we were
able to substantially improve gene prediction accuracy, with
new, longer gene models identified and many fewer artifacts
compared to Chandler v1.0. Also, the availability of full, chro-
mosomal sequences reveals new genetic diversity of Chandler,
previously inaccessible through standard genotyping tools, and
significant genetic differentiation between Western and Eastern
walnuts at 195 genomic regions, including also loci involved in
nut shape and harvest date. In the present research, we demon-
strate the fundamental role of a chromosome-scale reference
genome to integrate transcriptomics, population genetics, and
proteomics, which in turn enable a better understanding of wal-
nut biology.

To increase the contiguity of the Chandler genome, we first gen-
erated deep sequence coverage using Oxford Nanopore Technol-
ogy (ONT), a cost-effective long-read sequencing approach that
determines DNA bases by measuring the changes in electrical
conductivity generated while DNA fragments pass a tiny biologi-
cal pore [27]. Since the release of the first plant genome assembly
generated using ONT sequencing [28], this technology has been
applied to sequence and obtain chromosome-scale genomes of
many other plant species [29-31]. In Persian walnut, ONT se-
quencing yielded 7,096,311 reads that provided 21.9 Gb of se-
quence, or ~35x genome coverage (assuming a genome size of
620 Mb). Read lengths averaged 3.1 kb, and the N50 read length
was 6.7 kb, with the longest read being 992.2 kb (Supplementary
Table S1).

One of the major limitations of long-read sequencing tech-
nologies is their high error rate, which can range between 5%
and 15% for Nanopore sequencing [32]. To overcome this limi-
tation, we adopted the hybrid assembly technique incorporated
into the MaSuRCA assembler, which combines long, high-error
reads with shorter but much more accurate Illumina sequenc-
ing reads to generate a robust, highly contiguous genome as-
sembly [33]. First, using the Illumina reads, we created 3.7 mil-
lion “super-reads” with a total length of 2.9 Gb. We then com-
bined the super-reads with the ONT reads to generate 3.2 mil-
lion mega-reads with a mean length of 4.7 kb, representing 24 x
genome coverage (Supplementary Table S2). Finally, we assem-
bled the mega-reads to obtain the “hybrid” Illumina-ONT assem-
bly, which comprised 1,498 scaffolds, 258 contigs, and 25,007 old
scaffolds from Chandler v1.0 (Supplementary Table S3).

Even though the total number of scaffolds (>1 kb) was re-
duced by 80% compared to Chandler v1.0 (Table 1), the new hy-
brid assembly was still fragmented. To improve the assembly
further and build chromosome-scale scaffolds, we applied Hi-C
sequencing, which is based on proximity ligation of DNA frag-
ments in their natural conformation within the nucleus [26].
The HiRise scaffolding pipeline processed 356 million paired-
end 100-bp Illumina reads to generate the HiRise assembly (Ta-
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Table 1: Comparison among the 4 assemblies of Chandler

Statistic Chandler vi1.0  Chandler v1.5
No. of scaffolds 27,032 4,401
N50 length (scaffolds) (bp) 304,423 637,984
L50 (scaffolds) 344 272
Total length of assembled scaffolds 667,299,356 650,478,320
(bp)

No. of contigs 53,156 7,411
N50 length (contigs) (bp) 42,417 317,751

L50 (contigs) 3,630 482
Total size of assembled contigs (bp) 641,521,787 617,088,256

Scaffolds shorter than 1,000 bp are not included in these totals.

ble 1). The top 17 scaffolds from this assembly spanned >90% of
the total assembly length, with a scaffold length ranging from
19.6 to 45.2 Mb (Supplementary Figs S1 and S2). As reported in
Table 1, the Chandler genome contiguity increased dramatically
compared with the previous assemblies. Compared with the re-
cently published genome assembly of the walnut cultivar Serr
[24], Chandler v2.0 was less contiguous at the contig level, with
an N50 size of 1.1 Mb against the 15.1 Mb of JrSerr_v1.0. The
higher-coverage PacBio sequencing data (57.2 Gb) used to as-
semble JrSerr_v1.0 may explain this discrepancy in contiguity be-
tween the 2 assemblies. Besides, our assembly presented a value
of contiguity similar to that of the recently published genomes of
pecan (Carya illinoinensis; 1.1 Mb [34]), Chinese chestnut (Castanea
mollissima; 944.4 kb [35]), and pedunculate oak (Quercus robur;
1.35 Mb [36]).

To assess the quality of the HiRise assembly, we used 2 indepen-
dent sources of data. First, we used the single-nucleotide poly-
morphism (SNP) markers mapped on the high-density genetic
map of Chandler recently described by Marrano et al. [16]. Out of
the 8,080 SNPs mapped into 16 linkage groups (LGs), 6,894 had
probes aligning uniquely on the HiRise assembly, with 98% of
identity for >95% of their length. A total of 35 scaffolds of the
HiRise assembly could be anchored to a chromosomal LG by >1
SNP (Fig. 1). In particular, 13 LGs were spanned by a single HiRise
scaffold, while 2-3 scaffolds each aligned the remaining 3 LGs.

Second, we anchored the HiRise assembly to the Chandler ge-
netic map used by Luo et al. [37] to construct a walnut physical
map. In total, 972 of the mapped markers (1,525 SNPs) aligned
uniquely on the same 35 HiRise scaffolds anchored to the afore-
mentioned linkage map. Overall, we observed almost perfect
collinearity between the HiRise assembly and both Chandler ge-
netic maps (Fig. 1, Supplementary Fig. S3). Therefore, we ori-
ented, ordered, and named the HiRise scaffolds consistent with
the linkage map of Luo et al. [37], generating the final 16 chro-
mosomal pseudomolecules of J. regia Chandler.

These 16 contiguous chromosomal scaffolds account for 95%
of the final walnut reference genome v2.0, with an N50 scaffold
size of 37 Mb. We identified telomere sequences at both ends for
9 of the chromosome scaffolds, on 1 end of the other 7 chromo-
somes, and 1 end of 7 unanchored scaffolds. Also, all 16 chromo-
somes had centromeric repeats in the middle, alongside regions
with low recombination rates (Fig. 2).

As compared to the previous Chandler genome assemblies
(Table 1), Chandler v2.0 had a smaller genome size (573.9 Mb),
much closer to the Genomescope estimate of 488.2 Mb. This

Chandler Chandler
hybrid HiRise Chandler v2.0 JrSerr_v1.0
3,497 2,656 2,643 73
1,640,935 32,655,472 37,114,715 35,197,335
89 8 7 7
567,378,842 567,480,142 567,796,851 534,671,929
3,592 3,700 3,684 127
1,512,354 1,083,883 1,083,883 15,066,219
97 144 144 13
567,276,004 567,276,244 567,192,099 530,618,363

reduction in genome size represents a great improvement of
Chandler v2.0 and can be related to the removal of haplotype
variants, likely interpreted and annotated as different scaffolds
in the previous genome versions. Compared with the Serr wal-
nut genome (JrSerr_v1.0; 534.7 Mb) [24], Chandler v2.0 had a
larger genome size, likely due to structural variation (e.g., copy
number and presence/absence variants), whose central role in
explaining intraspecific genomic and phenotypic diversity has
been reported in different plant species [38, 39]. In addition, the
higher number of unanchored scaffolds (2,631; 20.9 Mb) in Chan-
dler v2.0 compared with JrSerr_v1.0 can represent autozygous
genomic regions of Chandler, devoid of segregating markers and,
therefore, difficult to anchor to linkage genetic maps [37], as also
suggested by the higher fixation index (F) observed in Chandler
(0.03) than Serr (—0.29) in previous genetic surveys [9]. The 2 wal-
nut assemblies, however, aligned with high sequence identity
(>98% for >95% of their total length) and showed high collinear-
ity (Supplementary Fig. S4). Future comparative genomics stud-
ies will provide further insights on the functional and struc-
tural differences between the 2 genome assemblies, and their
explanatory involvement in the morphological and physiologi-
cal variation of these 2 walnut cultivars.

To assess the sequence accuracy of Chandler v2.0, we first
compared the scaffold sequences of Chandler v2.0 with the pre-
vious version of the walnut reference genome. Approximately
578 Mb of sequence were mutual best alignments, namely, best
hits of each location between Chandler v2.0 and v1.0 and vice
versa, with a sequence identity of 99.6%. We also observed
that 135 Mb of Chandler v1.0 (18.9%) aligned to the same lo-
cations in Chandler v2.0, suggesting the presence of redun-
dant haplotypes in the previous version of the walnut refer-
ence genome that have been removed in our assembly. We then
mapped the Illumina whole-genome shotgun data [11] against
the new chromosome-scale genome. The alignment resulted in
64,950,691,681 bp mapped, of which 407,450,406 were single-
base mismatches, consistent with an Illumina sequence accu-
racy rate of 99.5%.

More than half (58.4%) of the new Chandler v2.0 is repetitive.
This estimate is higher than the previous version of the wal-
nut reference genome (51.19%) and comparable to other Fa-
gales genomes [36, 40]. As in most plant genomes, interspersed
repeats were the most abundant type of repeats, with retro-
transposons at 36.45% and DNA transposons at 15.86%. Gypsies
(10.5%) and Copias (7.69%) were the most represented classes of
long-terminal retrotransposons (LTR), and, though widely dis-
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Figure 1: Collinearity between the high-density “Chandler” genetic map of Marrano et al. [16] and the 16 chromosomal pseudomolecules of Chandler v2.0.

persed throughout the genome, they were distributed differ-
ently along the 16 chromosomes (Supplementary Fig. S5): the
Gypsy LTRs were more abundant alongside the centromeres,
where, instead, the density of the Copia LTRs decreased, as pre-
viously observed in walnut [24]. The long-interspersed nuclear
elements (L1/LINE), which possess a poly(A) tail and 2 open read-
ing frames for autonomous retrotransposition, were the largest
class of non-LTRs, at 7.14% of the genome. Simple repeats (1.91%)
were also found.

A fragmented reference genome can severely hamper the ac-
curacy of gene prediction because many genes will be broken
across multiple small contigs (false-negative results) and be-
cause heterozygous gene variants may be annotated separately
(false-positive results).

To improve the gene prediction accuracy of Chandler v2.0, we
used the “Isoform Sequencing” (Iso-Seq) method, developed by
PacBio, which can generate full-length transcripts up to 10 kb,
allowing for accurate determination of exon-intron structure by
the alignment of the transcripts to the assembly [41]. The high
error rate of PacBio sequencing can be greatly reduced using
circular consensus sequence (CCS), in which a transcript is cir-
cularized and then sequenced repeatedly to self-correct the er-
rors. We applied PacBio Iso-Seq to sequence full-length tran-
scripts from 9 tissues, chosen to cover most of the transcript di-
versity in walnut (Supplementary Table S4). Across the 4 SMRT
cells, we obtained 26,328,087 subreads with a mean length of

1,188 bp (Supplementary Table S5) and CCSs ranging from 13,000
to 142,000 per library (Supplementary Table S6). Of the 745,730
full-length non-chimeric (FLnc) transcripts, 68,225 were classi-
fied as high quality, FL (HQ FL) consensus transcript sequences,
with an average length of 1,357 bp (Supplementary Table S6).
Catkin 1-inch elongated (CAT1), shoot, and root yielded the low-
est number of HQ FL transcripts, while pollen and leaf had the
lowest number of HQ consensus clusters obtained per CCS af-
ter polishing (Supplementary Table S6). These results can be ex-
plained by lower complementary DNA (cDNA) quality or fewer
inserts of full-length transcripts from these tissues during the
c¢DNA pooling and library preparation. Nevertheless, >99% of the
HQ FL transcripts aligned onto the new chromosomal-level wal-
nut reference genome (Supplementary Table S7).

By combining the HQ FL transcripts with available Juglans
transcriptome sequences, we identified 37,554 gene models,
which are more than those annotated in Chandler v1.0 but fewer
than the predicted genes in the NCBI RefSeq J. regia annotation
generated with the first version of the reference genome (Ta-
ble 2). Thus, the new chromosome-scale genome, along with
the availability of full-length transcripts, allowed us to identify
genes missed in Chandler v1.0 due to genome fragmentation, as
well as to remove false-positive predictions likely caused by het-
erologous variants of the same locus mistakenly interpreted and
annotated as independent scaffolds in Chandler v1.0. Also, the
mean gene length in Chandler v2.0 was higher than the previous
gene annotations (Table 2), a consequence of the increased con-
tiguity of the new chromosome-scale reference genome. The av-
erage gene density of Chandler v2.0 was 19.75 genes per 100 kb,
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Figure 2: Summary of gene distribution and genetic diversity across the 16 chromosomes of Chandler v2.0. Tracks from outside to inside: (i) gene density of Chandler
v2.0 in 1-Mb windows; (ii) Chandler heterozygosity in 1-Mb windows (white = low heterozygosity; blue = high heterozygosity); (iii) Recombination rate for sliding
windows of 10 Mb (average = 2.63 cM/Mb); (iv) Fsr in 500-kb windows. Windows in the 95th percentiles of the Fsr distribution are highlighted in red; (v) ROD values for

500-kb windows.

Table 2: Statistics on the gene annotation of Chandler v2.0 compared with the previous gene annotations

of the Chandler genome

Statistics Chandler v2.0
No. of genes 37,554
Mean gene length (bp) 5,319
Single-exon transcripts 6,613
Mean CDS length (bp) 1,335
No. of exons 242,208
Mean exon length (bp) 257.8
No. of introns 201,290
Mean intron length 853.9
Mean number of introns per 5.9
gene

with higher gene content in the proximity of telomeric regions
(Fig. 2), consistent with other plant genomes [21, 42]. The ma-
jority of the predicted gene models of Chandler v2.0 were sup-
ported by expression data and showed high similarity with a
protein-coding transcript of other plant species (Supplementary
Table S8). Also, 30,318 models were annotated with 8,243 differ-
ent Gene Ontology (GO) terms (Supplementary Figs S6-S8).

Chandler RefSeq
Chandler v1.0 v1.0
32,496 41,188
4,358 4,641
6,247 6,749
1,222 1,336
172,273 230,261
229.5 314
139,775 181,419
730 835
5.3 4.4

Of the 40,884 transcripts identified, 84% were multi-exonic,
with 5.9 exons each, on average, and longer introns than the pre-
vious gene annotations of Chandler (Table 2). The majority of in-
tron/exon junctions were GT/AG-motif (98.2%), even though al-
ternative splicing with non-canonical motifs was also observed
(GC/AG: 0.8%; AT/AC: 0.11%). Almost 90% (36,422) of the cod-
ing sequences presented both canonical start and stop codons,
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while 4,462 had either a start or a stop codon. This result repre-
sents a great improvement compared with Chandler v1.0, where
only 48% of the predicted gene models presented both start and
stop codons [11].

Also, we observed that 2,801 gene models had from 2 to 4
transcript isoforms each, with a mean length of 9,389 bp. This
proportion of gene models with multiple transcript isoforms is
smaller than in other plant species [43, 44], likely owing to the
low depth of coverage of our PacBio sequencing. Of the 6,437
isoforms identified, 1,448 were covered by FL HQ transcripts in
>1 tissue, while 5,689 were expressed in >1 of the 20 tissues
[11], which most likely covered higher gene diversity compared
with the 9 tissues used for PacBio Iso-Seq. On average, the Illu-
mina isoforms (9,188 bp) were longer than the PacBio isoforms
(6,790 bp). By running the EnTAP functional annotation pipeline
with the entire NCBI RefSeq plant database [45], we observed
that almost all isoforms (98%; 6,287) were annotated with a plant
protein.

We also investigated possible gene family expansion and
contraction among the 3 Chandler versions’ gene annotations.
Overall, we identified fewer gene families in Chandler v2.0 (5,163
Panther family represented) than v1.0 (5,330) and NCBI RefSeq
J. regia annotation (5,374). However, when counting the number
of members per family, we observed a gene family expansion,
in general, in Chandler v2.0 compared with v1.0: 39,357 proteins
were assigned to a Panther gene family in Chandler v2.0, with an
average of 7.6 members per family, against the 30,639 proteins
annotated with a Panther domain in v1.0 (6 members per family
on average). On the contrary, we noticed an overall gene family
contraction in v2.0 compared to NCBI RefSeq, where 10.4 gene
members were assigned to a Panther domain on average. Both
the increment of contiguity and the reduction in haplotype re-
dundancy can explain the observed patterns of gene family ex-
pansion and contraction among the 3 Chandler versions’ gene
annotations, even if the different methods of gene prediction
used in the 3 studies could also account for these differences.

Most of the 1,440 core genes in the embryophyte dataset from
BUSCO were assembled completely (82.5% single-copy; 12.6%
duplicated), similarly to other Fagales genome assemblies (Ta-
ble 3) [34, 35, 40, 46, 47]. Also, 88% of both rosids and green sets
of core gene families (coreGFs) were identified in the gene anno-
tation, confirming the HQ and completeness of the gene space
of Chandler v2.0.

After confirming the importance of a chromosome-scale ref-
erence genome for the improvement of gene prediction ac-
curacy, we analyzed the impact of a contiguous genome se-
quence using proteomic analysis. Proteomes are commonly in-
vestigated by isolating the total protein complement of a sam-
ple and fragmenting those proteins into smaller peptides that
are resolved by mass and charge by means of mass spectrome-
try. After detection, the peptides’ amino acid sequences are de-
termined by matching their mass and charge to candidate se-
quences obtained from a reference proteome inferred from the
reference genome (virtual proteome). A fragmented assembly of
the reference genome can lead to an inaccurate prediction of a
species’ proteome and, then, a misidentification of the proteins
expressed in specific tissues at particular stages [48].

We isolated proteins of reproductive tissues harvested from
mature Chandler walnut trees, focusing on different develop-
ment stages of the male flower (catkin; Supplementary Fig. S9)

and mature pollen grains. We analyzed the proteomic data gen-
erated from these samples using the virtual proteomes pre-
dicted from the gene annotation of the new chromosome-scale
genome and Chandler v1.0 (NCBI RefSeq). Considering all tissues
analyzed, we identified fewer unique peptides (43,083) with the
new chromosome-scale walnut genome than with Chandler v1.0
(44,679). In addition, 6,966 unique proteins were detected with
Chandler v2.0 against the 8,802 found using version 1 as a search
database (Supplementary Table S9; Additional File 3). Most likely,
the NCBI proteomic database based on the fragmented Chandler
v1.0 included artifacts resulting from an overestimation of the
protein-coding genes.

In the example presented below, we focused on the aller-
genic proteins produced during catkin and pollen development.
Approximately 2% of walnut consumers have a high risk of de-
veloping allergies to nuts or pollen [49]. Initially, we clustered
the samples according to their protein constituents and levels.
This revealed a higher similarity between immature and mature
catkins and a more distinct pattern of detected proteins between
senescent catkins and pure pollen (Fig. 3).

We then searched the 4 analyzed proteomes for allergenic
proteins listed in the World Health Organization/International
Union of Immunological Societies Allergen Database (www.alle
rgen.org; Supplementary Table S10), as well as for additional pro-
teins not yet registered in the allergen database but predicted
in Chandler v2.0 as potential allergens given their predicted
structural similarity to known allergens (Additional File 3). Four
of the 8 recognized allergenic proteins were detected in >1 of
the catkin developmental stages, with Jugr.5 (XP.018825777 |
Jr12.10750) and Jugr.7 (XP.018808763 | Jr07_28960) present in
all sample types, including pollen (Supplementary Table S10).
Genes adjacent to known allergen-coding sequences, likely in-
dicating gene duplications, encode 3 of the new potential aller-
gens (Supplementary Table S10). Moreover, we discovered that
the gene locus Jr12.05180 encodes a non-specific lipid transfer
protein (Jugr-9 | XP_018813928), a potential allergen highly ex-
pressed during catkin maturation and in pollen (Supplementary
Tables S10 and S11). In particular, Jug.r 9 was the most abun-
dant protein in mature and senescent catkins, and the second
most abundant in pure pollen. Another interesting allergen sim-
ilar to Jug.r.9 (same 8-cysteine configuration) is XP_018814382 |
Jr03_26970; it decreases as the catkin matures and is absent in
pollen (Supplementary Tables S10 and S11). Similarly, polyphe-
nol oxidase (XP.-018858848 | Jr03.06780) is high in the immature
catkin and almost absent in the pollen.

The integration of these proteomic data with previously pub-
lished transcriptomic data obtained from 20 walnut tissues
[11] shows high reproducibility between the methods. In both
datasets, allergens Jug r.1, 4, and 6 were not detected in catkins,
while the new putative allergen Jug.r9 was highly expressed
in catkins (Supplementary Tables S11 and S12). Also, Jr12.05180
transcripts were not detected in any of the 20 tissues but catkin,
thus confirming the strong specificity of Jug.r-9 for catkin and
pollen tissue (Supplementary Table S12). Modeling the structure
of this putative allergen reveals 4 predicted disulfide bonds, po-
tentially conferring heat and protease resistance, and further
suggesting allergenic properties (Supplementary Fig. S10). Fu-
ture studies will clarify the functional role of this protein and
its allergenic nature.

The detection of new potential walnut allergens confirms the
positive impact of Chandler v2.0 on proteomic studies in wal-
nut, by providing a clearer and more precise organization of the
protein-coding sequences (CDSs) within a genomic region than
the previous fragmented genome assembly v1.0.
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Table 3: Statistics of the completeness of Chandler v2.0 assessed with BUSCO and compared with other Fagales genomes

BUSCO BUSCO BUSCO BUSCO
Genome complete (%) duplicated (%) fragmented (%) missing (%) Reference
Juglans regia cv. “Chandler” v2.0 95.1 12.6 1.3 3.6 This genome
Juglans regia cv. “Chandler” v1.0 94.8 13.8 1.2 4.0 [11]
Juglans regia cv. “Serr” v1.0 94.5 11.1 1.5 4.0 [24]
Fagus sylvatica v1.2 94 19 1.7 3.6 [36]
Castanea mollissima 96.7 7.7 1.4 1.9 [35]
Carya illinoinensis v1 94 23 1.4 3.6 [34]
Corylus avellane cv. “Tombul” 96 6 1 3 [46]
Quercus lobata v1.0 90 52 4 6 [47]
Quercus robur 93 49 3 4 [36]
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Figure 3: Clustering of the samples used in the proteomic analysis. (A) Hierarchical clustering based on Euclidian distances of normalized abundances of detected
proteins. Samples are represented in columns and proteins in rows. (B) Principal component analysis of the 12 samples analyzed, clustering according to tissue type.

By anchoring the HiRise assembly to the Chandler genetic map
[16], we observed highly homozygous regions in Chandler, espe-
cially on Chr15, where the genetic gap spanned 14.5 cM, corre-
sponding to a physical distance of 9.1 Mb. A large gap on Chr15
(9.23 cM; 1.5 Mb) was also observed by Luo et al. [37], which
suggested inbreeding as a possible cause for the lack of seg-
regating loci in this region in Chandler, whose parents shared
Payne as an ancestor. To confirm the autozygosity of Chandler
on Chr15, we used the Illumina whole-genome shotgun data of
Chandler and the identified polymorphisms to study its genetic
diversity across the new chromosome-scale genome. We iden-
tified 2,205,835 single heterozygous polymorphisms on the 16
chromosomal pseudomolecules, with an SNP density of 4.0 SNPs
per kb (Fig. 2; Table S13). Fifty-six 1-Mb regions exhibited <377.5
SNPs (10th percentile of the genome-wide SNP number distribu-
tion), and chromosomes 15, 1, 7, and 13 were the top 4 chromo-
somes in the number of low-heterozygosity regions (Table S14).
In particular, Chr15 presented 9 windows of 1 Mb with a signif-
icantly low number of polymorphisms, 5 of which span 4 Mb
at the end of the chromosome. In these 9 low-heterozygosity re-
gions, we found 1,536 SNPs in total (Fig. 2), of which only 25 were
tiled on the Axiom J. regia 700 K SNPs array. The absence of these

polymorphisms segregating in Chandler in the SNP array could
be related to either a failed identification during the SNP calling
due to the highly fragmented reference genome v1.0 or to the
SNP exclusion during the filtering process applied to build the
genotyping array [9]. The low number of Chandler heterozygous
SNPs in the array affected the end of Chr15 the most, causing a
reduction in the genetic length of the corresponding LG (Fig. 1),
as well as leaving unexplored 4 Mb of Chandler genetic variabil-
ity, which is now accessible thanks to the new chromosome-
scale reference genome. The failure to anchor 7 of the scaffolds
with telomeric sequences can be explained by the missed de-
tection of terminally located highly homozygous regions during
genetic map constructions, due to the absence of crossing-over
events with heterozygous flanking markers.

Owing to the evidence of whole-genome duplication in
Juglans genomes [37], we searched for conserved regions of syn-
teny between Chr15 and its homologous regions in the genome,
to study their level of divergence and identify other evolutionary
forces as possible causes of the localized reduction of heterozy-
gosity on Chr15. Of the 5,739 pairs of paralogous genes (8,701
genes; Supplementary Fig. S11) identified in Chandler v2.0, 448
included genes on Chr15, and 389 of these have their respective
paralogues on Chr6 (Supplementary Fig. S12), in line with what
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was already reported by Luo et al. [37]. The Chr06-Chr15 pairs of
paralogous genes showed average values of divergence indexes
(Ks = 0.38; Ko = 0.13) similar to the ones observed genome-wide
for other syntelogs (Ks = 0.40; K4 = 0.09), which are paralogous
genes derived from the same ancestral genomic region. Similar
values of divergence were also observed for the 178 Chr06-Chr15
syntelogs (171 genes) falling within the 9 low-heterozygosity re-
gions on Chr15 (Ks = 0.40, Ka = 0.10), excluding different evolu-
tionary rates for these regions. Other than paralogous genes, we
found 393 singleton genes in the low-heterozygosity regions on
Chr15 of Chandler. These genes are involved in different biolog-
ical processes, many of which are related to signal transduction,
protein phosphorylation, and response to environmental stim-
uli (Supplemenary Table S15).

We further investigated the contribution of inbreeding to
the high level of autozygosity on Chrl5 by visualizing the in-
heritance of haplotype blocks (HB; genomic regions with lit-
tle recombination) across the Chandler pedigree (Fig. 4B). We
observed that Payne accounts for the entire Chandler genetic
makeup (19 HBs for the total length of Chr15) inherited from Pe-
dro (mother), where only 1 HB (2.08 Mb) shared the same allele of
Conway-Mayette (maternal grandfather; Fig. 4A). Regarding the
paternal genetic makeup of Chandler, 13 of 19 HBs (9.05 Mb) on
Chr15 inherited Payne alleles, providing further evidence of high
inbreeding on this chromosome (Fig. 4A). This is even more evi-
dent in assessing the number of alleles matching between Payne
and Chandler across the genome: Chr15 (14 HBs for a total of
13.95 Mb; Supplementary Fig. S13) shares full allele identity with
Payne for almost its entire length. Such allele matching between
Chandler and its ancestor Payne also occurs on Chrl (9 HBs for a
total of 8.44 Mb), Chr4 (6 HBs; 7.68 Mb), Chr7 (21 HBs; 21.62 Mb),
and Chri4 (7 HBs; 12.29 Mb; Fig. 5). These results suggest a high
level of inbreeding in many genomic regions of Chandler (Fig. 5),
even though direct and indirect selection might have caused the
observed presence of extended homozygous regions in Chan-
dler’s genome.

Even though numerous surveys regarding genetic diversity
within walnut germplasm collections have been reported so
far [50, 51], comparative analyses at the population level and
genome scans for signatures of selection are still missing in Per-
sian walnut. The availability of a chromosome-scale reference
genome enables exploration of the patterns of intraspecific vari-
ation at the genomic level, providing new insight on the extraor-
dinary phenotypic diversity present within J. regia.

We used the resequencing data generated for 23 founders of
the Walnut Improvement Program of the University of Califor-
nia, Davis (UCD-WIP; Supplementary Table S16) [12], to study the
genome-wide genetic differentiation among walnut genotypes
of different geographical provenance. We identified 14,988,422
SNPs, and >97% of them were distributed on the 16 chromo-
somal pseudomolecules, with 9.4 polymorphisms per kilobase
pair. A hierarchical clustering analysis (Supplementary Fig. S14)
divided the 23 founders into 2 major groups, including geno-
types from Western countries (USA, France, and Bulgaria) and
Asia (China, Japan, Afghanistan), respectively, as previously re-
ported [9, 52]. High phenotypic diversity for many traits of inter-
estin walnut, such as phenology, nut quality, and yield, has been
observed within and between germplasm collections from West-
ern and Eastern countries [53]. Walnut trees from Asia are noted
for their lateral fruitfulness and precocity, rarely observed in the

USA and western Europe, so they have been used as a source of
these phenotypes in different walnut breeding programs [54].

At a genomic level, we found a moderate differentiation (Fsr
= 0.15) between Western and Eastern genotypes, except for 195
genomic windows (100 kb) that showed substantially high pop-
ulation differences (Fst > 0.36; top 5% in the whole genome). In
particular, chromosomes 7, 5, 1, 4, and 2 presented ~70% of the
divergent sites (Fig. 2; Supplementary Fig. S15). As suggested by
the mean reduction of diversity coefficient (ROD) value (0.41), in
most of the genomic regions highly differentiated, the UCD-WIP
founders from the USA and Europe showed lower nucleotide di-
versity (r = 2.5 x 107%) than the Asian genotypes (7 =5.0 x 107%),
consistent with Bernard et al. [10] (Fig. 2; Supplementary Fig.
S15). The proximity of our eastern genotypes to the supposed
walnut center of domestication in central Asia can explain the
high level of diversity observed in this subgroup.

More than 60% (122) of the highly differentiated windows
showed a negative value of Tajima D in the EU/USA subgroup
(Doce = —1.12), thus suggesting that selection has been likely act-
ing on these genomic regions in the Western genotypes (Sup-
plementary Fig. S15). Here we found 743 genes, with GO biologi-
cal categories mostly related to signal transduction, embryo de-
velopment, and response to stresses (Table S17). Ten candidate
selective sweeps (Dasia = —0.54) were also observed in the East-
ern group (Supplementary Fig. S15), which included 57 predicted
genes, related to terpenoid biosynthesis, post-embryonic devel-
opment, and signal transduction (Supplementary Table S18).

Recently, many marker-trait associations have been reported
for different traits of interest in walnut, such as leafing date, nut-
related phenotypes, and water use efficiency [14-16]. We looked
to see whether any of these trait-associated SNPs fell within re-
gions highly differentiated between Western and Eastern geno-
types. Three loci associated with shape index, nut roundness,
and nut shape [14] are located in 2 genomic regions on chro-
mosome 3 and 4 with significantly high values of Fsr (Supple-
mentary Table S19). In both of these regions, Western genotypes
presented lower genetic diversity and lower values of Tajima
D than the Eastern walnuts. These findings may suggest that,
while a selective pressure for nut shape may have occurred in
the EU/USA subgroups, higher phenotypic variability can be ex-
pected for these traits in the Eastern countries. We also found
that the locus AX-170770379, strongly associated with harvest-
ing date [16], falls within a genomic region on Chrl with an Fsr
value equal to 0.39 and lower genetic diversity in the Western
genotypes (ROD = 0.63; Supplementary Table S19). Looking at
the phenotypic effect of this SNP on the harvest date of the 23
founders, we observed that most of the Western genotypes are
later harvesting than the Eastern (Supplementary Fig. $16), sug-
gesting differences in the timing of phenological events between
these 2 groups as adaptation to the different climate conditions
present in their countries of origin [55].

Future resequencing projects involving larger walnut collec-
tions and covering a wider area of the global walnut distribution
are necessary to confirm and interpret the observed genomic dif-
ferentiation between Western and Eastern walnuts, likely help-
ing to elucidate the role of this genomic divergence in the evo-
lutionary history of Persian walnut.

High molecular weight (HMW) DNA for Nanopore sequencing
(Oxford Nanopore Technologies Inc., UK) was isolated through
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Figure 4: Graphical visualization of haplotype block (HB) inheritance on Chr15 along with the Chandler pedigree. (A) The inner circle highlights in grey 2 regions of
heterozygosity (5 HB the first and 7 HB the second), and in light green 2 regions of homozygosity (3 HB the first and 4 HB the second). The circle in the middle shows
maternally inherited HBs, while the HBs inherited through the paternal line are visualized in the outer circle. Payne’s haplotypes are clearly present in both parental
lines. White spaces represent segments of missing haplotype information. (B) Chandler pedigree, where Pedro is the maternal line and 56-224, the paternal line.

a nucleus extraction and lysis protocol. First, mature leaf tissue
from the same tree used for the originalJ. regia Chandler genome
[11] was homogenized with mortar and pestle in liquid nitrogen
until well ground, then added to the Nuclei Isolation Buffer [56]
and stirred at 4°C for 10 minutes. The cellular homogenate was
filtered through 5 layers of Miracloth (Millipore-Sigma) into a 50-
mL Falcon tube, then centrifuged at 4°C for 20 minutes at 3,000g.
This speed of centrifugation was selected on the basis of the es-
timated walnut genome size of 1 Gb [57]. Extracted nuclei were
then lysed for 30 minutes at 65°C in the sodium dodecyl sulfate-
based lysis buffer described by Mayjonade et al. [58]. Afterwards,
0.3 volumes of 5 M potassium acetate were added to the lysate
to precipitate residual polysaccharides and proteins. The sam-
ple was incubated for 5 minutes at 4°C and then centrifuged at
4°C for 10 minutes at 2,400g. After removal of the supernatant,
genomic DNA (gDNA) was ethanol precipitated and then eluted
in 10 mM Tris-Cl. Further purification of the gDNA was then per-
formed using a Zymo Genomic DNA Clean and Concentrate col-
umn.

A 1-ug aliquot of the isolated gDNA was prepared for se-
quencing using the Ligation sequencing kit (LSK108, ONT) fol-
lowing the manufacturer’s protocol with an optimized end re-
pair (100 pL sample, 14 pL enzyme, 6 uL enzyme, incubated at
20°C for 20 minutes then 65°C for 20 minutes). In detail, the
gDNA was end polished using the NEBNext® Ultra™ II DNA Li-
brary Prep Kit and then cleaned up with 1X Ampure XP beads
(Beckman Coulter). Afterwards, the gDNA was ligated to ONT-
specific adapters, followed by an additional cleanup with 0.4X
Ampure XP beads. Finally, the libraries were sequenced for 48

hours on 6 flowcells of the ONT Mk1B MinION platform with the
R9.4 chemistry. Raw fast5 data were base-called using Albacore
version 1.25.

The ONT data and Illumina reads from Martinez-Garcia [11]
were combined to obtain the Chandler hybrid assembly using
MaSuRCA v3.2.3 [59]. In detail, MaSuRCA first transformed the
[llumina paired-end reads into “super-reads” using the super-
reads algorithm, which uses k-mers from Illumina reads to ex-
tend each Illumina read uniquely in both directions. Then, each
ONT read was used as a template to which super-reads can be
attached, and the approximate alignments of all super-reads to
each ONT read were computed. The best path of the exactly
overlapping aligned super-reads on an ONT read was then de-
fined, generating a “mega-read.” The mega-reads typically have
a very low error rate (<1%) because they are constructed from
the super-reads, and most of them span the full length of the
long reads. Finally, a customized version of the CABOG assem-
bler [60] was used to assemble the mega-reads along with the
[llumina mate pairs, which provide the linking information for
the scaffolding. Gaps were closed using the gap-filling procedure
implemented in MaSuRCA and described by Zimin et al. [59]. The
de-duplication module implemented in MaSuRCA was then ap-
plied to remove duplicative sequences (scaffold variants due to
heterozygosity).

De-duplicated scaffolds were aligned onto the previously fin-
ished]. regia chloroplast genome [11] using “minimap2 -x asm5,”
as well as to a database of 223 finished plant mitochondria
(downloaded from NCBI RefSeq) using blastn with default pa-
rameters. Finally, Chandler v1.0 was aligned to the de-duplicated
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Figure 5: Graphical visualization of the haplotype block (HB) inheritance across Chandler pedigree in the 16 chromosomes. The inner circle highlights in grey the
regions of heterozygosity and in light green the regions of homozygosity for each chromosome. The circle in the middle shows the maternally inherited HBs, while the
HBs inherited from the paternal line are visualized in the outer circle. In both parental line circles, missing data are highlighted in grey. Payne haplotypes are inherited
along both parental lines in all chromosomes but Chr5, Chr9, Chr10, Chr14, and Chr16. Chandler pedigree is represented on the side, where Pedro is the maternal line

and 56-224 the paternal line.

hybrid assembly, and the unaligned regions were added to the
Chandler hybrid assembly.

Hi-C sequencing

A Hi-C library was prepared by Dovetail Genomics LLC (Santa
Cruz, CA, USA) as described previously [61]. Briefly, for each
library, chromatin was fixed in place with formaldehyde in
the nucleus and then extracted. Fixed chromatin was digested
with Dpnll, the 5 overhangs filled in with biotinylated nu-
cleotides, and then free blunt ends were ligated. After liga-
tion, crosslinks were reversed and the DNA purified from pro-
tein. Biotin that was not internal to ligated fragments was re-
moved from the purified DNA. Purified DNA was then sheared to
~350 bp mean fragment size. Sequencing libraries were gener-
ated using NEBNext® Ultra™ enzymes and Illumina-compatible
adapters. Biotin-containing fragments were isolated using strep-
tavidin beads before PCR enrichment of each library. The li-
braries were then sequenced on the Illumina HiSeq4000 plat-
form.

The hybrid ONT assembly, Illumina shotgun reads [11], and
Dovetail Hi-C library reads were used as input data for the scaf-
folding software HiRise, which uses proximity ligation data to
scaffold genome assemblies [62]. Shotgun and Dovetail Hi-C li-
brary sequences were aligned to the hybrid ONT assembly using
a modified SNAP read mapper. The separations of Dovetail Hi-C
read pairs mapped within the ONT scaffolds were analyzed by
HiRise to produce a likelihood model for the genomic distance
between read pairs, and the model was used to identify and

break putative misjoins, to score prospective joins, and make
joins above a threshold. After scaffolding, Illumina shotgun se-
quences were used to close gaps between contigs, resulting in
an improved HiRise assembly.

Validation and anchoring of the HiRise assembly to
Chandler genetic maps

The HiRise assembly was first anchored to the Chandler ge-
netic map obtained by Marrano et al. [16] from a 312-offspring
F; population “Chandler x Idaho” genotyped with the latest
Axiom J. regia 700 K SNP array. SNP probes (71-mers includ-
ing the SNP site) from the Axiom J. regia 700 K SNP array
were aligned onto the HiRise assembly, filtering out alighments
with probe/reference identity <98%, covering <95% of the probe
length, or aligning multiple times on the genome. Retained
markers with a unique segregation profile were then used to
anchor the HiRise scaffolds. The same procedure was also fol-
lowed to anchor the HiRise assembly to the Chandler genetic
map used to construct a walnut bacterial artificial chromosome
clone-based physical map by Luo et al. [37]. The final ordering of
scaffolds was performed by taking into consideration the marker
genetic map position, and, in the final sequence, consecutive
scaffolds were separated by sequences of 100,000 nucleotides.
The Tandem Repeat Finder program (TRF v4.09 [63]) was run
using the recommended parameters (max mismatch delta PM
PI minscore maxperiod, 2 7 7 80 10 50 500, respectively) to iden-
tify repeat elements up to 500 bp long. A histogram of repeat
unit lengths was generated, and peaks at 7, 29, 33, 44, 154, and
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308 bp were identified. From these data, a consensus sequence
corresponding to each peak was selected. All of these repeat se-
quences were aligned onto the HiRise assembly using “nucmer”
from the MUMmer4 package [64] with a minimum match length
of 7 to capture the telomeric repeat. On the basis of the posi-
tions of these alignments along the chromosomes and contigs,
we identified the 7-mer as the telomeric repeat and the 154-mer
and 308-mer as centromeric repeats.

Recombination rate was estimated within sliding windows
of 10 Mb with a step of 1 Mb along the chromosome sequence
by using the high-density genetic map of Chandler [16] and the
R/MareyMap package v1.3.4 [65]. To evaluate the Chandler v2.0
error rate, the 2 assemblies, Chandler v1.0 and 2.0, were aligned
to each other using nucmer [64]. Assembly quality statistics were
estimated using QUAST v5.0.2 [66], filtering for contigs with a
minimum length of 1 kb. The haploid size of the walnut genome
was estimated by first generating the 24-mer distribution of Illu-
mina paired-end reads (54-fold coverage of the haploid genome)
with Jellyfish v2.2.6 [67] and then uploading it to Genomescope
[68]. Comparisons of Chandler v2.0 versus JrSerr_v1.0 and vice
versa were performed using nucmer [64], and then the function
“dnadiff” implemented in MUMmer4 was used to obtain detailed
information on the differences between 2 assemblies.

Five walnut tissues (leaf, catkin 1-inch elongated, catkin 3-
inches elongated, pistillate flower, and pollen) were collected
from Chandler trees at the UCD walnut orchards. Four addi-
tional samples (somatic embryo, callus, shoot, and roots) were
taken from tissue culture material of Chandler. Several grams
of each tissue were ground in liquid nitrogen and with insolu-
ble polyvinylpyrrolidone (1% w/w). RNA was isolated using the
PureLink™ Plant RNA Reagent (Invitrogen™, Carlsbad, CA) fol-
lowing the manufacturer’s instructions, but with an additional
end wash in 1 mL of 75% ethanol. For root tissue only, RNA isola-
tion was performed using the MagMAX™ mirvVana™ Total RNA
Isolation Kit (Applied Biosystems™, Foster City, CA) as per pro-
tocol, except for the lysis step. A different lysis buffer was cre-
ated adding 100 mg of sodium metabisulfite to 10 mL of guani-
dine buffer (guanidine thiocyanate 4 M, sodium acetate 0.2 M,
EDTA 25 mM, PVP-40 2.5%, pH 5.0) and 1 mL of nuclease-free
water. Then, 100 mg of ground root tissue was lysed in 1 mL of
the new lysis buffer using a Tissue Lyser at maximum frequency
for 2 minutes. The lysate was centrifuged at 4°C for 5 minutes at
maximum speed. The supernatant (500 pL) was transferred to a
new tube for the following steps of RNA isolation as per proto-
col. RNA samples were then purified, and DNase treated using
the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The RNA
quality was confirmed by running an aliquot of each sample on
an Experion™ Automated Electrophoresis System (Bio-Rad, Her-
cules, CA).

Full-length cDNA Iso-Seq template libraries for PacBio Iso-Seq
analysis were constructed and sequenced at the DNA Technolo-
gies & Expression Analysis Core Facility of the UCD Genome
Center. FL double-stranded cDNA was generated from total RNA
(2 ug per tissue) using the Lexogen Telo™ prime Full-length
cDNA Kit (Lexogen, Inc., Greenland, NH). Tissue-specific cDNAs
were first barcoded by PCR (16-19 cycles) using IDT barcoded
primers (Integrated DNA Technologies, Inc., Coralville, IA), and
then bead-size selected with AMPure PB beads (2 different size

fractions of 1X and 0.4X). The 9 cDNAs were pooled in equimolar
ratios and used to prepare a SMRTbell™ library using the PacBio
Template Prep Kit (PacBio, Menlo Park, CA). The SMRTbell™ li-
brary was then sequenced across 4 Sequel v2 SMRT cells with
polymerase 2.1 and chemistry 2.1 (P2.1C2.1).

PacBio raw reads were processed using the Iso-Seq3 v.3.0
workflow following PacBio recommendations [69]. CCSs were
generated using the program “ccs.” The CCSs were demulti-
plexed and cleaned of cDNA primers using the program “lima.”
Afterward, CCS clustering and polishing was performed using
the program “Iso-Seq3,” to generate HQ FL sequences for each
of the 9 tissues. FLnc and HQ clusters were aligned onto the new
“Chandler” assembly v2.0 with minimap2 v.2.12-r827, including
the parameter “-ax splice” [70].

A genome-specific repeat database was created using the “ba-
sic” mode implemented in RepeatModeler v.1.0.11 [71]. Repeat-
Masker v.4.0.7 was then run to mask repeats in the walnut ref-
erence genome v.2.0 and generate a GFF file [72].

Juglans regia RefSeq transcripts and additional . regia tran-
scripts and protein sequences downloaded from NCBI, along
with the HQ FL Iso-Seq transcripts, were used as input to the
PASA pipeline v.2.3.3 [73], to assemble a genome-based tran-
script annotation. PASA ushe aligners BLAT v.35 [74] and GMAP
v.2018-07-04 [75], along with TransDecoder v.5.5.0 [76], which
predicts open reading frames as genome-based GFF coordinates.
The final PASA/TransDecoder GFF3 file was post-processed to
name the genes and transcripts by chromosome location con-
sistently. The chloroplast and mitochondrial genomes were an-
notated using the “CHLOROBOX GeSeq Annotation of Organel-
lar Genomes” tool at [77] with default parameters [78]. NCBI ac-
cessions NC_028617.1 (J. regia chloroplast), KT971339.1 (Medicago
truncatula mitochondrion), NC_029641.1 (M. truncatula mitochon-
drion), and NC_012119.1 (Vitis vinifera mitochondrion) were also
input as custom references. The output gff3 files were then post-
processed to consistently rename genes.

Functional roles were assigned to predicted peptides us-
ing Trinotate v.3.1.1 [79]. In particular, similarity searches were
performed against several public databases (i.e., Uniprot/Swiss-
Prot, NCBI NR, Vitis_vinifera.IGGP_12x, J. regia RefSeq) using BLAST
v.2.8.1, HMMER v.3.1b2, SignalP v.4.1c, and TMHMM v.2.0c. Gene
family analysis was performed by running Interproscan v. 5.30-
69.0 [80, 81] with default parameters on each protein fasta file
(v1.0 [11], NCBI RefSeq [GCF.0 014 11555.1.wgs.5d] and v2.0).
The PANTHER family ID with the lowest expect value (below ex-
pect value threshold of 1.0E-!') was assigned to each protein.

The completeness and quality of both genome assembly
and gene annotation of Chandler v.2.0 were estimated with the
BUSCO method v.3 (1,440 core genes in the embryophyte dataset)
[82], and the sets of coreGFs of green plants (2,928 coreGFs)
and rosids (6,092 coreGFs) from PLAZA v.2.5 [83]. Also, RNA-
sequencing (RNA-Seq) data previously generated for 20 tissues
(see [11]) were aligned to the reference genome (v1.0 and v2.0)
with HISAT? [84]. The alignments of the 20-tissue RNA-Seq data
and the FL transcripts along with the new genome annotation
v2.0 were then used as input to StringTie v.2.0 [85] to estimate ex-
pression levels in both fragments per kilobase per million reads
(FPKM) and transcripts per million (TPM) for each transcript in
the v2 annotation. The percent identity and coverage of each J.
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regia transcript compared to proteins in the NCBI plant RefSeq
database was also determined by running the EnTAP pipeline
v.0.9.0 [45].

Plant tissues of immature, intermediate, and mature catkins
(Additional File 1, Supplementary Fig. S9) and pure pollen from
3 individual trees of Chandler at the UCD walnut orchards were
collected and frozen immediately in dry ice. Tissues were then
further frozen in liquid nitrogen in the laboratory and ground
with mortar and pestle. Five hundred milligrams of each sample
were used for total protein extraction, following the procedure
for recalcitrant plant tissues of [86], with a modification in the fi-
nal buffer used to resuspend the protein pellet, consisting of 8 M
urea in 50 mM triethylammonium bicarbonate (TEAB). Then, 100
ug of total protein from each sample was used for proteomics.

Initially, 5 mM dithiothreitol (DTT) was added and incubated
at 37°C for 30 minutes and 1,000 rpm shaking. Next, 15 mM
iodoacetamide (IAA) was added, followed by incubation at room
temperature for 30 minutes. The IAA was then neutralized with
30 mM DTT in incubation for 10 minutes. Lys-C/trypsin then was
added (1:25 enzyme: total protein) followed by 4 h incubation
at 37°C. Afterward, TEAB (550 L of 50 mM) was added to di-
lute the urea and activate trypsin digestion overnight. The di-
gested peptides were desalted with Aspire RP30 Desalting Tips
(Thermo Scientific), vacuum dried, and suspended in 45 uL of
50 mM TEAB. Peptides were quantified by Pierce quantitative
fluorometric assay (Thermo Scientific) and 1 ug analyzed on a
QExactive mass spectrometer (Thermo Scientific) coupled with
an Easy-LC source (Thermo Scientific) and a nanospray ioniza-
tion source. The peptides were loaded onto a Trap (100 um,
C18 100 A 5 U) and desalted online before separation using a
reversed-phase (75 um, C18 200 A 3 U) column. The duration
of the peptide separation gradient was 60 minutes using 0.1%
formic acid and 100% acetonitrile for solvents A and B, respec-
tively. The data were acquired using a data-dependent tandem
mass spectroscopy (MS/MS) method, which had a full scan range
of 300-1,600 Da and a resolution of 70,000. The resolution of the
MS/MS method was 17,500 and the insulation width 2 m/z with
a normalized collision energy of 27. The nanospray source was
operated using a spray voltage of 2.2 kV and a transfer capillary
temperature heated to 250°C. Samples were analyzed at the UCD
Proteomics Core.

The raw data were analyzed using X! Tandem and viewed
using the Scaffold Software v.4 (Proteome Software, Inc.). Sam-
ples were searched against UniProt databases appended with
the cRAP database, which recognizes common laboratory con-
taminants. Reverse decoy databases were also applied to the
database before the X! Tandem searches. The CDSs annotated in
Chandler v1.0 (NCBI accession PRJNA350852) and v2.0 were used
as a reference for identification of proteins from the mass spec-
trometry data. The proteins identified were filtered in the Scaf-
fold software based on the following criteria: 1.0% FDR (false-
discovery rate) at protein level (following the prophet algorithm
[87]), the minimum number of 2 peptides, and 0.1% FDR at the
peptide level. Structure of the walnut allergen (Jug r 9) was mod-
elled using SWISS-MODEL [88] based on the structure of a ho-
mologous allergen from lentil (PDBid:2MAL). Structures were su-
perimposed using MUSTANG (2MAL: in red, walnut in blue) [89].

[llumina whole-genome shotgun data of Chandler were aligned
on Chandler v2.0 with BWA [90] with standard parameters. SNP
calling was performed using SAMtools v1.9 [91] and BCFtools
v.2.1 [92]. SNP density for windows of 1 Mb was estimated using
the command “SNPdensity” implemented in VCFtools v0.1.16
[93]. Self-collinearity analysis to detect duplicated regions in
Chandler v2.0 was performed with MCScanX [94], using a sim-
plified GFF file of the new gene annotation and a self-BLASTP
as input. To improve the power of collinearity detection, tan-
dem duplications were excluded after running the function “de-
tect_collinear_tandem_arrays” implemented in MCScanX. Syn-
onymous (Ks) and nonsynonymous (Ka) changes for syntenic
protein-coding gene pairs were measured using the Perl script
“add_ka_and_ks_to_collinearity.pl” implemented in MCScanX.

To explore the inbreeding level across the 16 chromosomal
pseudomolecules of Chandler, haplotypes were built for 55 indi-
viduals of the UCD-WIP, including 25 founders and several com-
mercially relevant walnut cultivars (e.g., Chandler, Howard, Tu-
lare, Vina, Franquette) along with their parents and progenitors.
All individuals were genotyped using the latest Axiom™ J. regia
700 K SNP array as described in [9]. To define SNP HBs, 26,544
unique and robust SNPs were selected and ordered according
to the Chandler genome v2.0 physical map. Subsequently, for
each SNP marker and individual, phasing and identification of
closely linked groups of SNPs, without recombination in most of
the pedigree, was performed using the software FlexQTL™ [95]
and PediHaplotyper [96] following the approach described in [96]
and [97]. In particular, HBs were defined by recombination sites
detected in ancestral generation of Chandler.

The resequencing data of 23 founders of the UCD-WIP (Table S16)
[12] were mapped onto the Chandler v2.0 with BWA, and SNPs
were called following the same procedure described above for
Chandler. SNPs with no missing data and minor-allele frequency
>10% were retained for the following genetic analyses (7,269,224
SNPs out of the 14,988,422 identified). Hierarchical cluster anal-
ysis on a dissimilarity matrix of the 23 UCD-WIP founders was
performed using R/SNPRelate v.1.18.0 [98]. Fixation index (Fsr)
was measured between genotypes from EU/USA and Asia with
VCFtools v0.1.16, setting windows of 100 and 500 kb. Genomic
windows with the top 5% of Fsr values were selected as candi-
date regions for further analysis. The empirical cut-off with a
low FDR (5%) was verified by performing whole-genome permu-
tation test (1,000) with a custom Python script. Nucleotide diver-
sity (7) and Tajima D [99] were also computed along the whole
genome in 100- and 500-kb windows using VCFtools. Reduction
of diversity coefficient was estimated as 1 - (7 occ/7asia). The
new walnut gene annotation v.2.0 was used to identify predicted
genes in the candidate regions under selection. The distribution
of the identified genes into different biological processes was
evaluated using the weight01 method provided by R/topGO [100].
The Kolmogorov-Smirnov-like test was performed to assess the
significance of over-representation of GO categories compared
with all genes in the walnut gene prediction. Plots were obtained
using the R/circlize v.0.4.6 and R/ggplot2 v.3.5.3 packages.
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All raw and processed sequencing data generated in this study
have been submitted to the NCBI BioProject database [101] under
accession number PRINA291087. All SNP data have been submit-
ted to Hardwood Genomics [102]. Data further supporting this
work are openly available in the GigaScience repository, GigaDB
[103].

Supplementary Figure S1. Contiguity of the Chandler ON assem-
bly and the final HiRise scaffolds.

Supplementary Figure S2. Mapping positions of the first and sec-
ond read in the read pair respectively, grouped into bins.
Supplementary Figure S3. Collinearity between the ‘Chandler’
genetic map of [35] and the 16 chromosomal pseudomolecules
of Chandler v2.0.

Supplementary Figure S4. Whole-genome comparison between
Chandler v2.0 and JrSerr_v1.0 [22].

Supplementary Figure S5. Retrotransposons distribution across
the 16 chromosomes of Chandler v2.0.

Supplementary Figure S6. Top 20 biological process GO terms.
Supplementary Figure S7. Top 20 molecular function GO terms.
Supplementary Figure S8. Top 20 cellular component GO terms.
Supplementary Figure S9. Catkin development stages sampled
for the label-shotgun proteomic study (pollen is not shown).
Supplementary Figure S10. Modeled structure of the putative
new allergen encoded by Jr12.05180.

Supplementary Figure S11. Collinear blocks among the 16 chro-
mosomal pseudomolecules of Chandler v2.0.

Supplementary Figure S12. Dual synteny plot between Chr06 a-
Chr15 of Chandler v2.0.

Supplementary Figure S13. Graphical visualization of allele
identity between Chandler and its ancestor Payne for all 16 chro-
mosomes of Chandler.

Supplementary Figure S14. Hierarchical clustering analysis
among the 23 re-sequenced founders of the UCD-WIP.
Supplementary Figure S15. Genome scan for selective sweeps
between walnuts from EU/USA and Asia.

Supplementary Figure S16. Phenotypic differences of harvesting
date observed among the three genotypic classes of the marker
AX-170770379 significantly associated to harvest date (Marrano
et al., 2019).

Supplementary Table 1. Statistics on the six Nanopore flowcells
used to sequence Chandler’s genome.

Supplementary Table 2. Statistics on k-unitigs, super-reads and
mega-reads obtained with the MaSuRCA assembler on ONT and
Ilumina reads.

Supplementary Table 3. Characteristics of the Chandler ONT as-
sembly.

Supplementary Table 4. List of tissues used for PacBio IsoSeq.
Supplementary Table 5. Statistics on the PacBio IsoSeq sequenc-
ing per flow-cell.

Supplementary Table 6. Statistics on CCSs, FLnc and HQ FL tran-
scripts obtained per tissue with PacBio IsoSeq.

Supplementary Table 7. Percentage of FLnc and HQ FL transcripts
aligned on the new assembly per tissue.

Supplementary Table 8. Validation of gene annotation with ex-
pression data and public plant protein databases.
Supplementary Table 9. Summary of proteome results obtained
using genome annotations v1 and v2.

Supplementary Table 10. Allergen expression data obtained
from proteome data.

Supplementary Table 11. Top 10 abudant proteins detected in
each tissue.

Supplementary Table 12. Expression of genes encoding al-
lergenic proteins in different Juglans regia cv. Chandler
tissues.

Supplementary Table 13. Number of SNPs and SNP density in
100-kb windows per chromosome in Chandler v2.0.
Supplementary Table 14. Regions (1 Mb) with less than 377.5
SNPs (10th percentile of the SNP number distribution) in Chan-
dler.

Supplementary Table 15. Top 50 biological process GO terms for
the 393 singletons genes in the low heterozygous regions on
Chr15 of Chandler.

Supplementary Table 16. List of 23 UCD-WIP founders used for
the selective sweep analysis .

Supplementary Table 17. Top 50 biological process GO terms for
the 122 windows (100 kb) with negative value of Tajima’s D in
the Western genotypes.

Supplementary Table 18. Top 50 biological process GO terms for
the 122 windows (100 kb) with negative value of Tajima’s D in
the Eastern genotypes.

Supplementary Table 19. Marker-trait associations identified
within genomic regions highly differentiated between Western
and Eastern walnuts.

Additional File 3. Mass-spectrometry proteome data of catkins
and pollen tissues. Three samples of each tissue type (immature
catkin, mature catkin, senescent catkin, and pure pollen) were
analyzed using v1.0 and v2.0 reference walnut genome assem-
blies. Total intensity of matching peptides, number of spectra,
and percentage of protein covered by the identified peptides are
reported.

BLAST: Basic Local Alignment Search Tool; BLAT: BLAST-Like
Alignment Tool; bp: base pairs; BUSCO: Benchmarking Universal
Single-Copy Orthologs; BWA: Burrows-Wheeler Aligner; CABOG:
Celera Assembler with the Best Overlap Graph; CCS: circular
consensus sequence; cDNA: complementary DNA; CDS: protein-
coding sequence; coreGF: core gene family; DTT: dithiothre-
itol; FDR: false-discovery rate; FLnc: full-length non-chimeric;
Gb: gigabase pairs; gDNA: genomic DNA; GO: Gene Ontology;
HB: haplotype block; Hi-C: chromosome conformation cap-
ture; HQ: high quality; HMW: high molecular weight; IAA:
iodoacetamide; kb: kilobase pairs; LG: linkage group; LTR: long-
terminal retrotransposon; MaSuRCA: Maryland Super-Read Cel-
era Assembler; Mb: megabase pairs; MS/MS: tandem mass spec-
troscopy; NCBI: National Center for Biotechnology Information;
ONT: Oxford Nanopore Technology; PacBio: Pacific Biosciences;
PASA: Program to Assemble Spliced Alignments; RNA-Seq: RNA-
sequencing; ROD: reduction of diversity coefficient; SNP: single-
nucleotide polymorphism; UCD: University of California Davis;
TEAB: triethylammonium bicarbonate; WIP: Walnut Immprove-
ment Program.
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Abstract

Background: The release of the first reference genome of walnut (Juglans regia L.) enabled many
achievements in the characterization of walnut genetic and functional variation. However, it is
highly fragmented, preventing the integration of genetic, transcriptomic, and proteomic
information to fully elucidate walnut biological processes. Findings: Here, we report the new
chromosome-scale assembly of the walnut reference genome (Chandler v2.0) obtained by
combining Oxford Nanopore long-read sequencing with chromosome conformation capture (Hi-
C) technology. Relative to the previous reference genome, the new assembly features an 84.4-fold
increase in N50 size and the full sequence of all 16 chromosomal pseudomolecules. Using full-
length transcripts from single-molecule real-time sequencing, we predicted 40,491 gene models,
with a mean gene length higher than the previous gene annotations. Most of the new protein-coding
genes (90%) are full-length, which represents a significant improvement compared to Chandler
v1.0 (only 48%). We then tested the potential impact of the new chromosome-level genome on
different areas of walnut research. By studying the proteome changes occurring during catkin
development, we observed that the virtual proteome obtained from Chandler v2.0 presents fewer
artifacts than the previous reference genome, enabling the identification of a new potential pollen
allergen in walnut. Also, the new chromosome-scale genome facilitates in-depth studies of
intraspecies genetic diversity by revealing previously undetected autozygous regions in Chandler,
likely resulting from inbreeding, and 195 genomic regions highly differentiated between Western
and Eastern walnut cultivars. Conclusion: Overall, Chandler v2.0 will serve as a valuable resource

to understand and explore walnut biology better.

Keywords: Nanopore, Hi-C, IsoSeq, gene prediction, genetic diversity, proteome, allergens.
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Introduction

Persian walnut (Juglans regia L.) is among the top three most-consumed nuts in the world, and
over the last ten years, its global production increased by 37% (International Nut and Dried Fruit
Council, 2019). Its richness in alpha-linolenic acid (ALA), proteins, minerals, and vitamins, along
with documented benefits for human health, explains this increased interest in walnut consumption
[1]. As suggested by its generic name Juglans from the Latin appellation ‘Jovis glans’, which
loosely means ‘nut of gods’, the culinary and medical value of Persian walnut was already widely

prized by ancient civilizations [2].

The origin and evolution of the Persian walnut are the results of a complex interplay between
hybridization, human migration, and biogeographical forces [3]. A recent phylogenomic analysis
revealed that Persian walnut (and its landrace J. sigillata) arose from an ancient hybridization
between American black walnuts and Asian butternuts during the late Pliocene (3.45 Mya) [4].
Evidence suggests that the mountains of Central Asia were the cradle of domestication of Persian

walnut [5], from where it spread to the rest of Asia, the Balkans, Europe, and, finally, the Americas.

Today, walnut is cultivated worldwide in an area of 1,587,566 ha, mostly in China and the USA
(FAOSTAT statistics, 2017). Considerable phenotypic and genetic variability can be observed in
this wide distribution area, especially in the Eastern countries, where walnuts can still be found in
wild fruit forests. Many studies on genetic diversity in walnut have outlined a genetic
differentiation between Eastern and Western genotypes [6,7]. Moreover, walnuts from Eastern
Europe, Central Asia, and China exhibit higher genetic diversity and a higher number of rare alleles

than the genotypes from Western countries [8].
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The release of the first reference genome, Chandler v1.0 [9], enabled the study of walnut genetics
at a genome-wide scale. For the first time, it was possible to explore the gene space of Persian
walnut with the prediction of 32,498 gene models, providing the basis to untangle complex
phenotypic pathways, such as those responsible for the synthesis of phenolic compounds. The
availability of a reference genome marked the beginning of a genomics phase in Persian walnut,
allowing whole-genome resequencing [4,10], the development of high-density genotyping tools
[7,11], and the genetic dissection of important agronomical traits in walnut [12—14]. However, the
Chandler v1.0 assembly is highly fragmented, compromising the accuracy of gene prediction and
the fulfillment of advanced genomics studies necessary to resolve many, still unanswered

questions in walnut research.

The recent introduction of long-read sequencing technologies and long-range scaffolding methods
has enabled chromosome-scale assembly for multiple plant species, including highly heterozygous
tree crops such as almond (Prunus dulcis; [15] and kiwifruit (Actinidia eriantha; [16]. The
availability of genomes with fully assembled chromosomes provides foundations for
understanding plant domestication and evolution [15,17,18], the mechanisms governing important
traits (e.g., flower color and scent; [19], as well as the impact of epigenetic modifications on
phenotypic variability [20]. Recently, Zhu et al., (2019) assembled the parental genomes of a
hybrid J. microcarpa x J. regia (cv. Serr) at the chromosome-scale using long-read PacBio
sequencing and optical mapping. They relied on the haplotype divergence between the two Juglans
species and demonstrated an ongoing asymmetric fractionation of the two subgenomes present in

Juglans genomes.

Here we report a new chromosome-level assembly of the walnut reference genome with

unprecedented contiguity, Chandler v2.0, which we obtained by combining Oxford Nanopore
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long-read sequencing [22] with chromosome conformation capture (Hi-C) technology [23].
Thanks to the increased contiguity of Chandler v2.0, we were able to substantially improve gene
prediction accuracy, with new, longer gene models identified and many fewer artifacts compared
to Chandler v1.0. Also, the availability of full, chromosomal sequences reveals new genetic
diversity of Chandler, previously inaccessible through standard genotyping tools, and significant
genetic differentiation between Western and Eastern walnuts at 195 genomic regions, including
also loci involved in nut shape and harvest date. In the present research, we demonstrate the
fundamental role of a chromosome-scale reference genome to integrate transcriptomics,
population genetics, and proteomics, which in turn enable a better understanding of walnut

biology.

Genome long-read sequencing and assembly

To increase the contiguity of the Chandler genome, we first generated deep sequence coverage
using Oxford Nanopore Technology (ONT), a cost-effective long-read sequencing approach that
determines DNA bases by measuring the changes in electrical conductivity generated while DNA
fragments pass a tiny biological pore [24]. Since the release of the first plant genome assembly
generated using ONT sequencing [25], this technology has been applied to sequence and obtain
chromosome-scale genomes of many other plant species [26-28]. In Persian walnut, ONT
sequencing yielded 7,096,311 reads that provided 21.9 Gbp of sequence, or ~35X genome
coverage (assuming a genome size of 620 Mb). Read lengths averaged 3.1 kb, and the N50 read

length was 6.7 kb, with the longest read being 992.2 kb.

One of the major limitations of long-read sequencing technologies is their high error rate, which
can range between 5% and 15% for Nanopore sequencing [29]. To overcome this limitation, we

adopted the hybrid assembly technique incorporated into the MaSuRCA assembler, which
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combines long, high-error reads with shorter but much more accurate lllumina sequencing reads
to generate a robust, highly contiguous genome assembly [30]. First, using the Illumina reads, we
created 3.7 million 'super-reads' with a total length of 2.9 Gb. We then combined the super-reads
with the ONT reads to generate 3.2 million mega-reads with a mean length of 4.7 kb, representing
24X genome coverage (Additional file 1). Finally, we assembled the mega-reads to obtain the
‘hybrid’ Illumina-ONT assembly, which comprised 1,498 scaffolds, 258 contigs, and 25,007 old

scaffolds from Chandler v1.0 (Table 1; Additional file 2).

Even though the total number of scaffolds (> 1 Kb) was reduced by 80% compared to Chandler
v1.0 (Table 1), the new hybrid assembly was still fragmented. To improve the assembly further
and build chromosome-scale scaffolds, we applied Hi-C sequencing, which is based on proximity
ligation of DNA fragments in their natural conformation within the nucleus [23]. The HiRise
scaffolding pipeline processed 356 million paired-end 100-bp Illumina reads to generate the
HiRise assembly, which contained 2,656 scaffolds longer than 1 kb (Table 1). The top 17 scaffolds
from this assembly spanned more than 90% of the total assembly length, with a scaffold length
ranging from 19.6 to 45.2 Mb (Additional files 3-4). As compared to the previous (1.0) assembly,
the Chandler genome contiguity increased dramatically, with an N50 size 98% higher than

Chandler v1.0 and only 0.04% of the genome in gaps.

Validation of the HiRise assembly

To assess the quality of the HiRise assembly, we used two independent sources of data. First, we
used the single nucleotide polymorphism (SNP) markers mapped on the high-density genetic map
of Chandler recently described by [14]. Out of the 8,080 SNPs mapped into 16 linkage groups
(LGs), 6,894 had probes aligning uniquely on the HiRise assembly with 98% of identity for more

than 95% of their length. A total of 35 scaffolds of the HiRise assembly could be anchored to a
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chromosomal linkage group by at least one SNP (Figure 1). In particular, 13 LGs were spanned

by a single HiRise scaffold, while two to three scaffolds each aligned the remaining three LGs.

Second, we anchored the HiRise assembly to the Chandler genetic map used by [31] to construct
a walnut physical map. In total, 972 of the mapped markers (1,525 SNPs) aligned uniquely on the
same 35 HiRise scaffolds anchored to the linkage map mentioned above. Overall, we observed
almost perfect collinearity between the HiRise assembly and both Chandler genetic maps (Figure
1, Additional file 5). Therefore, we oriented, ordered, and named the HiRise scaffolds consistent
with the linkage map of [31], generating the final 16 chromosomal pseudomolecules of J. regia

Chandler.

These 16 contiguous chromosomal scaffolds account for 95% of the final walnut reference genome
v2.0, with an N50 size of 35 Mb. Chandler v2.0 has a total length of 576,258,700 bps, of which
only 20.9 Mb are fragmented in 2,631 small unanchored scaffolds (> 1 kb; Table 1). The larger
genome size of Chandler v2.0 compared to the recently published genome assembly of the cv. Serr
(JrSerr_v1.0; 534.7 Mb) [21] can be explained by structural variation (e.g., copy number and
presence/absence variants), whose central role in explaining intraspecific genomic and phenotypic
diversity has been reported in different plant species [32,33]. In addition, the higher number of
unanchored scaffolds in Chandler v2.0 compared to JrSerr_v1.0 can represent autozygous genomic
regions of Chandler, devoid of segregating markers and, therefore, difficult to anchor to linkage
genetic maps [31], as also suggested by the higher fixation index (F) observed in Chandler (0.03)

than Serr (-0.29) in previous genetic surveys [7].

We identified telomere sequences at both ends for nine of the chromosome scaffolds, on one end

of the other seven chromosomes and one end of seven unanchored scaffolds. Also, all 16
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chromosomes had centromeric repeats in the middle, alongside regions with low recombination

rates (Figure 2).

To assess the sequence accuracy of Chandler v2.0, we first compared the scaffold sequences of
Chandler v2.0 with the previous version of the walnut reference genome, generating 838,173
alignments with sequence identity averaging 94.11%. We then mapped the Illumina whole-
genome shotgun data (Martinez-Garcia et al., 2016) against the new chromosome-scale genome.
The alignment resulted in 64,950,691,681 bps mapped, of which 407,450,406 were single-base

mismatches, consistent with an Illumina sequence accuracy rate of 99.5%.

Repeat annotation

Almost half (49.68%) of the new Chandler v2.0 is repetitive, similarly to the previous version of
the walnut reference genome (51.19%). As in most plant genomes, interspersed repeats (45.13%)
were the most abundant type of repeats, with retrotransposons at 18.55% and DNA transposons at
3.05%. Gypsies (6.58%) and Copias (4.1%) were the most represented classes of long-terminal
retrotransposons (LTR), and, though widely dispersed throughout the genome, they were
distributed differently along the 16 chromosomes (Additional file 6): the Gypsies LTRs were more
abundant alongside the centromeres, where, instead, the density of the Copia LTRs decreased,
consistent with [21]. L1/LINE (long-interspersed nuclear elements), which possess a poly(A) tail
and two open reading frames (ORFs) for autonomous retrotransposition, was the largest class of
non-LTRs at 6.98% of the genome. Simple repeats (4.29%) and low-complexity regions (0.26%)

were also found.

PacBio IsoSeq sequencing and gene annotation
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A fragmented reference genome can severely hamper the accuracy of gene prediction, because
many genes will be broken across multiple small contigs (false negatives), and because multiple
fragments of the same gene may be annotated separately (false positives). Also, transcriptome
assemblies generated using second-generation (lllumina) sequencing data are likely to miss many

transcripts due to the very short read lengths [34].

To improve the gene prediction accuracy of Chandler v2.0, we used the “Isoform Sequencing”
(Iso-Seq) method, developed by Pacific Biosciences (PacBio), which can generate full-length
transcripts up to 10 kb, allowing for accurate determination of exon-intron structure by the
alignment of the transcripts to the assembly [35]. The high error rate of PacBio sequencing can be
greatly reduced using circular consensus sequence (CCS), in which a transcript is circularized and
then sequenced repeatedly to self-correct the errors. We applied PacBio 1soSeq to sequence full-
length transcripts from nine tissues, chosen to cover most of the transcript diversity in walnut
(Additional file 7). Across the four SMRT cells, we obtained 26,328,087 subreads with a mean
length of 1,188 bp (Additional file 8) and CCSs ranging from 13K to 142K per library (Additional
file 9). Out of the 745,730 full-length non-chimeric (FLnc) transcripts, 68,225 were classified as
high quality, FL (HQ FL) consensus transcript sequences, with an average length of 1,357 bp
(Additional file 9). Catkin 1-inch elongated (CATL1), shoot, and root yielded the lowest number
of HQ FL transcripts, while pollen and leaf had the lowest number of HQ consensus clusters
obtained per CCS after polishing (Additional file 9). These results can be explained by lower
cDNA quality or fewer inserts of full-length transcripts from these tissues during the cDNA
pooling and library preparation. Nevertheless, more than 99% of the HQ FL transcripts aligned

onto the new chromosomal-level walnut reference genome (Additional file 10).
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By combining the HQ FL transcripts with available Juglans transcriptome sequences, we identified
40,491 gene models, which are more than those annotated in Chandler v1.0 but fewer than the
predicted genes in the NCBI RefSeq J. regia annotation generated with the first version of the
reference genome (Table 2). This result suggests that the new chromosome-scale genome, along
with the availability of full-length transcripts, allowed us to identify genes missed during the
annotation of Chandler v1.0, as well as to remove false-positive predictions. Also, the mean gene
length in Chandler v2.0 was higher than the previous gene annotations (Table 2), a consequence

of the increased contiguity of the new chromosome-scale reference genome.

The average gene density of Chandler v2.0 was 19.28 genes per 100 kb, with higher gene content
in the proximity of telomeric regions (Figure 2), consistent with other plant genomes [18,36]. In
addition, 92% (37,102) of the predicted gene models of Chandler v2.0 was supported by expression
data, and 97% showed high similarity with a protein-coding transcript from either the J. regia
RefSeq v1 gene set or a protein from the wider NCBI RefSeq plant database (Additional file 11),
highlighting the accuracy and robustness of the Chandler v2.0 genome annotation. Overall,
Chandler v2.0 contained 339 newly predicted gene models, with a mean length of 1,533 bp. Of
these new predicted gene models, 150 (44%) and 329 (97%) were supported by PacBio IsoSeq
and Illumina RNA-seq data (Martinez-Garcia et al., 2016), respectively. Thus, the failure to
identify these genes in Chandler v1.0 was most likely related to its low contiguity than to the lack

of the gene transcripts in the RNA-seq data.

Out of the 41,081 transcripts identified, 84% were multi-exonic, with, on average, 5.94 exons each
and a mean exon length of 257.2 bp (Table 2). The mean number of introns per gene was 5.9, with
a length ranging from 20 bp to 493 kb. These values are similar to those observed in the previous

gene annotations of Chandler, except for the number of exons and introns which was higher in
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Chandler v2.0. Also, introns were longer, on average, contributing to the higher mean gene length
observed in Chandler v2.0. The majority of intron/exon junctions were GT/AG-motif (98.2%),
even though alternative splicing with non-canonical motifs was also observed (GC/AG — 0.8%;
AT/AC — 0.11%). Almost 90% (36,438) of the coding sequences were full-length with canonical
start and stop codons, while 4,525 presented either a start or a stop codon. This result represents a
great improvement compared to Chandler v1.0, where only 48% of the predicted gene models were

complete [9].

Also, we observed that 568 gene models had from two to four transcript isoforms each, with a
mean length of 7,080 bp. Out of the 1,158 isoforms identified, 339 were covered by FL HQ
transcripts in at least one tissue, while 835 were expressed in at least one of the 20 tissues
(Martinez-Garcia et al., 2016), which most likely covered higher gene diversity compared to the
nine tissues used for PacBio IsoSeq. On average, the Illumina isoforms (7,220 bp) were longer
than the PacBio isoforms (6,044 bp). By running the EnTAP functional annotation pipeline with
the entire NCBI RefSeq plant database [37], we observed that 672 isoforms were annotated with
a plant protein, while the remaining 486 transcript isoforms were not identified in the previous

walnut gene annotation.

Of the 41,103 gene models, 83% were annotated with a plant protein, and 84% had a known Pfam
domain. Also, 33,034 models were annotated with 8,244 different Gene Ontology (GO) terms. The
three most common biological processes were regulation of transcription (2%), defense response
(1.43%), and DNA recombination (1.2%; Additional file 12). ATP binding (7.7%), metal ion
binding (7.1%) and DNA-binding transcription factor activity (3.7%; Additional file 13) were the
most abundant molecular functions, while nucleus (13%), integral component of membrane

(10.3%) and plasma membrane (8%) were the top three cellular components (Additional file 14).
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The majority (95%) of the 1,440 core genes in the embryophyte dataset from Benchmarking
Universal Single-Copy Orthologs (BUSCO) were identified in both the new Chandler genome
assembly and gene space v2.0. Also, 88% of both rosids and green sets of core gene families
(coreGFs) were identified in the gene annotation, confirming the high-quality and completeness

of the gene space of Chandler v2.0.

Improved assessment of proteomes with the complete genome sequence

After confirming the importance of a chromosome-scale reference genome for the improvement
of gene prediction accuracy, we studied the impact of a contiguous genome on proteomic analysis.
A virtual proteome, which includes all protein sequences predicted from a reference genome, is
generally used to map and assign the peptides detected in mass spectrometry (MS) to specific
protein-coding genes. Therefore, a fragmented assembly of the reference genome can lead to an
inaccurate prediction of a species’ proteome and, then, a miss-identification of the proteins

expressed in specific tissues at particular stages [38].

We analyzed the proteomic data generated from samples encompassing different developing stages
of the male walnut flower (catkin) and pure pollen, by using the virtual proteomes predicted from
the gene annotation of the new chromosome-scale genome and Chandler v1.0 (NCBI RefSeq).
Considering all tissues analyzed, we identified fewer unique peptides (43,083) with the new
chromosome-scale walnut genome than with Chandler v1.0 (44.679). Also, 6,966 unique proteins
were detected with Chandler v2.0 against the 8,802 found using version 1 as a search database
(Additional file 15-16). Most likely, the NCBI proteomic database based on the fragmented
Chandler v1.0 included artifacts resulting from an overestimation of the protein-coding genes.

Therefore, the new chromosome-scale genome allows accurate estimation of the proteomic
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changes occurring in the different vegetative and reproductive stages of walnut, which is

fundamental to fully understand the molecular bases of the observed phenotypic traits.

Sample clustering according to their protein constituents and levels showed greater similarity
between immature and mature catkins and a more distinct profile between senescent catkins and

pure pollen (Figure 3).

Given that ~2% of walnut consumers have high risk of developing allergies to nuts or pollen [39],
we searched the four developed proteomes for allergenic proteins listed in the WHO/IUIS Allergen
Database (www.allergen.org; Additional file 17), and additional proteins not yet registered in the
allergen database but predicted in Chandler v2 as potential allergens (Additional file 16). Four of
the eight recognized allergenic proteins were detected in at least one of the catkin developmental
stages, with Jug_r_5 (XP_018825777 | Jr12_10750) and Jug_r_7 (XP_018808763 | Jr07_28960)
present in all sample types, including pollen (Additional file 17). Three of the new potential
allergens (Additional file 17) are encoded by genes adjacent to known allergen-coding sequences,
likely indicating gene duplications. Also, we discovered that the gene locus Jr12_ 05180 encodes
a non-specific lipid transfer protein (nsLTP; Jug_r_9 | XP_018813928), a potential allergen highly
expressed during catkin maturation and in pollen (Additional files 17-18). In particular, Jug r 9
was the most abundant protein in mature and senescent catkins, and the second-most abundant in
pure pollen (Additional files 17-18). Another interesting allergen similar to Jug_r_9 (same eight
cysteine configuration) is XP_018814382 | Jr03_26970; it decreases as the catkin matures, and is
entirely absent in pollen (Additional files 17-18). Similarly, polyphenol oxidase (PPO,
XP_018858848 | Jr03_06780) is high in the immature catkin and almost absent in the pollen. The
integration of this proteomic data with previously published transcriptomic data obtained from 20

walnut tissues [9] shows high reproducibility between the methods. In both datasets, allergens
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Jug_r_1, 4, and 6 were not detected in catkins, while the new putative allergen Jug_r_9 was highly
expressed in catkins (Additional files 18-19). Also, Jr12_05180 transcripts were not detected in
any of the 20 tissues but catkin, thus confirming the strong specificity of Jug_r_9 for catkin and
pollen tissue (Additional files 19). Modeling the structure of this putative allergen reveals four
predicted disulfide bonds, potentially conferring heat and protease-resistance, and further
suggesting allergenic properties (Figure 4). Future studies will clarify the functional role of this

protein and its allergenic nature.

The detection of new potential walnut allergens confirms the positive impact of Chandler v2.0 on
proteomic studies in walnut, by providing a clearer and more precise organization of the CDSs

within a genomic vicinity than the previous fragmented genome assembly v1.0.
Chandler genomic diversity

By anchoring the HiRise assembly to the Chandler genetic map [14], we observed highly
homozygous regions in Chandler, especially on Chrl15, where the genetic gap spanned 14.5 cM,
corresponding to a physical distance of 9.1 Mb. A large gap on Chrl15 (9.23 cM - 1.5 Mb) was
also observed by [31], which suggested inbreeding as a possible cause for the lack of segregating
loci in this region in Chandler, whose parents shared Payne as an ancestor. To confirm the
autozygosity of Chandler on Chr15, we used the Illumina whole-genome shotgun data of Chandler
and the identified polymorphisms to study its genetic diversity across the new chromosome-scale
genome. We identified 2,205,835 single heterozygous polymorphisms on the 16 chromosomal
pseudomolecules, with an SNP density of 4.0 SNPs per kb (Figure 2; Additional file 20). Fifty-
six 1-Mb-regions exhibited less than 377.5 SNPs (10" percentile of the genome-wide SNP number
distribution), and chromosomes 15, 1, 7, and 13 were the top four chromosomes in the number of

low heterozygous regions (Additional file 21). In particular, Chrl15 presented nine 1-Mb windows
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with a significantly low number of polymorphisms, five of which span 4 Mb at the end of the
chromosome. In these nine low heterozygous regions, we found 1,536 SNPs in total (Figure 2),
of which only 25 were tiled on the Axiom J. regia 700K SNPs array. The absence of these
polymorphisms segregating in Chandler in the SNP array could be related to either a failed
identification during the SNP calling due to the highly fragmented reference genome v1.0 or with
the SNP exclusion during the filtering process applied to build the genotyping array [7]. The low
number of Chandler heterozygous SNPs in the array affected the end of Chr15 the most, causing
a reduction in the genetic length of the corresponding linkage group (Figure 1), as well as leaving
unexplored 4 Mb of Chandler genetic variability, which is now accessible thanks to the new
chromosome-scale reference genome. The failure to anchor seven of the scaffolds with telomeric
sequences can be explained by the missed detection of terminally located highly homozygous
regions during genetic map constructions, due to the absence of crossing-over events with

heterozygous flanking markers.

Due to the evidence of whole-genome duplication in Juglans genomes [31], we searched for
conserved regions of synteny between Chrl5 and its homologous regions in the genome, to study
their level of divergence and identify other evolutionary forces as possible causes of the localized
reduction of heterozygosity on Chrl5. Of the 5,739 pairs of paralogous genes (8,701 genes;
Additional file 22) identified in Chandler v2.0, 448 included genes on Chrl15, and 389 of these
have their respective paralogues on Chr6 (Additional file 23), in line with what was already
reported by [31]. The Chr06-Chrl5 pairs of paralogous genes showed average values of divergence
indexes (Ks = 0.38; Ka = 0.13) similar to the ones observed genome-wide for other syntelogs (Ks
= 0.4; Ka = 0.09). Similar values of divergence were also observed for the 178 Chr06-Chrl5

syntelogs (171 genes) falling within the nine low heterozygous regions on Chrl5 (Ks = 0.4, Ka =
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0.1), excluding different evolutionary rates or positive selection for these regions, and leaving
inbreeding as the most reasonable explanation. Other than paralogous genes, we found 393
singletons genes in the low heterozygous regions on Chrl5 of Chandler. These genes are involved
in different biological processes, many of which related to signal transduction, protein

phosphorylation, and response to environmental stimuli (Additional file 24).

We further investigated the contribution of inbreeding to the high level of autozygosity on Chr 15
by visualizing the inheritance of haplotype-blocks (HB; genomic regions with little recombination)
across the Chandler pedigree (Figure 5B, Additional file 25). We observed that Payne accounts
for the entire Chandler genetic makeup (19 HBs for the total length of Chr15) inherited from Pedro
(mother), where only one HB (2,08 Mb) shared the same allele of Conway-Mayette (maternal-
grandfather; Figure 5A). Regarding the paternal genetic makeup of Chandler, 13 out of 19 HBs
(9,05 Mb) on Chr15 inherited Payne alleles, providing further evidence of high inbreeding on this
chromosome (Figure 5A). This is even more evident in assessing the number of alleles matching
between Payne and Chandler across the genome: Chr15 (14 HBs for a total of 13,95 Mb; Figure
6) shares full allele identity with Payne for almost its entire length. Such allele matching between
Chandler and its ancestor Payne also occurs on Chrl (9 HBs for a total of 8,44 Mb), Chr4 (6 HBs
- 7,68 Mb), Chr7 (21 HBs - 21,62Mb) and Chr14 (7 HBs — 12,29 Mb). These results confirm a
high level of inbreeding in many genomic regions of Chandler (Additional file 25) and support

the crucial role of Chandler v2.0 for understanding trait genetic inheritance in walnut.

Genomic comparison between Eastern and Western walnuts

Even though numerous surveys regarding genetic diversity within walnut germplasm collections
have been reported so far [40,41], comparative analyses at the population level and genome scans

for signatures of selection are still missing in Persian walnut. The availability of a chromosome-
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scale reference genome enables exploration of the patterns of intraspecific variation at the genomic

level, providing new insight on the extraordinary phenotypic diversity present within J. regia.

We used the resequencing data generated for 23 founders of the Walnut Improvement Program of
the University of California, Davis (UCD-WIP; Additional file 26) [10] to study the genome-wide
genetic differentiation among walnut genotypes of different geographical provenance. We
identified 14,988,422 SNPs, and over 97% of them were distributed on the 16 chromosomal
pseudomolecules, with 9.4 polymorphisms per kb. A hierarchical clustering analysis (Additional
file 27) divided the 23 founders into two major groups, including genotypes from western countries
(USA, France, and Bulgaria) and Asia (China, Japan, Afghanistan), respectively, as previously
reported [7,42]. High phenotypic diversity for many traits of interest in walnut, such as phenology,
nut quality, and yield, has been observed within and between germplasm collections from Western
and Eastern countries [43]. Walnut trees from Asia are noted for their lateral fruitfulness and
precocity, rarely observed in the USA and western Europe, so that they have been used as a source

of these phenotypes in different walnut breeding programs [44].

At a genomic level, we found a moderate differentiation (Fst = 0.15) between Western and Eastern
genotypes, except for 195 genomic windows (100 kb) that showed substantially high population
differences (Fst > 0.36; top 5% in the whole genome). In particular, chromosomes 7, 5, 1, 4, and
2 presented about 70% of the divergent sites (Figure 2; Additional file 28). As suggested by the
mean reduction of diversity coefficient (ROD) value (0.41), in most of the genomic regions highly
differentiated, the UCD-WIP founders from the USA and Europe showed lower nucleotide
diversity (m = 2.5 x 10™) than the Asian genotypes (z = 5.0 x 10™#), consistent with [8] (Figure 2;
Additional file 28). The proximity of our eastern genotypes to the supposed walnut center of

domestication in Central Asia can explain the high level of diversity observed in this subgroup.
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More than 60% (122) of the highly differentiated windows showed a negative value of Tajima’s
D in the EU/USA subgroup (Docc = -1.12), thus, suggesting that selection has been likely acting
on these genomic regions in the Western genotypes (Additional file 28). Here we found 743 genes,
with GO biological categories mostly related to signal transduction, embryo development, and
response to stresses (Additional file 29). Ten candidate selective sweeps (Dasia = -0.54) were also
observed in the Eastern group (Additional file 28), which included 57 predicted genes, related to

terpenoid biosynthesis, post-embryonic development, and signal transduction (Additional file 30).

Recently, many marker-trait associations have been reported for different traits of interest in
walnut, such as leafing date, nut-related phenotypes, and water use efficiency [12—-14]. We looked
to see if any of these trait-associated SNPs fell within regions highly differentiated between
Western and Eastern genotypes. Three loci associated with shape index, nut roundness, and nut
shape [12] are located in two genomic regions on chromosome 3 and 4 with significantly high
values of Fst (Additional file 31). In both of these regions, Western genotypes presented lower
genetic diversity and lower values of Tajima’s D than the Eastern walnuts. These findings may
suggest that, while a selective pressure for nut shape may have occurred in the EU/USA subgroups,
higher phenotypic variability can be expected for these traits in the Eastern countries. We also
found that the locus AX-170770379, strongly associated with harvesting date [14], falls within a
genomic region on Chrl with an Fst value equal to 0.39 and lower genetic diversity in the western
genotypes (ROD = 0.63; Additional file 31). Looking at the phenotypic effect of this SNP on the
harvest date of the 23 founders, we observed that most of the western genotypes are later harvesting
than the eastern (Additional file 32), suggesting differences in the timing of phenological events
between these two groups as adaptation to the different climate conditions present in their countries

of origin [45].
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These results confirm the central role of a chromosome-scale genome assembly for population
genetics studies, which are fundamental to study how the environment and human selection
impacted walnut biology. Future resequencing projects involving larger walnut collections and
covering a wider area of the global walnut distribution are necessary to confirm and interpret the
observed genomic differentiation between Western and Eastern walnuts, likely helping to

understand the role of this genomic divergence in the evolutionary history of Persian walnut.

Methods

Oxford Nanopore sequencing and assembly

High molecular weight (HMW) DNA for Nanopore sequencing (Oxford Nanopore Technologies
Inc., UK) was isolated through a nuclei extraction and lysis protocol. First, mature leaf tissue from
the same tree used for the original J. regia genome [9] was homogenized with mortar and pestle
in liquid nitrogen until well ground, then added to the Nuclei Isolation Buffer [46], and stirred at
4°C for 10 minutes. The cellular homogenate was filtered through 5 layers of Miracloth (Millipore-
Sigma) into a 50 mL Falcon tube, then centrifuged at 4°C for 20 minutes at 3000 x g. This speed
of centrifugation was selected based on the estimated walnut genome size of 1 Gb [47]. Extracted
nuclei were then lysed for 30 minutes at 65°C in the SDS-based lysis buffer described by [48].
Potassium acetate was added to the lysate to precipitate residual polysaccharides and proteins. The
sample was incubated for 5 minutes at 4°C and then centrifuged at 4°C for 10 minutes at 2400 x
g. After removing the supernatant, genomic DNA (gDNA) was ethanol precipitated, and then
eluted in 10 mM Tris-Cl. Further purification of the gDNA was then performed using a Zymo

Genomic DNA Clean and Concentrate column.

19



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

One pg of the isolated gDNA was prepared for sequencing using the Ligation sequencing kit
(LSK 108, Oxford Nanopore) following manufacturer’s protocol with an optimized end repair (100
pl sample, 14 pl enzyme, 6 pl enzyme, incubated at 20°C for 20 minutes then 65°C for 20 minutes).
Libraries were sequenced for 48 hours on the Oxford Nanopore Mk1B MinlON platform with the

R9.4 chemistry on eight flowcells. Raw fast5 data was base-called using Albacore version 1.25.

The ONT data and Illumina reads from [9] were combined using the assembly algorithm
implemented in MaSuURCA v3.2.2 [49]. Super-reads were constructed using a k-mer size of 41 bp.
De-duplicated scaffolds were aligned onto the previously finished J. regia chloroplast genome [9]
using "minimap2 -x asm5", as well as to a database of 223 finished plant mitochondria

(downloaded from NCBI RefSeq) using blastn with default parameters.
Hi-C sequencing

A Hi-C library was prepared by Dovetail Genomics LLC (Santa Cruz, CA, USA) as described
previously [50]. Briefly, for each library, chromatin was fixed in place with formaldehyde in the
nucleus and then extracted. Fixed chromatin was digested with Dpnll, the 5’ overhangs filled in
with biotinylated nucleotides, and then free blunt ends were ligated. After ligation, crosslinks were
reversed and the DNA purified from protein. Biotin that was not internal to ligated fragments was
removed from the purified DNA. Purified DNA was then sheared to ~350 bp mean fragment size.
Sequencing libraries were generated using NEBNext® Ultra™ enzymes and Illumina-compatible
adapters. Biotin-containing fragments were isolated using streptavidin beads before PCR

enrichment of each library. The libraries were then sequenced on the Illumina HiSeq4000 platform.

The hybrid ONT assembly, Illumina shotgun reads [9], and Dovetail Hi-C library reads were used

as input data for the scaffolding software HiRise, which uses proximity ligation data to scaffold

20



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

genome assemblies [51]. Shotgun and Dovetail Hi-C library sequences were aligned to the hybrid
ONT assembly using a modified SNAP read mapper. The separations of Dovetail Hi-C read pairs
mapped within the ONT scaffolds were analyzed by HiRise to produce a likelihood model for the
genomic distance between read pairs, and the model was used to identify and break putative mis-
joins, to score prospective joins, and make joins above a threshold. After scaffolding, Illumina
shotgun sequences were used to close gaps between contigs, resulting in an improved HiRise

assembly.

Validation and anchoring of the HiRise assembly to Chandler genetic maps

The HiRise assembly was first anchored to the Chandler genetic map obtained by [14] from a 312
offspring F1 population ‘Chandler x Idaho’ genotyped with the latest Axiom J. regia 700K SNP
array. SNP probes (71-mers including the SNP site) from the Axiom J. regia 700K SNP array
were aligned onto the HiRise assembly filtering out alignments with probe/reference identity lower
than 98%, covering less than 95% of the probe length or aligning multiple times on the genome.
Retained markers with a unigque segregation profile were then used to anchor the HiRise scaffolds.
The same procedure was also followed to anchor the HiRise assembly to the Chandler genetic map
used to construct a walnut bacterial artificial chromosome (BAC) clone-based physical map by
[31]. The final ordering of scaffolds was performed by taking into consideration the marker genetic
map position, and, in the final sequence, consecutive scaffolds were separated by sequences of

100,000 Ns.

The tandem repeat finder program (trf v4.09; [52] was run using the recommended parameters
(max mismatch delta PM PI minscore maxperiod, 2 7 7 80 10 50 500 resp.) to identify repeat
elements up to 500 bp long. A histogram of repeat unit lengths was generated, and peaks at 7, 29,

33, 44, 154, and 308 bp were identified. From this data, a consensus sequence corresponding to
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each peak was selected. All of these repeat sequences were aligned onto the HiRise assembly using
‘nucmer’ from the MUMmer4 package [53] with a minimum match length of 7 to capture the
telomeric repeat. Based on the positions of these alignments along the chromosomes and contigs,
we identified the 7-mer as the telomeric repeat and the 154-mer and 308-mer as centromeric

repeats.

Recombination rate was estimated within sliding windows of 10 Mb with a step of 1 Mb along the
chromosome sequence by using the high-density genetic map of Chandler [14] and the
R/MareyMap package v 1.3.4 [54]. To evaluate Chandler v2.0 error rate, the two assemblies,
Chandler v1.0 and 2.0, were aligned to each other using the ‘nucmer’ program (Margais et al.,

2018).
RNA preparation

Five walnut tissues (leaf, catkin 1-inch elongated; catkin 3-inches elongated, pistillate flower, and
pollen) were collected from ‘Chandler’ trees at the UCD walnut orchards. Four additional samples
(somatic embryo, callus, shoot, and roots) were taken from tissue culture material of ‘Chandler’.
Several grams of each tissue were ground in liquid nitrogen and with insoluble
polyvinylpyrrolidone (PVPP; 1% w/w). RNA was isolated using the PureLink™ Plant RNA
Reagent (Invitrogen™, Carlsbad, CA) following the manufacturer’s instructions, but with an
additional end wash in 1 mL of 75% Ethanol. For root tissue only, RNA isolation was performed
using the MagMAX™ mirvana™ Total RNA lIsolation Kit (Applied Biosystems™, Foster City,
CA) as per protocol, except for the lysis step. A different lysis buffer was created adding 100 mg
of sodium metabisulfite to 10 mL of guanidine buffer (guanidine thiocyanate 4M, sodium acetate
0.2M, EDTA 25 mM, PVP-40 2.5%, pH 5.0) and 1 mL of nuclease-free water. Then, 100 mg of

ground root tissue were lysed in 1 mL of the new lysis buffer using a Tissue Lyser at max frequency
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for 2 min. The lysate was centrifuged at 4° C for 5 min at max speed. The supernatant (500 pL)
was transferred to a new tube for the following steps of RNA isolation as per protocol. RNA
samples were then purified, and DNase treated using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany). The RNA quality was confirmed by running an aliquot of each sample on an

Experion™ Automated Electrophoresis System (Bio-Rad, Hercules, CA).
PacBio IsoSeq sequencing

Full-length cDNA 1so-Seq template libraries for PacBio IsoSeq analysis were constructed and
sequenced at the DNA Technologies & Expression Analysis Core Facility of the UC Davis
Genome Center. FL double-stranded cDNA was generated from total RNA (2 g per tissue) using
the Lexogen Telo™ prime Full-length cDNA Kit (Lexogen, Inc., Greenland, NH, USA). Tissue-
specific cDNAs were first barcoded by PCR (16-19 cycles) using IDT barcoded primers
(Integrated DNA Technologies, Inc., Coralville, lowa), and then bead-size selected with AMPure
PB beads (two different size fractions of 1X and 0.4X). The nine cDNAs were pooled in equimolar
ratios and used to prepare a SMRTbell™ library using the PacBio Template Prep Kit (PacBio,
Menlo Park, CA). The SMRTbell™ library was then sequenced across four Sequel v2 SMRT cells

with polymerase 2.1 and chemistry 2.1 (P2.1C2.1).

PacBio raw reads were processed using the Isoseq3 v.3.0 workflow following PacBio
recommendations. Circular consensus sequences (CCSs) were generated using the program ‘ccs’.
The CCSs were demultiplexed and cleaned of cDNA primers using the program ‘lima’. Afterward,
CCS clustering and polishing was performed using the program ‘isoseq3’, to generate HQ FL
sequences for each of the nine tissues. FLnc and HQ clusters were aligned onto the new ‘Chandler’

assembly v2.0 with minimap2 v.2.12-r827, including the parameter ‘-ax splice’ [55].
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Repeat annotation

A genome-specific repeat database was created using the ‘basic’ mode implemented in
RepeatModeler v.1.0.11 [56]. RepeatMasker v.4.0.7 was then run to mask repeats in the walnut

reference genome v.2.0 and generate a GFF file [57].

Gene prediction and functional annotation

J. regia RefSeq transcripts and additional J.regia transcripts and protein sequences downloaded
from NCBI, along with the HQ FL IsoSeq transcripts, were used as input to the PASA pipeline
v.2.3.3 [58], to assemble a genome-based transcript annotation. PASA utilizes the aligners BLAT
v.35 [59] and GMAP v.2018-07-04 [60], along with TransDecoder v.5.5.0 [61], which predicts
open reading frames (ORFs) as genome-based GFF coordinates. The final PASA/TransDecoder
GFF3 file was post-processed to name the genes and transcripts by chromosome location
consistently. Functional roles were assigned to predicted peptides using Trinotate v.3.1.1 [62]. In
particular, similarity searches were performed against several public databases (i.e.,
Uniprot/Swiss-Prot, NCBI NR, Vitis_vinifera.IGGP_12x, J. regia RefSeq) using BLAST v.2.8.1,

HMMER v.3.1b2, SignalP v.4.1c, and TMHMM v.2.0c.

The completeness and quality of both genome assembly and gene annotation of Chandler v.2.0
were estimated with the BUSCO method v.3 (1,440 core genes in the embryophyte dataset) [63],
and the sets of coreGFs of green plants (2,928 coreGFs) and rosids (6,092 coreGFs) from PLAZA
v.2.5 [64]. Also, RNA-Seq data generated for 20 tissues (see Martinez-Garcia et al., 2016) were
aligned to the reference genome (v1 and v2) with HISAT2 [65]. The alignments of the 20 RNA-

seq data and the FL transcripts along with the new genome annotation v2.0 were then used as input
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to StringTie v.2.0 [66] to estimate expression levels in both fragments per kilobase per million

reads (FPKM) and transcripts per million (TPM) for each transcript in the v2 annotation.

The percent identity and coverage of each J. regia transcript compared to proteins in the NCBI

plant RefSeq database was also determined by running the EnTAP pipeline v.0.9.0 [37].

Label-free shotgun proteomics

Plant tissues of immature, intermediate, mature catkins and pure pollen from three individual trees
of Chandler at the UCD walnut orchards were collected and frozen immediately in dry ice. Tissues
were then further frozen in liquid nitrogen in the laboratory and ground with mortar and pestle.
Five hundred milligrams of each sample were used for total protein extraction, following the
procedure for recalcitrant plant tissues of [67], with a modification in the final buffer used to
resuspend the protein pellet, consisting of 8M urea in 50mM triethylammonium bicarbonate
(TEAB). One hundred micrograms of total protein from each sample were then used for

proteomics.

Initially, 5 mM dithiothreitol (DTT) was added and incubated at 37°C for 30 min and 1,000 rpm
shaking. Next, 15 mM iodoacetamide (IAA) was added, followed by incubation at room
temperature for 30 min. The IAA was then neutralized with 30 mM DTT in incubation for 10 min.
Lys-C/trypsin then was added (1:25 enzyme: total protein) followed by 4 h incubation at 37°C.
After, TEAB (550 pl of 50 mM) was added to dilute the urea and activate trypsin digestion
overnight. The digested peptides were desalted with Aspire RP30 Desalting Tips (Thermo
Scientific), vacuum dried, and suspended in 45 pl of 50 mM TEAB. Peptides were quantified by
Pierce quantitative fluorometric assay (Thermo Scientific) and 1 ug analyzed on a QExactive mass

spectrometer (Thermo Scientific) coupled with an Easy-LC source (Thermo Scientific) and a
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nanospray ionization source. The peptides were loaded onto a Trap (100 microns, C18 100 A 5U)
and desalted online before separation using a reversed-phase (75 microns, C18 200 A 3U) column.
The duration of the peptide separation gradient was 60 min using 0.1% formic acid and 100%
acetonitrile (ACN) for solvents A and B, respectively. The data were acquired using a data-
dependent MS/MS method, which had a full scan range of 300-1,600 Da and a resolution of
70,000. The resolution of the MS/MS method was 17,500 and the insulation width 2 m/z with a
normalized collision energy of 27. The nanospray source was operated using a spray voltage of
2.2 KV and a transfer capillary temperature heated to 250°C. Samples were analyzed at the UC

Davis Proteome Core.

The raw data were analyzed using X! Tandem and viewed using the Scaffold Software v.4.
(Proteome Software, Inc.). Samples were searched against UniProt databases appended with the
CRAP database, which recognizes common laboratory contaminants. Reverse decoy databases
were also applied to the database before the X! Tandem searches. The protein-coding sequences
(CDS) annotated in Chandler v1.0 (NCBI accession PRINA350852) and v2.0 were used as a
reference for identification of proteins from the mass spectrometry data. The proteins identified
were filtered in the Scaffold software based on the following criteria: 1.0% FDR (false discovery
rate) at protein level (following the prophet algorithm: http://proteinprophet.sourceforge.net/), the
minimum number of 2 peptides and 0.1% FDR at the peptide level. Structure of the walnut allergen
(Jug r 9) was modelled using SWISS-MODEL [68] based on the structure of a homologous
allergen from lentil (PDBid:2MAL). Structures were superimposed using MUSTANG (2MAL:in

red, walnut in blue) [69].

Chandler genomic diversity
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Illumina whole-genome shotgun data of Chandler were aligned on the Chandler v2.0 with BWA
[70] with standard parameters. SNP calling was performed using SAMtools v1.9 [71] and
BCFtools v.2.1 [72]. SNP density for windows of 1 Mb was estimated using the command
‘SNPdensity” implemented in VCFtools v0.1.16 [73]. Self-collinearity analysis to detect
duplicated regions in Chandler v2.0 was performed with MCScanX [74], using a simplified GFF
file of the new gene annotation and a self-BLASTP as input. To improve the power of collinearity
detection, tandem  duplications were excluded after running the function
‘detect_collinear tandem arrays’ implemented in MCScanX. Synonymous (Ks) and
nonsynonymous (Ka) changes for syntenic protein-coding gene pairs were measured using the Perl

script “add ka and ks to collinearity.pl” implemented in MCScanX.

To explore the inbreeding level across the 16 chromosomal pseudomolecules of Chandler,
haplotypes were built for 55 individuals of the UCD-WIP, including 25 founders and several
commercially relevant walnut cultivars (e.g., Chandler, Howard, Tulare, Vina, Franquette) along
with their parents and progenitors. All individuals were genotyped using the latest Axiom™ J.
regia 700K SNP array as described in [7]. To define SNP HBs, 26,544 unique and robust SNPs
were selected and ordered according to the Chandler genome v2.0 physical map. Subsequently,
for each SNP markers and individual, phasing and identification of closely linked groups of SNPs,
without recombination in most of the pedigree, was performed using the software FlexQTL™ [75]
and PediHaplotyper [76] following the approach described in [77] and [76]. In particular, HB were

defined by recombination sites detected in ancestral generation of Chandler.
Genomic comparison between Eastern and Western walnuts

The resequencing data of 23 founders of the UCD-WIP (Additional file 26)[10] were mapped

onto the Chandler v2.0 with BWA, and SNPs were called following the same procedure described

27



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

above for Chandler. SNPs with no missing data and minor allele frequency (MAF) higher than
10% were retained for the following genetic analyses (7,269,224 SNPs out of the 14,988,422
identified). Hierarchical cluster analysis on a dissimilarity matrix of the 23 UCD-WIP founders
was performed using R/SNPRelate v.1.18.0 [78]. Fixation index (Fst) was measured between
genotypes from EU/USA and Asia with VCFtools v0.1.16, setting windows of 100kb and 500kb.
Genomic windows with the top 5% of Fst values were selected as candidate regions for further
analysis. The empirical cutoff with a low false discovery rate (5%) was verified by performing
whole-genome permutation test (1000) with a custom Python script. Nucleotide diversity () and
Tajima’s D [79] were also computed along the whole genome in 100-kb and 500-kb windows
using VCFtools. Reduction of diversity coefficient (ROD) was estimated as 1 — (7 occ/ 7asia). The
new walnut gene annotation v.2.0 was used to identify predicted genes in the candidate regions
under selection. The distribution of the identified genes into different biological processes was
evaluated using the weightO1 method provided by the R/topGO [80]. The Kolmogorov—Smirnov-
like test was performed to assess the significance of over-representation of GO categories
compared with all genes in the walnut gene prediction. Plots were obtained using the R/circlize

v.0.4.6 and R/ggplot2 v.3.5.3 packages.

Availability of supporting data

All raw and processed sequencing data generated in this study have been submitted to the NCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession number
PRINA291087. All SNP data have been submitted to Hardwood Genomics

(https://hardwoodgenomics.org/Genome-assembly/2539069).
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Additional files

Additional file 1. Statistics on k-unitgs, super-reads and mega-reads obtained with the MaSuRCA

assembler on ONT and lllumina reads.

Additional file 2. Characteristics of the Chandler ON assembly.

Additional file 3. Contiguity of the Chandler ON assembly and the final HiRise scaffolds. Each
curve shows the fraction of the total length of the assembly present in scaffolds of a given length
or smaller. The fraction of the assembly is indicated on the Y-axis and the scaffold length in base
pairs is given on the X-axis. The two dashed lines mark the N50 and N90 lengths of each assembly.

Scaffolds less than 1 kb are excluded.

Additional file 4. Mapping positions of the first and second read in the read pair respectively,
grouped into bins. The color of each square gives the number of read pairs within that bin. White
vertical and black horizontal lines show the borders between scaffolds. Scaffolds less than 1 Mb

are excluded.

Additional file 5. Collinearity between the ‘Chandler’ genetic map of [31] and the 16

chromosomal pseudomolecules of Chandler v2.0.

Additional file 6. Retrotransposons distribution across the 16 chromosomes of Chandler v2.0.

Additional file 7. List of tissues used for PacBio 1s0Seq.

Additional file 8. Statistics on the PacBio 1soSeq sequencing per flow-cell.

Additional file 9. Statistics on CCSs, FLnc and HQ FL transcripts obtained per tissue with PacBio

IsoSeq.
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Additional file 10. Percentage of FLnc and HQ FL transcripts aligned on the new assembly per

tissue.

Additional file 11. Validation of gene annotation with expression data and public plant protein

databases.

Additional file 12. Top 20 biological process GO terms.

Additional file 13. Top 20 molecular function GO terms.

Additional file 14. Top 20 cellular component GO terms.

Additional file 15. Summary of proteome results obtained using genome annotations v1 and v2.

Additional file 16. Mass-spectrometry proteome data of catkins and pollen tissues. Three samples
of each tissue type (immature catkin, mature catkin, senescent catkin, and pure pollen) were
analyzed using v1 and v2 reference walnut genome assemblies. Total intensity of matching
peptides, number of spectra and percentage of protein covered by the identified peptides are

reported.

Additional file 17. Allergen expression data obtained from proteome data.

Additional file 18. Top 10 abudant proteins detected in each tissue.

Additional file 19. Expression of genes encoding allergenic proteins in different tissues of cv.

Chandler.

Additional file 20. Number of SNPs and SNP density in 100-kb windows per chromosome in

Chandler v2.0.
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Additional file 21. Regions (1 Mb) with less than 377.5 SNPs (10" percentile of the SNP number

distribution) in Chandler.

Additional file 22. Collinear blocks among the 16 chromosomal pseudomolecules of Chandler

v2.0. Different colors of dots represent different pairs of paralogous genes.
Additional file 23. Dual synteny plot between Chr06 a- Chr15 of Chandler v2.0.

Additional file 24. Top 50 biological process GO terms for the 393 singletons genes in the low

heterozygous regions on Chrl5 of Chandler.

Additional file 25. Graphical visualization of the haplotype-blocks (HB) inheritance across
Chandler pedigree in the 16 chromosomes. (A) The inner circle highlights in grey the regions of
heterozygosity and in light green the regions of homozygosity for each chromosome. The circle in
the middle shows the maternally inherited HBs, while the HBs inherited from the paternal line are
visualized in outer circle. In both parental line circles, missing data are highlighted in grey. Payne
haplotypes are inherited along both parental lines in all chromosomes, but Chr5, Chr9, Chrl0,
Chr14 and Chr16. (B) Chandler pedigree, where Pedro is the maternal line and 56-224 the paternal

line.
Additional file 26. List of 23 UCD-WIP founders used for the selective sweep analysis [10].

Additional file 27. Hierarchical clustering analysis among the 23 re-sequenced founders of the

UCD-WIP.

Additional file 28. Genome scan for selective sweeps between walnuts from EU/USA and Asia.
Tracks from outside to inside: (i) FST in 500-kb windows. Windows in the 95 percentiles of the

FST distribution are highlighted in red; (ii) ROD values for 500-kb windows; (iii) Tajima’s D in
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500-kb windows for genotypes from Europe a- USA; (iv) Tajima’s D in 500-kb windows for

genotypes from Asia.

Additional file 29. Top 50 biological process GO terms for the 122 windows (100 kb) with

negative value of Tajima’s D in the Western genotypes.

Additional file 30. Top 50 biological process GO terms for the 122 windows (100 kb) with

negative value of Tajima’s D in the Eastern genotypes.

Additional file 31. Marker-trait associations identified within genomic regions highly

differentiated between Western and Eastern walnuts.

Additional file 32. Phenotypic differences of harvesting date observed among the three genotypic

classes of the marker AX-170770379 significantly associated to harvest date [14].
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954  Tables

955  Table 1. Comparison among the four assemblies of Chandler. Scaffolds shorter than 1,000 bp are not

956 included in these totals.

Assembly  Genome size (bp) Number of Scaffolds  N50 (bp) G=620M

Chandler v1.0
Chandler v1.5
Chandler hybrid
Chandler HiRise
Chandler v2.0 (chrs)

712,759,961
651,682,552
573,816,693
573,917,993
547,778,456

2

7,032 415,376
4,402 687,445
3,497 1,361,770
2,656 31,492,331

16 35,064,427

957

958

959  Table 2. Statistics on the gene annotation of Chandler v2.0 compared to the previous gene annotations of

960  the Chandler genome.

Chandler v2.0

Chandler v1.0

Chandler RefSeq v1.0

Number of genes 40,491 32,496 41,188
Average gene length (bp) 5,776 4,358 4,641
Single-exon transcripts 6,616 6,247 6,749
Average CDS length (bp) 1,335 1,222 1,336
Number of exons 244,238 172,273 230,261
Average exon length (bp) 257.1 229.5 314
Number of Introns 203,157 139,775 181,419
Average intron length 856.9 730 835

961

962
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Figure legends

Figure 1. Collinearity between the high-density ‘Chandler’ genetic map of [14] and the 16

chromosomal pseudomolecules of Chandler v2.0.

Figure 2. Summary of gene distribution and genetic diversity across the 16 chromosomes of
Chandler v2.0. Tracks from outside to inside: (i) gene density of Chandler v2.0 in 1-Mb windows;
(i) Chandler heterozygosity in 1-Mb windows (white = low heterozygosity; blue = high
heterozygosity); (iii) Recombination rate for sliding windows of 10 Mb (average = 2.63 cM/Mb);
(iv) Fst in 500-kb windows. Windows in the 95 percentiles of the Fst distribution are highlighted

in red; (v) ROD values for 500-kb windows.

Figure 3. Clustering of the samples used in the proteomic analysis. (A) Hierarchical clustering
based on Euclidian distances of normalized abundances of detected proteins. Samples are
represented in columns and proteins in rows. (B) Principal component analysis of the 12 samples

analyzed, clustering according to tissue type.

Figure 4. Modeled structure of the putative new allergen encoded by Jr12_05180. The compact
structure is stabilized by four disulfide bonds, common in other allergenic proteins. The model in
blue is superimposed with a homologous allergen from lentil (PDBid:2MAL) represented in red.

Structure rendered with Pymol 2.3.

Figure 5. Graphical visualization of haplotype-blocks (HB) inheritance on Chrl15 along with the
Chandler pedigree. (A) The inner-circle highlights in grey two regions of heterozygosity (5 HB
the first and 7 HB the second), and in light green two regions of homozygosity (3 HB the first and
4 HB the second). The circle in the middle shows maternally inherited HBs, while the HBs

inherited through the paternal line are visualized in the outer circle. Payne’s haplotypes are clearly
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988

present in both parental lines. (B) Chandler pedigree, where Pedro is the maternal line and 56-224,

the paternal line.

Figure 6. Graphical visualization of allele identity between Chandler and its ancestor Payne for

all 16 chromosomes of Chandler.
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October 19™ 2018
Dear Editor,

The enclosed manuscript entitled “High-quality chromosome-scale assembly of the walnut
(Juglans regia L) reference genome” is being submitted to GigaScience for publication as a Data
Note.

By submitting this manuscript, we declare it represents original work that has not been published
elsewhere, though a preprint of this manuscript is available on bioRxiv
(http://biorxiv.org/cgi/content/short/809798v1). All authors have approved the manuscript for
submission. We declare no conflict of interest, and that all previously published work has been

thoroughly acknowledged in our manuscript.

In the present research, we describe the development of the new chromosome-scale assembly of
the walnut reference genome (Chandler v2.0), and its crucial role for the fulfillment of advanced
research studies in walnut. By applying Oxford Nanopore long-read sequencing and chromosome
conformation capture (Hi-C) technology, we fully assembled the 16 chromosomal
pseudomolecules of J. regia with unprecedented contiguity. The new chromosome-scale assembly
considerably improved gene prediction accuracy, with longer and full-length gene models, and

fewer artifacts than the previous walnut gene annotations.

We then tested the utility of the new chromosome-level reference genome in different areas of
walnut research. For instance, we confirmed how the new, more contiguous reference genome
allows accurate estimation of the proteomic changes occurring in the different vegetative and
reproductive stages of walnut so that it enables the identification of a new potential pollen allergen
in walnut. Also, by studying the genome-wide genetic diversity of Chandler, we discovered highly
homozygous regions, likely arising from inbreeding due to a shared ancestor in Chandler pedigree.

Lastly, we proved the crucial role of the new chromosome-scale genome for comparative analyses
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at the population level and genome scans for signatures of selection in walnut, by studying the
genomic differentiation among walnut genotypes from Western and Eastern countries. We believe
that Chandler v2.0 is a fundamental genomic resource for the research community, and it will be
of high interest for the audience of GigaScience.

All genomic and genetic data generated in the present research have been submitted to public
databases (NCBI, Hardwood Genomics), and all gene/protein names and symbols used in the paper

adhere to approved nomenclature guidelines for J. regia.

We kindly request to exclude the following referees:
e Ming-Cheng Luo, University of California, Davis;
e Dong Pei, Chinese Academy of Forestry;
e Zhang Junpei, Chinese Academy of Forestry.

We suggest the following referees:

e Pere Arus, CRAG, Barcelona; pere.arus@cragenomica.es

e Elisabeth Dirlewanger, INRA, Bordeaux; elisabeth.dirlewan@inra.fr

Sincerely,

Annarita Marrano

o

Ph.D.
Dept. Plant Sciences, University of California, Davis
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genome

Data Note

Background: The release of the first reference genome of walnut (Juglans regia L.)
enabled many achievements in the characterization of walnut genetic and functional
variation. However, it is highly fragmented, preventing the integration of genetic,
transcriptomic, and proteomic information to fully elucidate walnut biological processes.

Findings: Here, we report the new chromosome-scale assembly of the walnut
reference genome (Chandler v2.0) obtained by combining Oxford Nanopore long-read
sequencing with chromosome conformation capture (Hi-C) technology. Relative to the
previous reference genome, the new assembly features an 84.4-fold increase in N50
size, with the 16 chromosomal pseudomolecules assembled and representing 95% of
its total length. Using full-length transcripts from single-molecule real-time sequencing,
we predicted 37,554 gene models, with a mean gene length higher than the previous
gene annotations. Most of the new protein-coding genes (90%) presents both start and
stop codons, which represents a significant improvement compared to Chandler v1.0
(only 48%). We then tested the potential impact of the new chromosome-level genome
on different areas of walnut research. By studying the proteome changes occurring
during male flower development, we observed that the virtual proteome obtained from
Chandler v2.0 presents fewer artifacts than the previous reference genome, enabling
the identification of a new potential pollen allergen in walnut. Also, the new
chromosome-scale genome facilitates in-depth studies of intraspecies genetic diversity
by revealing previously undetected autozygous regions in Chandler, likely resulting
from inbreeding, and 195 genomic regions highly differentiated between Western and
Eastern walnut cultivars.

Conclusion: Overall, Chandler v2.0 will serve as a valuable resource to understand and
explore walnut biology better.

Annarita Marrano, Ph. D.

Davis, CA UNITED STATES

Annarita Marrano, Ph. D.

Annarita Marrano, Ph. D.
Monica Britton
Paulo Adriano Zaini

Aleksey V. Zimin
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Rachael E. Workman
Daniela Puiu

Luca Bianco

Erica Adele Di Pierro
Brian J. Allen
Sandeep Chakraborty
Michela Troggio
Charles A. Leslie
Winston Timp
Abhaya Dandekar
Steven L. Salzberg
David B. Neale

Reviewer #1: | read the manuscript by Marrano et al. entitled "High-quality
chromosome-scale assembly of the walnut (Juglans regia L) reference genome" with
interest. The authors describe how they generated a chromosome-scale assembly of J.
regia based on ONT, lllumina and Hi-C data. In addition, genetic maps were used to
validate and anchor the scaffolds to J. regia linkage groups. The authors performed a
wide range of analysis, including gene families of interest and genomic diversity. The
article is well written and the methods are sufficiently described.

My main concern is the quality of the assembly, although at the chromosome level, the
contiguity at the contig level is ten times lower (nearly 1.1Mb) compared to the
previously published Juglans genome assembilies (including J. regia).

The assembly presented in our manuscript is very high quality, with chromosome-sized
scaffolds validated by genetic maps and an N50 contig size of over 1Mb.

The assembly was produced on a fairly low budget with older generation Oxford
Nanopore reads from the MinlON device, which yielded 21.9 Gbp with an average read
size of 3.1 kb. (Today we would get reads of 10-20 Kb.) This sequencing data is older
and much lower cost than those used by Zhu et al. (2019), who had 57.2 Gbp of
PacBio data with an average read size of over 12kb. (see lines 136-140). Even so, a
contig N50 size of 1.1 Mb is dramatically larger than our own originally published
assembly contigs.

| understand that authors choose to use the methods they have developed, however,
long-reads assemblies are usually made with dedicated assemblers, which can result
in higher assembly quality.

Long-read-only data sets are indeed assembled with dedicated methods such as
Canu, but when we have both long and short-read data sets, MaSurCA performs
better. We did try using the Flye assembler, which is currently one of the best, fastest,
and most accurate assemblers for long-read data, and it yielded an assembly with only
530kb N50 contig size, about half of our result.

In particular, | was a little surprised by the fact that the v2 assembly contains fewer
repetitive elements than the first version of the assembly (L175-176). Generally long-
reads assemblies improved the repetitive content of genome assemblies.

We re-estimated the repeat content of Chandler v2.0 by running RepeatMasker with
the repeat library generated for v1. We found that 58.4% of Chandler v2 is repetitive
(we have corrected the main text accordingly), which is higher than what found with the
first assembly of the reference genome. Also, Chandler v2.0 is de-duplicated, meaning
that almost all of the duplicated regions due to heterozygosity have been removed.
These duplicates, which are variants of the same scaffold, were likely mistaken for
independent scaffolds in v1.0, overestimating the genome size and, therefore, gene
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and repetitive contents. The de-duplication caused a reduction of the genome size
from 641 Mb (v1.0) to 573.9 Mb (v2.0), which is now closer to the genome size
estimate obtained with Genomescope (488.2 Mb).

The comparison of the Chandler v2 assembly with that provided by Zhu et al. is an
important point for the reader, as it will determine which genome will be used for further
analysis. As an example, the long-range input data are different (Hi-C vs Optical maps)
and maybe specific regions are not of the same quality in both assemblies.

We compared Chandler v2.0 with JSerr_1.0 from Zhu et al (2019). We observed that
more than 95% of the two assemblies aligned with sequence identity higher than 98%
and exhibited high collinearity, as shown in Figure S4 (see also lines 174-179). This
confirms the high quality of both assemblies, even if obtained with different
technologies. The availability of both assemblies will facilitate new genomic studies
(e.g., pangenome) to understand the morphological and physiological differences
among these two walnut varieties better.

Chandler is the most popular cultivar of walnut worldwide. For this reason, it was
chosen for sequencing and assembling the first walnut reference genome (Martinez-
Garcia et al. 2016), and is used as the standard in many genetic and biological studies
(e.g., development of genotyping tools). After four years, we are here proposing a
significant improvement of the reference genome. However, a detailed study of the
differences between the two assemblies (e.g., structural rearrangements) goes beyond
the scope of the present manuscript.

Minor Points:

* assembly and gene prediction metrics are scattered throughout the manuscript and
give a descriptive tone. | think the authors can move these metrics in tables 1 and 2. In
addition, contig metrics are not provided in Table 1.

We modified the gene prediction metrics, which changed due to revisions made to
conform with NCBI submission requirements. We moved some of the statistics of the
gene annotation in Table 2. We also added contig metrics in Table 1.

* L.38: "the full sequence of all 16 chromosomes" : how is this statement validated ?

We changed the sentence to “with the 16 chromosomal pseudomolecules assembled
and representing 95% of its total length” (see line 38).

* L41 and L235: Asserting that the genes are complete based solely on the presence
of a start and stop codon is not enough. Please delete the term "full-length". The
number of complete BUSCO genes could perhaps be a way to evaluate the proportion
of full-length genes.

We removed ‘full-length’ and added the proportion of BUSCO genes assembled
completely (see lines 269-270)

* L87 and L90: problem with the closing parenthesis.
Done.

*L97: "...walnut reference genome with unprecedented contiguity...." Please delete
this sentence.

Done.
*L117: a longest read of 992.2Kb is not informative if it does not align.

We are reporting general statistics on the Nanopore sequencing. Such long reads have
then been used for scaffolding lllumina reads with MaSurCa.

* L156-158: The authors should used a kmer approach (Genomescope) to estimate the
genome size of both genotypes.

We ran Genomescope using Chandler lllumina pair-end reads generated by Martinez-
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Garcia et al., (2016). Results indicate a genome size of 448 Mb, and a level of
heterozygosity equal to 0.634%. Our de-duplicated assembly has a total length of
567.2 Mb (> 1 kb), which is a great improvement compared to Chandler v1.0. However,
we were unable to run Genomescope for the Serr genome since we could not find any
lllumina data on NCBI. We only found 58 PacBio SRA Experiments under the
BioProject PRUNA413991 indicated by Zhu et al. (2019). Also, the lllumina reads of
Zhu et al. (2019) are of the hybrid ‘J.microcarpa x J.regia cv Serr’.

* L239: The proportion of gene models with multiple transcript isoforms is small relative
to other plants which may not represent the proportion of genes with alternative
splicing. | think the low depth of PACBIO sequencing is the main reason. Please
rephrase the sentence to make it clearer.

With the newly revised gene annotation, we observed more gene models with multiple
transcript isoforms. We changed the text accordingly, as suggested by RW#1 (see
lines 246-248).

* L269-373 : This section is not clear for non-specialist readers.

We modified the paragraph to make it clearer for non-specialist readers (see lines 275-
328). We also added Figure S9 showing the different stages of catkin development
considered in our analysis.

* 1283 : "four developed" ?

We generated proteomes from four tissues (immature catkin, intermediate catkin,
mature catkin, and pure pollen). We changed ‘developed’ to ‘analyzed’ for clarity (see
line 300).

* L343 : Please describe syntelogs.
Done (line 363).

* Figure5A: There may be a problem of alignment between the inner circle and the
middle circle (blue region).

We thank the reviewer for highlighting this inconsistency in the figure. We checked our
data and modified the image accordingly. The apparent misalignment between the
inner circle and the middle circle is actually due to a lack of information — a gap of 4.07
cM - between two haploblocks which follow one another in that region. The inaccuracy
was generated by the program used to draw the image, which automatically assigned
the inherited segment to the most likely ancestor based on the maximum parsimony
algorithm. However, we agree that on some occasions, this can lead to inaccurate
results. Therefore, we decided to explicitly represent these regions of missing
information using a white color. We also amended the legend of Figure5 to explain
what the white sections describe.

* Too many paragraphs end with a sentence such as "support the crucial role of
Chandler v2 chromosome-scale assembly".

We removed the sentence and ended the paragraphs differently.
* L463: Please describe how the gaps have been filled.

The assembler MaSurCa used to obtain Chandler hybrid has an internal gap-filling
procedure, as described in Zimin et al., 2013 (see line 476-477). In addition, Dovetail
uses lllumina reads to close the gaps in the HiRise assembly, as described in lines
500-502.

Reviewer #2: Overall, this genome is a significnt advance over the previous one, but
there are some points that are discussed in too much breadth, while others are too
short for a detailed evaluation. Some of the claims regarding why the new genome
assembly is superior over the older one(s) seem rather constructed. The parts that
really profit from ONT sequencing - the near-repetitive gene families and the repeat
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content have not been expored in detail.

We performed a gene family analysis on Chandler’s gene predictions (v1.0, v2.0, and
RefSeq). Consistently with the gene prediction results, we observed that v2.0 has, in
general, more members per gene family than v1.0, and fewer members than NCBI
RefSeq. These results can be due to both the increment of contiguity and the lower
gene redundancy of Chandler v2.0 (see lines 254-265).

| realise that this is just a data note, but some clues could help the reader appreciate
the current manuscript. What is also missing is a comparison to other published
reference genomes in the Fagales s.I..

We compared assembly metrics and BUSCO percentages to other Fagales genomes
(see lines 141-142; 192-193; Table S9). However, if the reviewer was referring to
comparative genomics studies, then it goes beyond the scope of the present
manuscript, which is a Data Note on the improvement of the walnut reference genome.
Also, we already provided applications of the new Chandler assembly for proteomic
and population genetics studies.

L65. How is this hybridisation possible, given the current disjuction of the populations
of the species? Please give a sentence or two as explanation.

Zhang et al. (2019), cited in the text, explained clearly how the contact between
American black walnuts and Asian butternuts occurred during the Pliocene. According
to their reconstruction, supported by fossil evidence, butternut and black walnuts
spread into Eurasia from the late Oligocene to the Miocene-Pliocene. Then, the cooling
climate of the Upper Pliocene may have led to range shifts of the butternut and black
walnut lineages in Eurasia, permitting the contact required for the hybridization that
gave rise to Persian walnut. We add a short sentence describing Zhang et al (2019)
results in the text (see line 66).

L87. Actinida is not a tree.
We changed trees to crops (see line 89).

LI122-125. The process of obtaining the megareads is insufficiently described. Please
exapand the text and mention also the paramters used.

We added a more detailed description of how MaSurCa builds the mega-reads in the
text (lines 466-478).

In addition, please provide statistics for the ONT reads and the illumina reads.

We added the statistics on the ONT reads in Table S1. The lllumina data were
generated by Martinez-Garcia et al. (2016), where Illlumina sequencing details and
statistics are reported.

PLease also mention the library preparation technique used in both cases.

We added details on the ONT library preparation in the method section (Lines 460-
464). Regarding the lllumina libraries, their descriptions are reported in Martinez-
Garcia et al. (2016).

Please also metnion the known biases associated with ONT sequencing and how
strong these were in your raw data.

ONT sequencing tends to have more errors in long homopolymer regions (e.g., runs of
all A's). We saw no evidence that these were a particular problem in this genome,
although all genomes have such regions. Our use of lllumina reads to compute the
final consensus sequence for virtually all positions in the assembly should minimize
this problem.

LI126-127. How has the ols assemblly (v.1.0) integrated with the new one?
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After running the de-duplication module implemented in MaSuRCA, we aligned the v1
scaffolds to v2, identified unaligned regions, and added them to v2. We added this
sentence to the text (line 481-483).

L155. Has it been checked, if the unanchored small scaffold are derived from
contamination with bacteria/fungi?

All assemblies have contamination, not only from the original samples but from the
sequencing lab itself. We ran a thorough contamination screen, aligning every contig
and scaffold against an exhaustive set of bacteria, artificial vectors, and other plants
and animals, and we removed all contaminants found in this manner. In addition, NCBI
runs its own contaminant screen on every submission to GenBank, and that was run
on our submission as well.

L170. The identity seems rather low. The possible reasons for this sholuld be given.

We thank the reviewer for noticing this error. We estimated the average sequence
identity from the nucmer coord file without filtering. In this way, we considered all
alignments, including those between similar but not syntenic regions of the two
assemblies. We re-estimated the percentage of sequence identity using only the 1-to-1
best alignments (command dnadiff implemented in MUMmer), and we obtain a value of
99.60. We changed the text accordingly (see lines 181-186).

L172. What was the proportion of unaligned reads? How many reads mapped
discordantly?

Over a total of 432,183,992, 2,046,961 reads (0.5%) did not align and 31,169,557 did
not pair properly.

L188. This statement cannot be upheld the way it is. Usually the gene space is already
well-assmbled using only illumina reads (apart from the repetitive genes). The authors
should compare the BUSCO scores of several Chandler assembly versions with that of
other Fagales genomes, such as oak, beech, and chestnut.

We added Table S9 with BUSCO statistics for the Chandler genome assemblies, J.
regia cv Serr, and other Fagales genomes.

L190. There are mapping-based ways to address this. These should be mentioned /
applied.

We preferred to remove the sentence instead of following the reviewer’s suggestion
since revising/applying available methods for improving transcriptome assemblies
using short reads is not among the scopes of our work. We aimed to prove how a
much contiguous reference genome can improve transcriptome assemblies and gene
predictions in walnut.

LI217-247. This seems overly discussed, considering the rather minor differences
observed.

We moved some of the statistics in Table 2 and made this paragraph less redundant
and descriptive.

L363. This is not necessarily evidence of imbreeding, but could also reflect selective
sweeps. Imbreeding does not happpen on the sub-genomic level but only on the
genomic level.

Sub-genomic inbreeding occurs when an individual inherits the same copy of an allele
at one locus from a common ancestor (identical-by-descent; IBD). Chandler parents
share Payne as a common ancestor; therefore, there are high probabilities of IBD
alleles at a sub-genomic level in Chandler. However, although we found no evidence of
a strong selective sweep, it is also possible this pattern was due to direct or indirect
selection (see lines 381-384). Future selective sweep studies in larger and more
diverse walnut collections could provide more evidence on the high-level of
homozygosity in some regions of the Chandler genome.
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Additional Information:

Question

Are you submitting this manuscript to a
special series or article collection?

Experimental design and statistics

Full details of the experimental design and
statistical methods used should be given
in the Methods section, as detailed in our
Minimum Standards Reporting Checklist.
Information essential to interpreting the
data presented should be made available
in the figure legends.

Have you included all the information
requested in your manuscript?

Resources

A description of all resources used,
including antibodies, cell lines, animals
and software tools, with enough

L426. Was any surface sterilisation done? Otherwise a lot of contaminant sequences
would be expected.In any case, a contamination check should be reported.

We could not do surface sterilization since the Nanopore library was built starting from
frozen tissue collected at UC Davis and sent to the John Hopkins University. Surface
sterilization would have led to tissue degradation and plant production of stress
compounds that further impede DNA extraction. Also, we ran a thorough contamination
screen of our assembly, to remove contaminations associated with microbes present
on the leaf surface and within the tissue (i.e., endophytes).

L428. 'g' should be in italics.

Done

L431. Concentrations/amounts missing.

Added.

L440. 'was' -> 'were'.

Done

L456. The assembly straregy, programs and parameters use are not mentioned in
sufficient detail (actually hardly any of this is mentioned in the manuscript).

We added more details on the assembly strategy in the text (lines 466-478).
L531. Do not abbreviate at the beginning of the line.

Edit.

Response

No

Yes

Yes
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https://academic.oup.com/gigascience/pages/Minimum_Standards_of_Reporting_Checklist

information to allow them to be uniquely
identified, should be included in the
Methods section. Authors are strongly
encouraged to cite Research Resource
Identifiers (RRIDs) for antibodies, model
organisms and tools, where possible.

Have you included the information
requested as detailed in our Minimum
Standards Reporting Checklist?

Availability of data and materials Yes

All datasets and code on which the
conclusions of the paper rely must be
either included in your submission or
deposited in publicly available repositories
(where available and ethically
appropriate), referencing such data using
a unique identifier in the references and in
the “Availability of Data and Materials”
section of your manuscript.

Have you have met the above
requirement as detailed in our Minimum
Standards Reporting Checklist?
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Background: The release of the first reference genome of walnut (Juglans regia L.) enabled many
achievements in the characterization of walnut genetic and functional variation. However, it is
highly fragmented, preventing the integration of genetic, transcriptomic, and proteomic
information to fully elucidate walnut biological processes. Findings: Here, we report the new
chromosome-scale assembly of the walnut reference genome (Chandler v2.0) obtained by
combining Oxford Nanopore long-read sequencing with chromosome conformation capture (Hi-
C) technology. Relative to the previous reference genome, the new assembly features an 84.4-fold
increase in N50 size, with the 16 chromosomal pseudomolecules assembled and representing 95%
of its total length. Using full-length transcripts from single-molecule real-time sequencing, we
predicted 37,554 gene models, with a mean gene length higher than the previous gene annotations.
Most of the new protein-coding genes (90%) presents both start and stop codons, which represents
a significant improvement compared to Chandler v1.0 (only 48%). We then tested the potential
impact of the new chromosome-level genome on different areas of walnut research. By studying
the proteome changes occurring during male flower development, we observed that the virtual
proteome obtained from Chandler v2.0 presents fewer artifacts than the previous reference
genome, enabling the identification of a new potential pollen allergen in walnut. Also, the new
chromosome-scale genome facilitates in-depth studies of intraspecies genetic diversity by
revealing previously undetected autozygous regions in Chandler, likely resulting from inbreeding,
and 195 genomic regions highly differentiated between Western and Eastern walnut cultivars.
Conclusion: Overall, Chandler v2.0 will serve as a valuable resource to understand and explore

walnut biology better.

Keywords: Nanopore, Hi-C, IsoSeq, gene prediction, genetic diversity, proteome, allergens.
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Introduction

Persian walnut (Juglans regia L.) is among the top three most-consumed nuts in the world, and
over the last ten years, its global production increased by 37% (International Nut and Dried Fruit
Council, 2019). Its richness in alpha-linolenic acid (ALA), proteins, minerals, and vitamins, along
with documented benefits for human health, explains this increased interest in walnut consumption
[1]. As suggested by its generic name Juglans from the Latin appellation ‘Jovis glans’, which
loosely means ‘nut of gods’, the culinary and medical value of Persian walnut was already widely

prized by ancient civilizations [2].

The origin and evolution of the Persian walnut are the results of a complex interplay between
hybridization, human migration, and biogeographical forces [3]. A recent phylogenomic analysis
revealed that Persian walnut (and its landrace J. sigillata) arose from an ancient hybridization
occurred between American black walnuts and Asian butternuts after a climate-driven range
expansion in Eurasia during the Pliocene [4]. Evidence suggests that the mountains of Central Asia
were the cradle of domestication of Persian walnut [5], from where it spread to the rest of Asia,

the Balkans, Europe, and, finally, the Americas.

Today, walnut is cultivated worldwide in an area of 1,587,566 ha, mostly in China and the USA
(FAOSTAT statistics, 2017). Considerable phenotypic and genetic variability can be observed in
this wide distribution area, especially in the Eastern countries, where walnuts can still be found in
wild fruit forests. Many studies on genetic diversity in walnut have outlined a genetic

differentiation between Eastern and Western genotypes [6,7]. Moreover, walnuts from Eastern
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Europe, Central Asia, and China exhibit higher genetic diversity and a higher number of rare alleles

than the genotypes from Western countries [8].

The release of the first reference genome, Chandler v1.0 [9], enabled the study of walnut genetics
at a genome-wide scale. For the first time, it was possible to explore the gene space of Persian
walnut with the prediction of 32,498 gene models, providing the basis to untangle complex
phenotypic pathways, such as those responsible for the synthesis of phenolic compounds. The
availability of a reference genome marked the beginning of a genomics phase in Persian walnut,
allowing whole-genome resequencing [4,10], the development of high-density genotyping tools
[7,11], and the genetic dissection of important agronomical traits in walnut [12-15]. However, the
Chandler v1.0 assembly is highly fragmented, compromising the accuracy of gene prediction and
the fulfillment of advanced genomics studies necessary to resolve many, still unanswered

questions in walnut research.

The recent introduction of long-read sequencing technologies and long-range scaffolding methods
has enabled chromosome-scale assembly for multiple plant species, including highly heterozygous
crops such as almond (Prunus dulcis; [16] and kiwifruit (Actinidia eriantha; [17]). The availability
of genomes with fully assembled chromosomes provides foundations for understanding plant
domestication and evolution [16,18,19], the mechanisms governing important traits (e.g., flower
color and scent; [20]), as well as the impact of epigenetic modifications on phenotypic variability
[21]. Recently, Zhu et al., (2019) assembled the parental genomes of a hybrid J. microcarpa x J.
regia (cv. Serr) at the chromosome-scale using long-read PacBio sequencing and optical mapping.
They relied on the haplotype divergence between the two Juglans species and demonstrated an

ongoing asymmetric fractionation of the two subgenomes present in Juglans genomes.
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Here we report a new chromosome-level assembly of the walnut reference genome, Chandler v2.0,
which we obtained by combining Oxford Nanopore long-read sequencing [23] with chromosome
conformation capture (Hi-C) technology [24]. Thanks to the increased contiguity of Chandler v2.0,
we were able to substantially improve gene prediction accuracy, with new, longer gene models
identified and many fewer artifacts compared to Chandler v1.0. Also, the availability of full,
chromosomal sequences reveals new genetic diversity of Chandler, previously inaccessible
through standard genotyping tools, and significant genetic differentiation between Western and
Eastern walnuts at 195 genomic regions, including also loci involved in nut shape and harvest date.
In the present research, we demonstrate the fundamental role of a chromosome-scale reference
genome to integrate transcriptomics, population genetics, and proteomics, which in turn enable a

better understanding of walnut biology.

Genome long-read sequencing and assembly

To increase the contiguity of the Chandler genome, we first generated deep sequence coverage
using Oxford Nanopore Technology (ONT), a cost-effective long-read sequencing approach that
determines DNA bases by measuring the changes in electrical conductivity generated while DNA
fragments pass a tiny biological pore [25]. Since the release of the first plant genome assembly
generated using ONT sequencing [26], this technology has been applied to sequence and obtain
chromosome-scale genomes of many other plant species [27-29]. In Persian walnut, ONT
sequencing yielded 7,096,311 reads that provided 21.9 Gbp of sequence, or ~35X genome
coverage (assuming a genome size of 620 Mb). Read lengths averaged 3.1 kb, and the N50 read

length was 6.7 kb, with the longest read being 992.2 kb (Additional file 1: Table S1).

One of the major limitations of long-read sequencing technologies is their high error rate, which

can range between 5% and 15% for Nanopore sequencing [30]. To overcome this limitation, we
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adopted the hybrid assembly technique incorporated into the MaSuRCA assembler, which
combines long, high-error reads with shorter but much more accurate Illumina sequencing reads
to generate a robust, highly contiguous genome assembly [31]. First, using the lllumina reads, we
created 3.7 million 'super-reads' with a total length of 2.9 Gb. We then combined the super-reads
with the ONT reads to generate 3.2 million mega-reads with a mean length of 4.7 kb, representing
24X genome coverage (Additional file 1: Table S2). Finally, we assembled the mega-reads to
obtain the ‘hybrid” lllumina-ONT assembly, which comprised 1,498 scaffolds, 258 contigs, and

25,007 old scaffolds from Chandler v1.0 (Additional file 1: Table S3).

Even though the total number of scaffolds (> 1 Kb) was reduced by 80% compared to Chandler
v1.0 (Table 1), the new hybrid assembly was still fragmented. To improve the assembly further
and build chromosome-scale scaffolds, we applied Hi-C sequencing, which is based on proximity
ligation of DNA fragments in their natural conformation within the nucleus [24]. The HiRise
scaffolding pipeline processed 356 million paired-end 100-bp Illumina reads to generate the
HiRise assembly (Table 1). The top 17 scaffolds from this assembly spanned more than 90% of
the total assembly length, with a scaffold length ranging from 19.6 to 45.2 Mb (Additional file 1:
Figures S1-S2). As shown in Table 1, the Chandler genome contiguity increased dramatically
compared to the previous assemblies. As compared to the recently published genome assembly of
the walnut cultivar Serr [22], Chandler v2.0 was less contiguous at the contig level, with a N50
size of 1.1 Mb against the 15.1 Mb of JrSerr_v1.0. The higher coverage PacBio sequencing data
(57.2 Gbp) used to assemble JrSerr_v1.0 may explain this discrepancy in contiguity between the
two assemblies. Besides, our assembly presented similar value of contiguity to the recently
published genomes of pecan (Carya illinoinensis; 1.1 Mb [32]), Chinese chestnut (Castanea

mollissima; 944.4 kb [33]) and oak (Quercus robur; 1.35 Mb [34]).
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Validation of the HiRise assembly

To assess the quality of the HiRise assembly, we used two independent sources of data. First, we
used the single nucleotide polymorphism (SNP) markers mapped on the high-density genetic map
of Chandler recently described by [14]. Out of the 8,080 SNPs mapped into 16 linkage groups
(LGs), 6,894 had probes aligning uniquely on the HiRise assembly with 98% of identity for more
than 95% of their length. A total of 35 scaffolds of the HiRise assembly could be anchored to a
chromosomal linkage group by at least one SNP (Figure 1). In particular, 13 LGs were spanned

by a single HiRise scaffold, while two to three scaffolds each aligned the remaining three LGs.

Second, we anchored the HiRise assembly to the Chandler genetic map used by [35] to construct
a walnut physical map. In total, 972 of the mapped markers (1,525 SNPs) aligned uniquely on the
same 35 HiRise scaffolds anchored to the linkage map mentioned above. Overall, we observed
almost perfect collinearity between the HiRise assembly and both Chandler genetic maps (Figure
1, Additional file 1: Figure S3). Therefore, we oriented, ordered, and named the HiRise scaffolds
consistent with the linkage map of [35], generating the final 16 chromosomal pseudomolecules of

J. regia Chandler.

These 16 contiguous chromosomal scaffolds account for 95% of the final walnut reference genome
v2.0, with an N50 scaffold size of 37 Mb. We identified telomere sequences at both ends for nine
of the chromosome scaffolds, on one end of the other seven chromosomes and one end of seven
unanchored scaffolds. Also, all 16 chromosomes had centromeric repeats in the middle, alongside

regions with low recombination rates (Figure 2).

As compared to the previous Chandler genome assemblies (Table 1), Chandler v2.0 had a smaller

genome size (573.9 Mb), much closer to the Genomescope estimate of 488.2 Mb. This reduction
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in genome size represents a great improvement of Chandler v2.0 and can be related to the removal
of haplotype variants, likely interpreted and annotated as different scaffolds in the previous
genome versions. Compared to the Serr walnut genome (JrSerr_v1.0; 534.7 Mb) [22], Chandler
v2.0 had a larger genome size, likely due to structural variation (e.g., copy number and
presence/absence variants), whose central role in explaining intraspecific genomic and phenotypic
diversity has been reported in different plant species [36,37]. In addition, the higher number of
unanchored scaffolds (2,631; 20.9 Mb) in Chandler v2.0 compared to JrSerr_v1.0 can represent
autozygous genomic regions of Chandler, devoid of segregating markers and, therefore, difficult
to anchor to linkage genetic maps [35], as also suggested by the higher fixation index (F) observed
in Chandler (0.03) than Serr (-0.29) in previous genetic surveys [7]. The two walnut assemblies,
though, aligned with high sequence identity (over 98% for more than 95% of their total length)
and showed high collinearity (Additional file 1: Figure S4). Future comparative genomics studies
will provide further insights on the functional and structural differences between the two genome
assemblies, and their explanatory involvement in the morphological and physiological variation of

these two walnut cultivars.

To assess the sequence accuracy of Chandler v2.0, we first compared the scaffold sequences of
Chandler v2.0 with the previous version of the walnut reference genome. About 578 Mb of
sequence were mutual best alignments, namely best hits of each location between Chandler v2.0
and v1.0 and vice versa, with a sequence identity of 99.6%. We also observed that 135 Mb of
Chandler v1.0 (18.9%) aligned to the same locations in Chandler v2.0, suggesting the presence of
redundant haplotypes in the previous version of the walnut reference genome that have been
removed in our assembly. We then mapped the Illumina whole-genome shotgun data [9] against

the new chromosome-scale genome. The alignment resulted in 64,950,691,681 bps mapped, of
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which 407,450,406 were single-base mismatches, consistent with an Illumina sequence accuracy

rate of 99.5%.

Repeat annotation

More than half (58.4%) of the new Chandler v2.0 is repetitive. This estimate is higher than the
previous version of the walnut reference genome (51.19%) and comparable with other Fagales
genomes [34,38]. As in most plant genomes, interspersed repeats were the most abundant type of
repeats, with retrotransposons at 36.45% and DNA transposons at 15.86%. Gypsies (10.5%) and
Copias (7.69%) were the most represented classes of long-terminal retrotransposons (LTR), and,
though widely dispersed throughout the genome, they were distributed differently along the 16
chromosomes (Additional file 1: Figure S5): the Gypsies LTRs were more abundant alongside
the centromeres, where, instead, the density of the Copia LTRs decreased, as previously observed
in walnut [22]. The long-interspersed nuclear elements (L1/LINE), which possess a poly(A) tail
and two open reading frames (ORFs) for autonomous retrotransposition, was the largest class of

non-LTRs at 7.14% of the genome. Simple repeats (1.91%) were also found.

PacBio IsoSeq sequencing and gene annotation

A fragmented reference genome can severely hamper the accuracy of gene prediction, because
many genes will be broken across multiple small contigs (false negatives), and because

heterozygous gene variants may be annotated separately (false positives).

To improve the gene prediction accuracy of Chandler v2.0, we used the “Isoform Sequencing”
(Iso-Seq) method, developed by Pacific Biosciences (PacBio), which can generate full-length
transcripts up to 10 kb, allowing for accurate determination of exon-intron structure by the

alignment of the transcripts to the assembly [39]. The high error rate of PacBio sequencing can be
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greatly reduced using circular consensus sequence (CCS), in which a transcript is circularized and
then sequenced repeatedly to self-correct the errors. We applied PacBio 1soSeq to sequence full-
length transcripts from nine tissues, chosen to cover most of the transcript diversity in walnut
(Additional file 1: Table S4). Across the four SMRT cells, we obtained 26,328,087 subreads with
a mean length of 1,188 bp (Additional file 1: Table S5) and CCSs ranging from 13K to 142K per
library (Additional file 1: Table S6). Out of the 745,730 full-length non-chimeric (FLnc)
transcripts, 68,225 were classified as high quality, FL (HQ FL) consensus transcript sequences,
with an average length of 1,357 bp (Additional file 1: Table S6). Catkin 1-inch elongated (CAT1),
shoot, and root yielded the lowest number of HQ FL transcripts, while pollen and leaf had the
lowest number of HQ consensus clusters obtained per CCS after polishing (Additional file 1:
Table S6). These results can be explained by lower cDNA quality or fewer inserts of full-length
transcripts from these tissues during the cDNA pooling and library preparation. Nevertheless, more
than 99% of the HQ FL transcripts aligned onto the new chromosomal-level walnut reference

genome (Additional file 1: Table S7).

By combining the HQ FL transcripts with available Juglans transcriptome sequences, we identified
37,554 gene models, which are more than those annotated in Chandler v1.0 but fewer than the
predicted genes in the NCBI RefSeq J. regia annotation generated with the first version of the
reference genome (Table 2). Thus, the new chromosome-scale genome, along with the availability
of full-length transcripts, allowed us to identify genes missed in Chandler v1.0 due to genome
fragmentation, as well as to remove false-positive predictions likely caused by heterologous
variants of the same locus mistakenly interpreted and annotated as independent scaffolds in
Chandler v1.0. Also, the mean gene length in Chandler v2.0 was higher than the previous gene

annotations (Table 2), a consequence of the increased contiguity of the new chromosome-scale
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reference genome. The average gene density of Chandler v2.0 was 19.75 genes per 100 kb, with
higher gene content in the proximity of telomeric regions (Figure 2), consistent with other plant
genomes [19,40]. The majority of the predicted gene models of Chandler v2.0 was supported by
expression data, and showed high similarity with a protein-coding transcript of other plant species
(Additional file 1: Table S8). Also, 30,318 models were annotated with 8,243 different Gene

Ontology (GO) terms (Additional file 1: Figures S6-S8).

Out of the 40,884 transcripts identified, 84% were multi-exonic, with 5.9 exon each, on average,
and longer introns than the previous gene annotations of Chandler (Table 2). The majority of
intron/exon junctions were GT/AG-motif (98.2%), even though alternative splicing with non-
canonical motifs was also observed (GC/AG — 0.8%; AT/AC — 0.11%). Almost 90% (36,422) of
the coding sequences presented both canonical start and stop codons, while 4,462 had either a start
or a stop codon. This result represents a great improvement compared to Chandler v1.0, where

only 48% of the predicted gene models presented both start and stop codons [9].

Also, we observed that 2,801 gene models had from two to four transcript isoforms each, with a
mean length of 9,389 bp. This proportion of gene models with multiple transcript isoforms is
smaller compared to other plant species [41,42], likely due to the low depth of coverage of our
PacBio sequencing. Out of the 6,437 isoforms identified, 1,448 were covered by FL HQ transcripts
in at least one tissue, while 5,689 were expressed in at least one of the 20 tissues [9], which most
likely covered higher gene diversity compared to the nine tissues used for PacBio IsoSeq. On
average, the lllumina isoforms (9,188bp) were longer than the PacBio isoforms (6,790 bp). By
running the EnTAP functional annotation pipeline with the entire NCBI RefSeq plant database

[43], we observed that almost all isoforms (98%; 6,287) were annotated with a plant protein.
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We also investigated possible gene family expansion and contraction among the three Chandler’s
gene annotations. Overall, we identified fewer gene families in Chandler v2.0 (5,163 Panther
family represented) than v1.0 (5,330) and NCBI RefSeq J.regia annotation (5,374). However,
when counting the number of members per family, we observed a gene family expansion, in
general, in Chandler v2.0 compared to v1.0: 39,357 proteins were assigned to a Panther gene
family in Chandler v2.0, with an average of 7.6 members per family, against the 30,639 proteins
annotated with a Panther domain in v1.0 (6 members per family on average). On the contrary, we
noticed an overall gene family contraction in v2.0 compared to NCBI RefSeq, where 10.4 gene
members were assigned to a Panther domain on average. Both the increment of contiguity and the
reduction in haplotype redundancy can explain the observed patterns of gene family expansion and
contraction among the three Chandler’s gene annotations, even if the different methods of gene

prediction used in the three studies could also account for these differences.

Most of the 1,440 core genes in the embryophyte dataset from Benchmarking Universal Single-
Copy Orthologs (BUSCO) were assembled completely (82.5% single-copy; 12.6% duplicated),
similarly to other Fagales genome assemblies [32,33,38,44] (Additional file 1: Table S9). Also,
88% of both rosids and green sets of core gene families (coreGFs) were identified in the gene

annotation, confirming the high-quality and completeness of the gene space of Chandler v2.0.

Improved assessment of proteomes with the complete genome sequence

After confirming the importance of a chromosome-scale reference genome for the improvement
of gene prediction accuracy, we analyzed the impact of a contiguous genome sequence using
proteomic analysis. Proteomes are commonly investigated by isolating the total protein
complement of a sample and fragmenting those proteins into smaller peptides that are resolved by

mass and charge by mass spectrometry. After detection, the peptides’ amino acid sequences are
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determined by matching their mass and charge to candidate sequences obtained from a reference
proteome inferred from the reference genome (virtual proteome). A fragmented assembly of the
reference genome can lead to an inaccurate prediction of a species’ proteome and, then, a miss-

identification of the proteins expressed in specific tissues at particular stages [45].

We isolated proteins of reproductive tissues harvested from mature Chandler walnut trees,
focusing on different development stages of the male flower (catkin; Additional file 1: Figure
S9) and mature pollen grains. We analyzed the proteomic data generated from these samples using
the virtual proteomes predicted from the gene annotation of the new chromosome-scale genome
and Chandler v1.0 (NCBI RefSeq). Considering all tissues analyzed, we identified fewer unique
peptides (43,083) with the new chromosome-scale walnut genome than with Chandler v1.0
(44.679). In addition, 6,966 unique proteins were detected with Chandler v2.0 against the 8,802
found using version 1 as a search database (Additional file 2: Table S10; Additional file 3). Most
likely, the NCBI proteomic database based on the fragmented Chandler v1.0 included artifacts

resulting from an overestimation of the protein-coding genes.

In the example presented below, we focused on the allergenic proteins produced during catkin and
pollen development. Approximately 2% of walnut consumers have a high risk of developing
allergies to nuts or pollen [46]. Initially, we clustered the samples according to their protein
constituents and levels. This revealed a higher similarity between immature and mature catkins
and a more distinct pattern of detected proteins between senescent catkins and pure pollen (Figure

3).

We then searched the four analyzed proteomes for allergenic proteins listed in the WHO/IUIS
Allergen Database (www.allergen.org; Additional file 2: Table S11), as well as for additional

proteins not yet registered in the allergen database but predicted in Chandler v2.0 as potential
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allergens given their predicted structural similarity to known allergens (Additional file 3). Four of
the eight recognized allergenic proteins were detected in at least one of the catkin developmental
stages, with Jug_r_5 (XP_018825777 | Jr12_10750) and Jug_r_7 (XP_018808763 | Jr07_28960)
present in all sample types, including pollen (Additional file 2: Table S11). Genes adjacent to
known allergen-coding sequences, likely indicating gene duplications, encode three of the new
potential allergens (Additional file 2: Table S11). Moreover, we discovered that the gene locus
Jr12_05180 encodes a non-specific lipid transfer protein (nsLTP; Jug_r 9 | XP_018813928), a
potential allergen highly expressed during catkin maturation and in pollen (Additional file 2:
Table S11-12). In particular, Jug_r_9 was the most abundant protein in mature and senescent
catkins, and the second most abundant in pure pollen. Another interesting allergen similar to
Jug_r_9 (same eight cysteine configuration) is XP_018814382 | Jr03_26970; it decreases as the
catkin matures, and is absent in pollen (Additional file 2: Table S11-12). Similarly, polyphenol
oxidase (PPO, XP_018858848 | Jr03_06780) is high in the immature catkin and almost absent in

the pollen.

The integration of this proteomic data with previously published transcriptomic data obtained from
20 walnut tissues [9] shows high reproducibility between the methods. In both datasets, allergens
Jug r_1, 4, and 6 were not detected in catkins, while the new putative allergen Jug_r_9 was highly
expressed in catkins (Additional file 2: Table S12-13). Also, Jr12_05180 transcripts were not
detected in any of the 20 tissues but catkin, thus confirming the strong specificity of Jug_r_9 for
catkin and pollen tissue (Additional file 2: Table S13). Modeling the structure of this putative
allergen reveals four predicted disulfide bonds, potentially conferring heat and protease-resistance,
and further suggesting allergenic properties (Figure 4). Future studies will clarify the functional

role of this protein and its allergenic nature.
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The detection of new potential walnut allergens confirms the positive impact of Chandler v2.0 on
proteomic studies in walnut, by providing a clearer and more precise organization of the CDSs

within a genomic region than the previous fragmented genome assembly v1.0.
Chandler genomic diversity

By anchoring the HiRise assembly to the Chandler genetic map [14], we observed highly
homozygous regions in Chandler, especially on Chrl5, where the genetic gap spanned 14.5 cM,
corresponding to a physical distance of 9.1 Mb. A large gap on Chrl15 (9.23 cM — 1.5 Mb) was
also observed by [35], which suggested inbreeding as a possible cause for the lack of segregating
loci in this region in Chandler, whose parents shared Payne as an ancestor. To confirm the
autozygosity of Chandler on Chrl15, we used the Illumina whole-genome shotgun data of Chandler
and the identified polymorphisms to study its genetic diversity across the new chromosome-scale
genome. We identified 2,205,835 single heterozygous polymorphisms on the 16 chromosomal
pseudomolecules, with an SNP density of 4.0 SNPs per kb (Figure 2; Additional file 1: Table
S14). Fifty-six 1-Mb-regions exhibited less than 377.5 SNPs (10" percentile of the genome-wide
SNP number distribution), and chromosomes 15, 1, 7, and 13 were the top four chromosomes in
the number of low heterozygous regions (Additional file 1: Table S15). In particular, Chrl5
presented nine 1-Mb windows with a significantly low number of polymorphisms, five of which
span 4 Mb at the end of the chromosome. In these nine low heterozygous regions, we found 1,536
SNPs in total (Figure 2), of which only 25 were tiled on the Axiom J. regia 700K SNPs array.
The absence of these polymorphisms segregating in Chandler in the SNP array could be related to
either a failed identification during the SNP calling due to the highly fragmented reference genome
v1.0 or with the SNP exclusion during the filtering process applied to build the genotyping array

[7]. The low number of Chandler heterozygous SNPs in the array affected the end of Chrl5 the
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most, causing a reduction in the genetic length of the corresponding linkage group (Figure 1), as
well as leaving unexplored 4 Mb of Chandler genetic variability, which is now accessible thanks
to the new chromosome-scale reference genome. The failure to anchor seven of the scaffolds with
telomeric sequences can be explained by the missed detection of terminally located highly
homozygous regions during genetic map constructions, due to the absence of crossing-over events

with heterozygous flanking markers.

Due to the evidence of whole-genome duplication in Juglans genomes [35], we searched for
conserved regions of synteny between Chr15 and its homologous regions in the genome, to study
their level of divergence and identify other evolutionary forces as possible causes of the localized
reduction of heterozygosity on Chrl5. Of the 5,739 pairs of paralogous genes (8,701 genes;
Additional file 1: Figure S10) identified in Chandler v2.0, 448 included genes on Chr15, and 389
of these have their respective paralogues on Chr6 (Additional file 1: Figure S11), in line with
what was already reported by [35]. The Chr06-Chrl5 pairs of paralogous genes showed average
values of divergence indexes (Ks = 0.38; Ka = 0.13) similar to the ones observed genome-wide for
other syntelogs (Ks = 0.4; Ka = 0.09), which are paralogous genes derived from the same ancestral
genomic region. Similar values of divergence were also observed for the 178 Chr06-Chrl5
syntelogs (171 genes) falling within the nine low heterozygous regions on Chrl5 (Ks = 0.4, Ka =
0.1), excluding different evolutionary rates for these regions. Other than paralogous genes, we
found 393 singleton genes in the low heterozygous regions on Chr15 of Chandler. These genes are
involved in different biological processes, many of which related to signal transduction, protein

phosphorylation, and response to environmental stimuli (Additional file 1: Table S16).

We further investigated the contribution of inbreeding to the high level of autozygosity on Chrl5

by visualizing the inheritance of haplotype-blocks (HB; genomic regions with little recombination)
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across the Chandler pedigree (Figure 5B, Additional file 1: Figure S12). We observed that Payne
accounts for the entire Chandler genetic makeup (19 HBs for the total length of Chr15) inherited
from Pedro (mother), where only one HB (2,08 Mb) shared the same allele of Conway-Mayette
(maternal-grandfather; Figure 5A). Regarding the paternal genetic makeup of Chandler, 13 out of
19 HBs (9,05 Mb) on Chr15 inherited Payne alleles, providing further evidence of high inbreeding
on this chromosome (Figure 5A). This is even more evident in assessing the number of alleles
matching between Payne and Chandler across the genome: Chr15 (14 HBs for a total of 13,95 Mb;
Figure 6) shares full allele identity with Payne for almost its entire length. Such allele matching
between Chandler and its ancestor Payne also occurs on Chrl (9 HBs for a total of 8,44 Mb), Chr4
(6 HBs - 7,68 Mb), Chr7 (21 HBs - 21,62Mb) and Chr14 (7 HBs — 12,29 Mb). These results suggest
high level of inbreeding in many genomic regions of Chandler (Additional file 1: Figure S12),
even though direct and indirect selection might have caused the observed presence of extended

homozygous regions in Chandler’s genome.

Genomic comparison between Eastern and Western walnuts

Even though numerous surveys regarding genetic diversity within walnut germplasm collections
have been reported so far [47,48], comparative analyses at the population level and genome scans
for signatures of selection are still missing in Persian walnut. The availability of a chromosome-
scale reference genome enables exploration of the patterns of intraspecific variation at the genomic

level, providing new insight on the extraordinary phenotypic diversity present within J. regia.

We used the resequencing data generated for 23 founders of the Walnut Improvement Program of
the University of California, Davis (UCD-WIP; Additional file 1: Table S17) [10] to study the
genome-wide genetic differentiation among walnut genotypes of different geographical

provenance. We identified 14,988,422 SNPs, and over 97% of them were distributed on the 16
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chromosomal pseudomolecules, with 9.4 polymorphisms per kb. A hierarchical clustering analysis
(Additional file 1: Figure S13) divided the 23 founders into two major groups, including
genotypes from western countries (USA, France, and Bulgaria) and Asia (China, Japan,
Afghanistan), respectively, as previously reported [7,49]. High phenotypic diversity for many traits
of interest in walnut, such as phenology, nut quality, and yield, has been observed within and
between germplasm collections from Western and Eastern countries [50]. Walnut trees from Asia
are noted for their lateral fruitfulness and precocity, rarely observed in the USA and western
Europe, so that they have been used as a source of these phenotypes in different walnut breeding

programs [51].

At a genomic level, we found a moderate differentiation (Fst = 0.15) between Western and Eastern
genotypes, except for 195 genomic windows (100 kb) that showed substantially high population
differences (Fst > 0.36; top 5% in the whole genome). In particular, chromosomes 7, 5, 1, 4, and
2 presented about 70% of the divergent sites (Figure 2; Additional file 1: Figure S14). As
suggested by the mean reduction of diversity coefficient (ROD) value (0.41), in most of the
genomic regions highly differentiated, the UCD-WIP founders from the USA and Europe showed
lower nucleotide diversity (m = 2.5 x 10#) than the Asian genotypes (n = 5.0 x 10™), consistent
with [8] (Figure 2; Additional file 1: Figure S14). The proximity of our eastern genotypes to the
supposed walnut center of domestication in Central Asia can explain the high level of diversity

observed in this subgroup.

More than 60% (122) of the highly differentiated windows showed a negative value of Tajima’s
D in the EU/USA subgroup (Docc = -1.12), thus, suggesting that selection has been likely acting
on these genomic regions in the Western genotypes (Additional file 1: Figure S14). Here we

found 743 genes, with GO biological categories mostly related to signal transduction, embryo
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development, and response to stresses (Additional file 1: Table S18). Ten candidate selective
sweeps (Dasia = -0.54) were also observed in the Eastern group (Additional file 1: Figure S14),
which included 57 predicted genes, related to terpenoid biosynthesis, post-embryonic

development, and signal transduction (Additional file 1: Table S19).

Recently, many marker-trait associations have been reported for different traits of interest in
walnut, such as leafing date, nut-related phenotypes, and water use efficiency [12—-14]. We looked
to see if any of these trait-associated SNPs fell within regions highly differentiated between
Western and Eastern genotypes. Three loci associated with shape index, nut roundness, and nut
shape [12] are located in two genomic regions on chromosome 3 and 4 with significantly high
values of Fst (Additional file 1: Table S20). In both of these regions, Western genotypes
presented lower genetic diversity and lower values of Tajima’s D than the Eastern walnuts. These
findings may suggest that, while a selective pressure for nut shape may have occurred in the
EU/USA subgroups, higher phenotypic variability can be expected for these traits in the Eastern
countries. We also found that the locus AX-170770379, strongly associated with harvesting date
[14], falls within a genomic region on Chrl with an Fst value equal to 0.39 and lower genetic
diversity in the western genotypes (ROD = 0.63; Additional file 1: Table S20). Looking at the
phenotypic effect of this SNP on the harvest date of the 23 founders, we observed that most of the
western genotypes are later harvesting than the eastern (Additional file 1: Figure S15), suggesting
differences in the timing of phenological events between these two groups as adaptation to the

different climate conditions present in their countries of origin [52].

Future resequencing projects involving larger walnut collections and covering a wider area of the

global walnut distribution are necessary to confirm and interpret the observed genomic
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differentiation between Western and Eastern walnuts, likely helping to understand the role of this

genomic divergence in the evolutionary history of Persian walnut.

Methods

Oxford Nanopore sequencing and assembly

High molecular weight (HMW) DNA for Nanopore sequencing (Oxford Nanopore Technologies
Inc., UK) was isolated through a nuclei extraction and lysis protocol. First, mature leaf tissue from
the same tree used for the original J. regia Chandler genome [9] was homogenized with mortar
and pestle in liquid nitrogen until well ground, then added to the Nuclei Isolation Buffer [53], and
stirred at 4°C for 10 minutes. The cellular homogenate was filtered through 5 layers of Miracloth
(Millipore-Sigma) into a 50 mL Falcon tube, then centrifuged at 4°C for 20 minutes at 3000 X g.
This speed of centrifugation was selected based on the estimated walnut genome size of 1 Gb [54].
Extracted nuclei were then lysed for 30 minutes at 65°C in the SDS-based lysis buffer described
by [55]. Afterwards, 0.3 volumes of 5M potassium acetate were added to the lysate to precipitate
residual polysaccharides and proteins. The sample was incubated for 5 minutes at 4°C and then
centrifuged at 4°C for 10 minutes at 2400 x g. After removing the supernatant, genomic DNA
(gDNA) was ethanol precipitated, and then eluted in 10 mM Tris-Cl. Further purification of the

gDNA was then performed using a Zymo Genomic DNA Clean and Concentrate column.

One pg of the isolated gDNA was prepared for sequencing using the Ligation sequencing kit
(LSK 108, Oxford Nanopore) following manufacturer’s protocol with an optimized end repair (100
pl sample, 14 pl enzyme, 6 pl enzyme, incubated at 20°C for 20 minutes then 65°C for 20 minutes).
In detail, the gDNA was end polished using the NEBNext® Ultra™ Il DNA Library Prep Kit, and

then cleaned up with 1X Ampure XP beads (Beckman Coulter). Afterwards, the gDNA was ligated
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to Oxford Nanopore specific adapters, followed by an additional cleanup with 0.4X Ampure XP
beads. Finally, the libraries were sequenced for 48 hours on six flowcells of the Oxford Nanopore
Mk1B MinlON platform with the R9.4 chemistry. Raw fast5 data were base-called using Albacore

version 1.25.

The ONT data and Illumina reads from [9] were combined to obtain the Chandler hybrid assembly
using MaSuRCA v3.2.3 [56]. In detail, MaSurCa first transformed the Illumina pair-end reads in
super-reads using the super-reads algorithm, which uses k-mers from Illumina reads to extend
each Illumina read uniquely in both directions. Then, each ONT read was used as a template to
which super-reads can be attached, and the approximate alignments of all super-reads to each ONT
read were computed. The best path of the exactly overlapping aligned super-reads on a ONT read
was then defined, generating a mega-read. The mega-reads typically have a very low error rate
(less than 1%) since they are constructed from the super-reads, and most of them span the full
length of the long reads. Finally, a customized version of the CABOG assembler [57] was used to
assemble the mega-reads along with the Illumina mate pairs, which provide the linking information
for the scaffolding. Gaps were closed using the gap-filling procedure implemented in MaSurCa
and described by [56]. The de-duplication module implemented in MaSurCa was then applied to

remove duplicative sequences (scaffold variants due to heterozygosity).

De-duplicated scaffolds were aligned onto the previously finished J. regia chloroplast genome [9]
using "minimap2 -x asm5", as well as to a database of 223 finished plant mitochondria
(downloaded from NCBI RefSeq) using blastn with default parameters. Finally, Chandler v1.0 was
aligned to the de-duplicated hybrid assembly, and the unaligned regions were added to the

Chandler hybrid assembly.

Hi-C sequencing
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A Hi-C library was prepared by Dovetail Genomics LLC (Santa Cruz, CA, USA) as described
previously [58]. Briefly, for each library, chromatin was fixed in place with formaldehyde in the
nucleus and then extracted. Fixed chromatin was digested with Dpnll, the 5° overhangs filled in
with biotinylated nucleotides, and then free blunt ends were ligated. After ligation, crosslinks were
reversed and the DNA purified from protein. Biotin that was not internal to ligated fragments was
removed from the purified DNA. Purified DNA was then sheared to ~350 bp mean fragment size.
Sequencing libraries were generated using NEBNext® Ultra™ enzymes and Illumina-compatible
adapters. Biotin-containing fragments were isolated using streptavidin beads before PCR

enrichment of each library. The libraries were then sequenced on the lllumina HiSeq4000 platform.

The hybrid ONT assembly, Illumina shotgun reads [9], and Dovetail Hi-C library reads were used
as input data for the scaffolding software HiRise, which uses proximity ligation data to scaffold
genome assemblies [59]. Shotgun and Dovetail Hi-C library sequences were aligned to the hybrid
ONT assembly using a modified SNAP read mapper. The separations of Dovetail Hi-C read pairs
mapped within the ONT scaffolds were analyzed by HiRise to produce a likelihood model for the
genomic distance between read pairs, and the model was used to identify and break putative mis-
joins, to score prospective joins, and make joins above a threshold. After scaffolding, Illumina
shotgun sequences were used to close gaps between contigs, resulting in an improved HiRise

assembly.
Validation and anchoring of the HiRise assembly to Chandler genetic maps

The HiRise assembly was first anchored to the Chandler genetic map obtained by [14] from a 312
offspring F1 population ‘Chandler x Idaho’ genotyped with the latest Axiom J. regia 700K SNP
array. SNP probes (71-mers including the SNP site) from the Axiom J. regia 700K SNP array

were aligned onto the HiRise assembly filtering out alignments with probe/reference identity lower
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than 98%, covering less than 95% of the probe length or aligning multiple times on the genome.
Retained markers with a unique segregation profile were then used to anchor the HiRise scaffolds.
The same procedure was also followed to anchor the HiRise assembly to the Chandler genetic map
used to construct a walnut bacterial artificial chromosome (BAC) clone-based physical map by
[35]. The final ordering of scaffolds was performed by taking into consideration the marker genetic
map position, and, in the final sequence, consecutive scaffolds were separated by sequences of

100,000 Ns.

The tandem repeat finder program (trf v4.09; [60] was run using the recommended parameters
(max mismatch delta PM PI minscore maxperiod, 2 7 7 80 10 50 500 resp.) to identify repeat
elements up to 500 bp long. A histogram of repeat unit lengths was generated, and peaks at 7, 29,
33, 44, 154, and 308 bp were identified. From this data, a consensus sequence corresponding to
each peak was selected. All of these repeat sequences were aligned onto the HiRise assembly using
‘nucmer’ from the MUMmer4 package [61] with a minimum match length of 7 to capture the
telomeric repeat. Based on the positions of these alignments along the chromosomes and contigs,
we identified the 7-mer as the telomeric repeat and the 154-mer and 308-mer as centromeric

repeats.

Recombination rate was estimated within sliding windows of 10 Mb with a step of 1 Mb along the
chromosome sequence by using the high-density genetic map of Chandler [14] and the
R/MareyMap package v 1.3.4 [62]. To evaluate Chandler v2.0 error rate, the two assemblies,
Chandler v1.0 and 2.0, were aligned to each other using the ‘nucmer’ program [61]. Assembly
quality statistics were estimated using QUAST v5.0.2 [63], filtering for contigs with a minimum
length of 1Kb. The haploid size of the walnut genome was estimated by first generating the 24-

mer distribution of Illumina paired-end reads (54-fold coverage of the haploid genome) with
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Jellyfish v2.2.6 [64], and then uploading it to Genomescope [65]. Comparisons of Chandler v2.0
versus JrSerr_v1.0 and vice versa were performed using ‘nucmer’ [61], and then the function
‘dnadiff” implemented in MUMmer4 was used to obtain detailed information on the differences

between two assemblies.

RNA preparation

Five walnut tissues (leaf, catkin 1-inch elongated; catkin 3-inches elongated, pistillate flower, and
pollen) were collected from ‘Chandler’ trees at the UCD walnut orchards. Four additional samples
(somatic embryo, callus, shoot, and roots) were taken from tissue culture material of ‘Chandler’.
Several grams of each tissue were ground in liquid nitrogen and with insoluble
polyvinylpyrrolidone (PVPP; 1% w/w). RNA was isolated using the PureLink™ Plant RNA
Reagent (Invitrogen™, Carlsbad, CA) following the manufacturer’s instructions, but with an
additional end wash in 1 mL of 75% ethanol. For root tissue only, RNA isolation was performed
using the MagMAX™ mirvana™ Total RNA lIsolation Kit (Applied Biosystems™, Foster City,
CA) as per protocol, except for the lysis step. A different lysis buffer was created adding 100 mg
of sodium metabisulfite to 10 mL of guanidine buffer (guanidine thiocyanate 4M, sodium acetate
0.2M, EDTA 25 mM, PVP-40 2.5%, pH 5.0) and 1 mL of nuclease-free water. Then, 100 mg of
ground root tissue were lysed in 1 mL of the new lysis buffer using a Tissue Lyser at max frequency
for 2 min. The lysate was centrifuged at 4° C for 5 min at max speed. The supernatant (500 uL)
was transferred to a new tube for the following steps of RNA isolation as per protocol. RNA
samples were then purified, and DNase treated using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany). The RNA quality was confirmed by running an aliquot of each sample on an

Experion™ Automated Electrophoresis System (Bio-Rad, Hercules, CA).
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PacBio IsoSeq sequencing

Full-length cDNA 1so-Seq template libraries for PacBio IsoSeq analysis were constructed and
sequenced at the DNA Technologies & Expression Analysis Core Facility of the UC Davis
Genome Center. FL double-stranded cDNA was generated from total RNA (2 g per tissue) using
the Lexogen Telo™ prime Full-length cDNA Kit (Lexogen, Inc., Greenland, NH, USA). Tissue-
specific cDNAs were first barcoded by PCR (16-19 cycles) using IDT barcoded primers
(Integrated DNA Technologies, Inc., Coralville, lowa), and then bead-size selected with AMPure
PB beads (two different size fractions of 1X and 0.4X). The nine cDNAs were pooled in equimolar
ratios and used to prepare a SMRTbell™ library using the PacBio Template Prep Kit (PacBio,
Menlo Park, CA). The SMRTbell™ library was then sequenced across four Sequel v2 SMRT cells

with polymerase 2.1 and chemistry 2.1 (P2.1C2.1).

PacBio raw reads were processed using the Isoseq3 v.3.0 workflow following PacBio

recommendations (https://github.com/PacificBiosciences/IsoSeq3). Circular consensus sequences

(CCSs) were generated using the program ‘ccs’. The CCSs were demultiplexed and cleaned of
cDNA primers using the program ‘lima’. Afterward, CCS clustering and polishing was performed
using the program ‘isoseq3’, to generate HQ FL sequences for each of the nine tissues. Full-length
non-chimeric (FLnc) and HQ clusters were aligned onto the new ‘Chandler’ assembly v2.0 with

minimap2 v.2.12-r827, including the parameter ‘-ax splice’ [66].

Repeat annotation

A genome-specific repeat database was created using the ‘basic’ mode implemented in
RepeatModeler v.1.0.11 [67]. RepeatMasker v.4.0.7 was then run to mask repeats in the walnut

reference genome v.2.0 and generate a GFF file [68].
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Gene prediction and functional annotation

Juglans regia RefSeq transcripts and additional J. regia transcripts and protein sequences
downloaded from NCBI, along with the HQ FL IsoSeq transcripts, were used as input to the PASA
pipeline v.2.3.3 [69], to assemble a genome-based transcript annotation. PASA utilizes the aligners
BLAT v.35 [70] and GMAP v.2018-07-04 [71], along with TransDecoder v.5.5.0 [72], which
predicts open reading frames (ORFs) as genome-based GFF coordinates. The final
PASA/TransDecoder GFF3 file was post-processed to name the genes and transcripts by
chromosome location consistently. The chloroplast and mitochondrial genomes were annotated
using the “CHLOROBOX GeSeq Annotation of Organellar Genomes” tool at

https://chlorobox.mpimp-golm.mpg.de/geseq.html with default parameters [73]. NCBI accessions

NC_028617.1 (J. regia chloroplast), KT971339.1 (Medicago truncatula mitochondrion),
NC_029641.1 (M. truncatula mitochondrion) and NC_012119.1 (Vitis vinifera mitochondrion)
were also input as custom references. The output gff3 files were then post-processed to consistently

rename genes.

Functional roles were assigned to predicted peptides using Trinotate v.3.1.1 [74]. In particular,
similarity searches were performed against several public databases (i.e., Uniprot/Swiss-Prot,
NCBI NR, Vitis_vinifera.IGGP_12x, J. regia RefSeq) using BLAST v.2.8.1, HMMER v.3.1b2,
SignalP v.4.1c, and TMHMM v.2.0c. Gene family analysis was performed by running Interproscan
v. 5.30-69.0 [75,76] with default parameters on each protein fasta file (v1.0 [9], NCBI RefSeq
[GCF_001411555.1 wgs.5d] and v2.0). The PANTHER family ID with the lowest expect value

(below expect value threshold of 1.0E*) was assigned to each protein.

The completeness and quality of both genome assembly and gene annotation of Chandler v.2.0

were estimated with the BUSCO method v.3 (1,440 core genes in the embryophyte dataset) [77],
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and the sets of coreGFs of green plants (2,928 coreGFs) and rosids (6,092 coreGFs) from PLAZA
v.2.5 [78]. Also, RNA-Seq data previously generated for 20 tissues (see [9]) were aligned to the
reference genome (v1.0 and v2.0) with HISAT2 [79]. The alignments of the 20 RNA-seq data and
the FL transcripts along with the new genome annotation v2.0 were then used as input to StringTie
v.2.0 [80] to estimate expression levels in both fragments per kilobase per million reads (FPKM)
and transcripts per million (TPM) for each transcript in the v2 annotation. The percent identity and
coverage of each J. regia transcript compared to proteins in the NCBI plant RefSeq database was

also determined by running the EnTAP pipeline v.0.9.0 [43].

Label-free shotgun proteomics

Plant tissues of immature, intermediate, mature catkins (Additional file 1, Figure S9) and pure
pollen from three individual trees of Chandler at the UCD walnut orchards were collected and
frozen immediately in dry ice. Tissues were then further frozen in liquid nitrogen in the laboratory
and ground with mortar and pestle. Five hundred milligrams of each sample were used for total
protein extraction, following the procedure for recalcitrant plant tissues of [81], with a
modification in the final buffer used to resuspend the protein pellet, consisting of 8M urea in 50mM
triethylammonium bicarbonate (TEAB). One hundred micrograms of total protein from each

sample were then used for proteomics.

Initially, 5 mM dithiothreitol (DTT) was added and incubated at 37°C for 30 min and 1,000 rpm
shaking. Next, 15 mM iodoacetamide (IAA) was added, followed by incubation at room
temperature for 30 min. The IAA was then neutralized with 30 mM DTT in incubation for 10 min.
Lys-C/trypsin then was added (1:25 enzyme: total protein) followed by 4 h incubation at 37°C.
After, TEAB (550 pl of 50 mM) was added to dilute the urea and activate trypsin digestion

overnight. The digested peptides were desalted with Aspire RP30 Desalting Tips (Thermo
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Scientific), vacuum dried, and suspended in 45 pl of 50 mM TEAB. Peptides were quantified by
Pierce quantitative fluorometric assay (Thermo Scientific) and 1 pg analyzed on a QExactive mass
spectrometer (Thermo Scientific) coupled with an Easy-LC source (Thermo Scientific) and a
nanospray ionization source. The peptides were loaded onto a Trap (100 microns, C18 100 A 5U)
and desalted online before separation using a reversed-phase (75 microns, C18 200 A 3U) column.
The duration of the peptide separation gradient was 60 min using 0.1% formic acid and 100%
acetonitrile (ACN) for solvents A and B, respectively. The data were acquired using a data-
dependent MS/MS method, which had a full scan range of 300-1,600 Da and a resolution of
70,000. The resolution of the MS/MS method was 17,500 and the insulation width 2 m/z with a
normalized collision energy of 27. The nanospray source was operated using a spray voltage of
2.2 KV and a transfer capillary temperature heated to 250°C. Samples were analyzed at the UC

Davis Proteomics Core.

The raw data were analyzed using X! Tandem and viewed using the Scaffold Software v.4.
(Proteome Software, Inc.). Samples were searched against UniProt databases appended with the
CRAP database, which recognizes common laboratory contaminants. Reverse decoy databases
were also applied to the database before the X! Tandem searches. The protein-coding sequences
(CDS) annotated in Chandler v1.0 (NCBI accession PRINA350852) and v2.0 were used as a
reference for identification of proteins from the mass spectrometry data. The proteins identified
were filtered in the Scaffold software based on the following criteria: 1.0% FDR (false discovery
rate) at protein level (following the prophet algorithm: http://proteinprophet.sourceforge.net/), the
minimum number of 2 peptides and 0.1% FDR at the peptide level. Structure of the walnut allergen

(Jug r 9) was modelled using SWISS-MODEL [82] based on the structure of a homologous
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allergen from lentil (PDBid:2MAL). Structures were superimposed using MUSTANG (2MAL:in

red, walnut in blue) [83].
Chandler genomic diversity

Illumina whole-genome shotgun data of Chandler were aligned on the Chandler v2.0 with BWA
[84] with standard parameters. SNP calling was performed using SAMtools v1.9 [85] and
BCFtools v.2.1 [86]. SNP density for windows of 1 Mb was estimated using the command
‘SNPdensity’ implemented in VCFtools v0.1.16 [87]. Self-collinearity analysis to detect
duplicated regions in Chandler v2.0 was performed with MCScanX [88], using a simplified GFF
file of the new gene annotation and a self-BLASTP as input. To improve the power of collinearity
detection, tandem  duplications were excluded after running the function
‘detect_collinear tandem_arrays’ implemented in MCScanX. Synonymous (Ks) and
nonsynonymous (Ka) changes for syntenic protein-coding gene pairs were measured using the Perl

script “add_ka and ks to collinearity.pl” implemented in MCScanX.

To explore the inbreeding level across the 16 chromosomal pseudomolecules of Chandler,
haplotypes were built for 55 individuals of the UCD-WIP, including 25 founders and several
commercially relevant walnut cultivars (e.g., Chandler, Howard, Tulare, Vina, Franquette) along
with their parents and progenitors. All individuals were genotyped using the latest Axiom™ J.
regia 700K SNP array as described in [7]. To define SNP HBs, 26,544 unique and robust SNPs
were selected and ordered according to the Chandler genome v2.0 physical map. Subsequently,
for each SNP markers and individual, phasing and identification of closely linked groups of SNPs,
without recombination in most of the pedigree, was performed using the software FlexQTL™ [89]
and PediHaplotyper [90] following the approach described in [91] and [90]. In particular, HBs

were defined by recombination sites detected in ancestral generation of Chandler.
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Genomic comparison between Eastern and Western walnuts

The resequencing data of 23 founders of the UCD-WIP (Additional file 26)[10] were mapped
onto the Chandler v2.0 with BWA, and SNPs were called following the same procedure described
above for Chandler. SNPs with no missing data and minor allele frequency (MAF) higher than
10% were retained for the following genetic analyses (7,269,224 SNPs out of the 14,988,422
identified). Hierarchical cluster analysis on a dissimilarity matrix of the 23 UCD-WIP founders
was performed using R/SNPRelate v.1.18.0 [92]. Fixation index (Fst) was measured between
genotypes from EU/USA and Asia with VCFtools v0.1.16, setting windows of 100kb and 500kb.
Genomic windows with the top 5% of Fst values were selected as candidate regions for further
analysis. The empirical cutoff with a low false discovery rate (5%) was verified by performing
whole-genome permutation test (1000) with a custom Python script. Nucleotide diversity () and
Tajima’s D [93] were also computed along the whole genome in 100-kb and 500-kb windows
using VCFtools. Reduction of diversity coefficient (ROD) was estimated as 1 — (7 occ/ Tasia). The
new walnut gene annotation v.2.0 was used to identify predicted genes in the candidate regions
under selection. The distribution of the identified genes into different biological processes was
evaluated using the weightO1 method provided by the R/topGO [94]. The Kolmogorov—-Smirnov-
like test was performed to assess the significance of over-representation of GO categories
compared with all genes in the walnut gene prediction. Plots were obtained using the R/circlize

v.0.4.6 and R/ggplot2 v.3.5.3 packages.

Availability of supporting data
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All raw and processed sequencing data generated in this study have been submitted to the NCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession number
PRINA291087. All SNP data have been submitted to Hardwood Genomics

(https://hardwoodgenomics.org/Genome-assembly/2539069).

Additional files

Additional file 1. Tables S1-S9; Table S14-S20; Figures S1-S15.

Additional file 2. Tables S10-S13

Additional file 3. Mass-spectrometry proteome data of catkins and pollen tissues. Three samples
of each tissue type (immature catkin, mature catkin, senescent catkin, and pure pollen) were
analyzed using v1.0 and v2.0 reference walnut genome assemblies. Total intensity of matching
peptides, number of spectra and percentage of protein covered by the identified peptides are

reported.
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981  Table 1. Comparison among the four assemblies of Chandler. Scaffolds shorter than 1,000 bp are not

982 included in these totals.

983

Statistics Chandler v1.0 Chandler v1.5 Chandler hybrid Chandler HiRise Chandler v2.0

Number of scaffolds 27,032 4,401 3,497 2,656 2,643

N50 length (scaffolds) 304,423 637,984 1,640,935 32,655,472 37,114,715
(bp)

L50 (scaffolds) 344 272 89 8 !

Total lengthof 567299356 650,478,320 567,378,842 567,480,142 567,796,851
assembled scaffolds (bp)

Number of contigs 53,156 7411 3,592 3,700 3,684

N50 length (contigs) 42417 317,751 1,512,354 1,083,883 1,083,883
(bp)

150 (contigs) 3,630 482 97 144 144

Total size of 641501787 617,088,256 567,276,004 567,276,244 567,192,099

assembled contigs (bp)

984

985

986  Table 2. Statistics on the gene annotation of Chandler v2.0 compared to the previous gene annotations of

987  the Chandler genome.

Statistics Chandler v2.0

Chandler v1.0

Chandler RefSeq v1.0

Number of genes 37,554 32,496 41,188
Average gene length (bp) 5,319 4,358 4,641
Single-exon transcripts 6,613 6,247 6,749




988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

Average CDS length (bp) 1,335 1,222 1,336

Number of exons 242,208 172,273 230,261
Average exon length (bp) 257.8 229.5 314
Number of Introns 201,290 139,775 181,419
Average intron length 853.9 730 835
Introns per gene 5.9 5.3 4.4

Figure legends

Figure 1. Collinearity between the high-density ‘Chandler’ genetic map of [14] and the 16

chromosomal pseudomolecules of Chandler v2.0.

Figure 2. Summary of gene distribution and genetic diversity across the 16 chromosomes of
Chandler v2.0. Tracks from outside to inside: (i) gene density of Chandler v2.0 in 1-Mb windows;
(it) Chandler heterozygosity in 1-Mb windows (white = low heterozygosity; blue = high
heterozygosity); (iii) Recombination rate for sliding windows of 10 Mb (average = 2.63 cM/Mb);
(iv) Fst in 500-kb windows. Windows in the 95 percentiles of the Fst distribution are highlighted

in red; (v) ROD values for 500-kb windows.

Figure 3. Clustering of the samples used in the proteomic analysis. (A) Hierarchical clustering
based on Euclidian distances of normalized abundances of detected proteins. Samples are
represented in columns and proteins in rows. (B) Principal component analysis of the 12 samples

analyzed, clustering according to tissue type.

Figure 4. Modeled structure of the putative new allergen encoded by Jr12_05180. The compact

structure is stabilized by four disulfide bonds, common in other allergenic proteins. The model in

46



1004  blue is superimposed with a homologous allergen from lentil (PDBid:2MAL) represented in red.

1005  Structure rendered with Pymol 2.3.

1006  Figure 5. Graphical visualization of haplotype-blocks (HB) inheritance on Chrl5 along with the
1007  Chandler pedigree. (A) The inner-circle highlights in grey two regions of heterozygosity (5 HB
1008 the first and 7 HB the second), and in light green two regions of homozygosity (3 HB the first and
1009 4 HB the second). The circle in the middle shows maternally inherited HBs, while the HBs
1010 inherited through the paternal line are visualized in the outer circle. Payne’s haplotypes are clearly
1011  present in both parental lines. White spaces represent segments of missing haplotype information.

1012  (B) Chandler pedigree, where Pedro is the maternal line and 56-224, the paternal line.

1013  Figure 6. Graphical visualization of allele identity between Chandler and its ancestor Payne for

1014  all 16 chromosomes of Chandler.
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Background: The release of the first reference genome of walnut (Juglans regia L.) enabled many
achievements in the characterization of walnut genetic and functional variation. However, it is
highly fragmented, preventing the integration of genetic, transcriptomic, and proteomic
information to fully elucidate walnut biological processes. Findings: Here, we report the new
chromosome-scale assembly of the walnut reference genome (Chandler v2.0) obtained by
combining Oxford Nanopore long-read sequencing with chromosome conformation capture (Hi-
C) technology. Relative to the previous reference genome, the new assembly features an 84.4-fold
increase in N50 size, with the 16 chromosomal pseudomolecules assembled and representing 95%
of its total length. Using full-length transcripts from single-molecule real-time sequencing, we
predicted 37,554 gene models, with a mean gene length higher than the previous gene annotations.
Most of the new protein-coding genes (90%) presents both start and stop codons, which represents
a significant improvement compared to Chandler v1.0 (only 48%). We then tested the potential
impact of the new chromosome-level genome on different areas of walnut research. By studying
the proteome changes occurring during male flower development, we observed that the virtual
proteome obtained from Chandler v2.0 presents fewer artifacts than the previous reference
genome, enabling the identification of a new potential pollen allergen in walnut. Also, the new
chromosome-scale genome facilitates in-depth studies of intraspecies genetic diversity by
revealing previously undetected autozygous regions in Chandler, likely resulting from inbreeding,
and 195 genomic regions highly differentiated between Western and Eastern walnut cultivars.
Conclusion: Overall, Chandler v2.0 will serve as a valuable resource to understand and explore

walnut biology better.

Keywords: Nanopore, Hi-C, IsoSeq, gene prediction, genetic diversity, proteome, allergens.
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Introduction

Persian walnut (Juglans regia L.) is among the top three most-consumed nuts in the world, and
over the last ten years, its global production increased by 37% (International Nut and Dried Fruit
Council, 2019). Its richness in alpha-linolenic acid (ALA), proteins, minerals, and vitamins, along
with documented benefits for human health, explains this increased interest in walnut consumption
[1]. As suggested by its generic name Juglans from the Latin appellation ‘Jovis glans’, which
loosely means ‘nut of gods’, the culinary and medical value of Persian walnut was already widely

prized by ancient civilizations [2].

The origin and evolution of the Persian walnut are the results of a complex interplay between
hybridization, human migration, and biogeographical forces [3]. A recent phylogenomic analysis
revealed that Persian walnut (and its landrace J. sigillata) arose from an ancient hybridization
occurred between American black walnuts and Asian butternuts after a climate-driven range
expansion in Eurasia during the Pliocene [4]. Evidence suggests that the mountains of Central Asia
were the cradle of domestication of Persian walnut [5], from where it spread to the rest of Asia,

the Balkans, Europe, and, finally, the Americas.

Today, walnut is cultivated worldwide in an area of 1,587,566 ha, mostly in China and the USA
(FAOSTAT statistics, 2017). Considerable phenotypic and genetic variability can be observed in
this wide distribution area, especially in the Eastern countries, where walnuts can still be found in
wild fruit forests. Many studies on genetic diversity in walnut have outlined a genetic

differentiation between Eastern and Western genotypes [6,7]. Moreover, walnuts from Eastern
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Europe, Central Asia, and China exhibit higher genetic diversity and a higher number of rare alleles

than the genotypes from Western countries [8].

The release of the first reference genome, Chandler v1.0 [9], enabled the study of walnut genetics
at a genome-wide scale. For the first time, it was possible to explore the gene space of Persian
walnut with the prediction of 32,498 gene models, providing the basis to untangle complex
phenotypic pathways, such as those responsible for the synthesis of phenolic compounds. The
availability of a reference genome marked the beginning of a genomics phase in Persian walnut,
allowing whole-genome resequencing [4,10], the development of high-density genotyping tools
[7,11], and the genetic dissection of important agronomical traits in walnut [12-15]. However, the
Chandler v1.0 assembly is highly fragmented, compromising the accuracy of gene prediction and
the fulfillment of advanced genomics studies necessary to resolve many, still unanswered

questions in walnut research.

The recent introduction of long-read sequencing technologies and long-range scaffolding methods
has enabled chromosome-scale assembly for multiple plant species, including highly heterozygous
crops such as almond (Prunus dulcis; [16] and kiwifruit (Actinidia eriantha; [17]). The availability
of genomes with fully assembled chromosomes provides foundations for understanding plant
domestication and evolution [16,18,19], the mechanisms governing important traits (e.g., flower
color and scent; [20]), as well as the impact of epigenetic modifications on phenotypic variability
[21]. Recently, Zhu et al., (2019) assembled the parental genomes of a hybrid J. microcarpa x J.
regia (cv. Serr) at the chromosome-scale using long-read PacBio sequencing and optical mapping.
They relied on the haplotype divergence between the two Juglans species and demonstrated an

ongoing asymmetric fractionation of the two subgenomes present in Juglans genomes.
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Here we report a new chromosome-level assembly of the walnut reference genome, Chandler v2.0,
which we obtained by combining Oxford Nanopore long-read sequencing [23] with chromosome
conformation capture (Hi-C) technology [24]. Thanks to the increased contiguity of Chandler v2.0,
we were able to substantially improve gene prediction accuracy, with new, longer gene models
identified and many fewer artifacts compared to Chandler v1.0. Also, the availability of full,
chromosomal sequences reveals new genetic diversity of Chandler, previously inaccessible
through standard genotyping tools, and significant genetic differentiation between Western and
Eastern walnuts at 195 genomic regions, including also loci involved in nut shape and harvest date.
In the present research, we demonstrate the fundamental role of a chromosome-scale reference
genome to integrate transcriptomics, population genetics, and proteomics, which in turn enable a

better understanding of walnut biology.

Genome long-read sequencing and assembly

To increase the contiguity of the Chandler genome, we first generated deep sequence coverage
using Oxford Nanopore Technology (ONT), a cost-effective long-read sequencing approach that
determines DNA bases by measuring the changes in electrical conductivity generated while DNA
fragments pass a tiny biological pore [25]. Since the release of the first plant genome assembly
generated using ONT sequencing [26], this technology has been applied to sequence and obtain
chromosome-scale genomes of many other plant species [27-29]. In Persian walnut, ONT
sequencing yielded 7,096,311 reads that provided 21.9 Gbp of sequence, or ~35X genome
coverage (assuming a genome size of 620 Mb). Read lengths averaged 3.1 kb, and the N50 read

length was 6.7 kb, with the longest read being 992.2 kb (Additional file 1: Table S1).

One of the major limitations of long-read sequencing technologies is their high error rate, which

can range between 5% and 15% for Nanopore sequencing [30]. To overcome this limitation, we
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adopted the hybrid assembly technique incorporated into the MaSuRCA assembler, which
combines long, high-error reads with shorter but much more accurate Illumina sequencing reads
to generate a robust, highly contiguous genome assembly [31]. First, using the lllumina reads, we
created 3.7 million 'super-reads' with a total length of 2.9 Gb. We then combined the super-reads
with the ONT reads to generate 3.2 million mega-reads with a mean length of 4.7 kb, representing
24X genome coverage (Additional file 1: Table S2). Finally, we assembled the mega-reads to
obtain the ‘hybrid” lllumina-ONT assembly, which comprised 1,498 scaffolds, 258 contigs, and

25,007 old scaffolds from Chandler v1.0 (Additional file 1: Table S3).

Even though the total number of scaffolds (> 1 Kb) was reduced by 80% compared to Chandler
v1.0 (Table 1), the new hybrid assembly was still fragmented. To improve the assembly further
and build chromosome-scale scaffolds, we applied Hi-C sequencing, which is based on proximity
ligation of DNA fragments in their natural conformation within the nucleus [24]. The HiRise
scaffolding pipeline processed 356 million paired-end 100-bp Illumina reads to generate the
HiRise assembly (Table 1). The top 17 scaffolds from this assembly spanned more than 90% of
the total assembly length, with a scaffold length ranging from 19.6 to 45.2 Mb (Additional file 1:
Figures S1-S2). As shown in Table 1, the Chandler genome contiguity increased dramatically
compared to the previous assemblies. As compared to the recently published genome assembly of
the walnut cultivar Serr [22], Chandler v2.0 was less contiguous at the contig level, with a N50
size of 1.1 Mb against the 15.1 Mb of JrSerr_v1.0. The higher coverage PacBio sequencing data
(57.2 Gbp) used to assemble JrSerr_v1.0 may explain this discrepancy in contiguity between the
two assemblies. Besides, our assembly presented similar value of contiguity to the recently
published genomes of pecan (Carya illinoinensis; 1.1 Mb [32]), Chinese chestnut (Castanea

mollissima; 944.4 kb [33]) and oak (Quercus robur; 1.35 Mb [34]).
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Validation of the HiRise assembly

To assess the quality of the HiRise assembly, we used two independent sources of data. First, we
used the single nucleotide polymorphism (SNP) markers mapped on the high-density genetic map
of Chandler recently described by [14]. Out of the 8,080 SNPs mapped into 16 linkage groups
(LGs), 6,894 had probes aligning uniquely on the HiRise assembly with 98% of identity for more
than 95% of their length. A total of 35 scaffolds of the HiRise assembly could be anchored to a
chromosomal linkage group by at least one SNP (Figure 1). In particular, 13 LGs were spanned

by a single HiRise scaffold, while two to three scaffolds each aligned the remaining three LGs.

Second, we anchored the HiRise assembly to the Chandler genetic map used by [35] to construct
a walnut physical map. In total, 972 of the mapped markers (1,525 SNPs) aligned uniquely on the
same 35 HiRise scaffolds anchored to the linkage map mentioned above. Overall, we observed
almost perfect collinearity between the HiRise assembly and both Chandler genetic maps (Figure
1, Additional file 1: Figure S3). Therefore, we oriented, ordered, and named the HiRise scaffolds
consistent with the linkage map of [35], generating the final 16 chromosomal pseudomolecules of

J. regia Chandler.

These 16 contiguous chromosomal scaffolds account for 95% of the final walnut reference genome
v2.0, with an N50 scaffold size of 37 Mb. We identified telomere sequences at both ends for nine
of the chromosome scaffolds, on one end of the other seven chromosomes and one end of seven
unanchored scaffolds. Also, all 16 chromosomes had centromeric repeats in the middle, alongside

regions with low recombination rates (Figure 2).

As compared to the previous Chandler genome assemblies (Table 1), Chandler v2.0 had a smaller

genome size (573.9 Mb), much closer to the Genomescope estimate of 488.2 Mb. This reduction
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in genome size represents a great improvement of Chandler v2.0 and can be related to the removal
of haplotype variants, likely interpreted and annotated as different scaffolds in the previous
genome versions. Compared to the Serr walnut genome (JrSerr_v1.0; 534.7 Mb) [22], Chandler
v2.0 had a larger genome size, likely due to structural variation (e.g., copy number and
presence/absence variants), whose central role in explaining intraspecific genomic and phenotypic
diversity has been reported in different plant species [36,37]. In addition, the higher number of
unanchored scaffolds (2,631; 20.9 Mb) in Chandler v2.0 compared to JrSerr_v1.0 can represent
autozygous genomic regions of Chandler, devoid of segregating markers and, therefore, difficult
to anchor to linkage genetic maps [35], as also suggested by the higher fixation index (F) observed
in Chandler (0.03) than Serr (-0.29) in previous genetic surveys [7]. The two walnut assemblies,
though, aligned with high sequence identity (over 98% for more than 95% of their total length)
and showed high collinearity (Additional file 1: Figure S4). Future comparative genomics studies
will provide further insights on the functional and structural differences between the two genome
assemblies, and their explanatory involvement in the morphological and physiological variation of

these two walnut cultivars.

To assess the sequence accuracy of Chandler v2.0, we first compared the scaffold sequences of
Chandler v2.0 with the previous version of the walnut reference genome. About 578 Mb of
sequence were mutual best alignments, namely best hits of each location between Chandler v2.0
and v1.0 and vice versa, with a sequence identity of 99.6%. We also observed that 135 Mb of
Chandler v1.0 (18.9%) aligned to the same locations in Chandler v2.0, suggesting the presence of
redundant haplotypes in the previous version of the walnut reference genome that have been
removed in our assembly. We then mapped the Illumina whole-genome shotgun data [9] against

the new chromosome-scale genome. The alignment resulted in 64,950,691,681 bps mapped, of
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which 407,450,406 were single-base mismatches, consistent with an Illumina sequence accuracy

rate of 99.5%.

Repeat annotation

More than half (58.4%) of the new Chandler v2.0 is repetitive. This estimate is higher than the
previous version of the walnut reference genome (51.19%) and comparable with other Fagales
genomes [34,38]. As in most plant genomes, interspersed repeats were the most abundant type of
repeats, with retrotransposons at 36.45% and DNA transposons at 15.86%. Gypsies (10.5%) and
Copias (7.69%) were the most represented classes of long-terminal retrotransposons (LTR), and,
though widely dispersed throughout the genome, they were distributed differently along the 16
chromosomes (Additional file 1: Figure S5): the Gypsies LTRs were more abundant alongside
the centromeres, where, instead, the density of the Copia LTRs decreased, as previously observed
in walnut [22]. The long-interspersed nuclear elements (L1/LINE), which possess a poly(A) tail
and two open reading frames (ORFs) for autonomous retrotransposition, was the largest class of

non-LTRs at 7.14% of the genome. Simple repeats (1.91%) were also found.

PacBio IsoSeq sequencing and gene annotation

A fragmented reference genome can severely hamper the accuracy of gene prediction, because
many genes will be broken across multiple small contigs (false negatives), and because

heterozygous gene variants may be annotated separately (false positives).

To improve the gene prediction accuracy of Chandler v2.0, we used the “Isoform Sequencing”
(Iso-Seq) method, developed by Pacific Biosciences (PacBio), which can generate full-length
transcripts up to 10 kb, allowing for accurate determination of exon-intron structure by the

alignment of the transcripts to the assembly [39]. The high error rate of PacBio sequencing can be
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greatly reduced using circular consensus sequence (CCS), in which a transcript is circularized and
then sequenced repeatedly to self-correct the errors. We applied PacBio 1soSeq to sequence full-
length transcripts from nine tissues, chosen to cover most of the transcript diversity in walnut
(Additional file 1: Table S4). Across the four SMRT cells, we obtained 26,328,087 subreads with
a mean length of 1,188 bp (Additional file 1: Table S5) and CCSs ranging from 13K to 142K per
library (Additional file 1: Table S6). Out of the 745,730 full-length non-chimeric (FLnc)
transcripts, 68,225 were classified as high quality, FL (HQ FL) consensus transcript sequences,
with an average length of 1,357 bp (Additional file 1: Table S6). Catkin 1-inch elongated (CAT1),
shoot, and root yielded the lowest number of HQ FL transcripts, while pollen and leaf had the
lowest number of HQ consensus clusters obtained per CCS after polishing (Additional file 1:
Table S6). These results can be explained by lower cDNA quality or fewer inserts of full-length
transcripts from these tissues during the cDNA pooling and library preparation. Nevertheless, more
than 99% of the HQ FL transcripts aligned onto the new chromosomal-level walnut reference

genome (Additional file 1: Table S7).

By combining the HQ FL transcripts with available Juglans transcriptome sequences, we identified
37,554 gene models, which are more than those annotated in Chandler v1.0 but fewer than the
predicted genes in the NCBI RefSeq J. regia annotation generated with the first version of the
reference genome (Table 2). Thus, the new chromosome-scale genome, along with the availability
of full-length transcripts, allowed us to identify genes missed in Chandler v1.0 due to genome
fragmentation, as well as to remove false-positive predictions likely caused by heterologous
variants of the same locus mistakenly interpreted and annotated as independent scaffolds in
Chandler v1.0. Also, the mean gene length in Chandler v2.0 was higher than the previous gene

annotations (Table 2), a consequence of the increased contiguity of the new chromosome-scale
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reference genome. The average gene density of Chandler v2.0 was 19.75 genes per 100 kb, with
higher gene content in the proximity of telomeric regions (Figure 2), consistent with other plant
genomes [19,40]. The majority of the predicted gene models of Chandler v2.0 was supported by
expression data, and showed high similarity with a protein-coding transcript of other plant species
(Additional file 1: Table S8). Also, 30,318 models were annotated with 8,243 different Gene

Ontology (GO) terms (Additional file 1: Figures S6-S8).

Out of the 40,884 transcripts identified, 84% were multi-exonic, with 5.9 exon each, on average,
and longer introns than the previous gene annotations of Chandler (Table 2). The majority of
intron/exon junctions were GT/AG-motif (98.2%), even though alternative splicing with non-
canonical motifs was also observed (GC/AG — 0.8%; AT/AC — 0.11%). Almost 90% (36,422) of
the coding sequences presented both canonical start and stop codons, while 4,462 had either a start
or a stop codon. This result represents a great improvement compared to Chandler v1.0, where

only 48% of the predicted gene models presented both start and stop codons [9].

Also, we observed that 2,801 gene models had from two to four transcript isoforms each, with a
mean length of 9,389 bp. This proportion of gene models with multiple transcript isoforms is
smaller compared to other plant species [41,42], likely due to the low depth of coverage of our
PacBio sequencing. Out of the 6,437 isoforms identified, 1,448 were covered by FL HQ transcripts
in at least one tissue, while 5,689 were expressed in at least one of the 20 tissues [9], which most
likely covered higher gene diversity compared to the nine tissues used for PacBio IsoSeq. On
average, the lllumina isoforms (9,188bp) were longer than the PacBio isoforms (6,790 bp). By
running the EnTAP functional annotation pipeline with the entire NCBI RefSeq plant database

[43], we observed that almost all isoforms (98%; 6,287) were annotated with a plant protein.
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We also investigated possible gene family expansion and contraction among the three Chandler’s
gene annotations. Overall, we identified fewer gene families in Chandler v2.0 (5,163 Panther
family represented) than v1.0 (5,330) and NCBI RefSeq J.regia annotation (5,374). However,
when counting the number of members per family, we observed a gene family expansion, in
general, in Chandler v2.0 compared to v1.0: 39,357 proteins were assigned to a Panther gene
family in Chandler v2.0, with an average of 7.6 members per family, against the 30,639 proteins
annotated with a Panther domain in v1.0 (6 members per family on average). On the contrary, we
noticed an overall gene family contraction in v2.0 compared to NCBI RefSeq, where 10.4 gene
members were assigned to a Panther domain on average. Both the increment of contiguity and the
reduction in haplotype redundancy can explain the observed patterns of gene family expansion and
contraction among the three Chandler’s gene annotations, even if the different methods of gene

prediction used in the three studies could also account for these differences.

Most of the 1,440 core genes in the embryophyte dataset from Benchmarking Universal Single-
Copy Orthologs (BUSCO) were assembled completely (82.5% single-copy; 12.6% duplicated),
similarly to other Fagales genome assemblies (Table 3) [32,33,38,44,45]. Also, 88% of both
rosids and green sets of core gene families (coreGFs) were identified in the gene annotation,

confirming the high-quality and completeness of the gene space of Chandler v2.0.

Improved assessment of proteomes with the complete genome sequence

After confirming the importance of a chromosome-scale reference genome for the improvement
of gene prediction accuracy, we analyzed the impact of a contiguous genome sequence using
proteomic analysis. Proteomes are commonly investigated by isolating the total protein
complement of a sample and fragmenting those proteins into smaller peptides that are resolved by

mass and charge by mass spectrometry. After detection, the peptides’ amino acid sequences are
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determined by matching their mass and charge to candidate sequences obtained from a reference
proteome inferred from the reference genome (virtual proteome). A fragmented assembly of the
reference genome can lead to an inaccurate prediction of a species’ proteome and, then, a miss-

identification of the proteins expressed in specific tissues at particular stages [46].

We isolated proteins of reproductive tissues harvested from mature Chandler walnut trees,
focusing on different development stages of the male flower (catkin; Additional file 1: Figure
S9) and mature pollen grains. We analyzed the proteomic data generated from these samples using
the virtual proteomes predicted from the gene annotation of the new chromosome-scale genome
and Chandler v1.0 (NCBI RefSeq). Considering all tissues analyzed, we identified fewer unique
peptides (43,083) with the new chromosome-scale walnut genome than with Chandler v1.0
(44.679). In addition, 6,966 unique proteins were detected with Chandler v2.0 against the 8,802
found using version 1 as a search database (Additional file 2: Table S9; Additional file 3). Most
likely, the NCBI proteomic database based on the fragmented Chandler v1.0 included artifacts

resulting from an overestimation of the protein-coding genes.

In the example presented below, we focused on the allergenic proteins produced during catkin and
pollen development. Approximately 2% of walnut consumers have a high risk of developing
allergies to nuts or pollen [47]. Initially, we clustered the samples according to their protein
constituents and levels. This revealed a higher similarity between immature and mature catkins
and a more distinct pattern of detected proteins between senescent catkins and pure pollen (Figure

3).

We then searched the four analyzed proteomes for allergenic proteins listed in the WHO/IUIS
Allergen Database (www.allergen.org; Additional file 2: Table S10), as well as for additional

proteins not yet registered in the allergen database but predicted in Chandler v2.0 as potential
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allergens given their predicted structural similarity to known allergens (Additional file 3). Four of
the eight recognized allergenic proteins were detected in at least one of the catkin developmental
stages, with Jug_r_5 (XP_018825777 | Jr12_10750) and Jug_r_7 (XP_018808763 | Jr07_28960)
present in all sample types, including pollen (Additional file 2: Table S10). Genes adjacent to
known allergen-coding sequences, likely indicating gene duplications, encode three of the new
potential allergens (Additional file 2: Table S10). Moreover, we discovered that the gene locus
Jr12_05180 encodes a non-specific lipid transfer protein (nsLTP; Jug_r 9 | XP_018813928), a
potential allergen highly expressed during catkin maturation and in pollen (Additional file 2:
Table S10-11). In particular, Jug_r_9 was the most abundant protein in mature and senescent
catkins, and the second most abundant in pure pollen. Another interesting allergen similar to
Jug_r_9 (same eight cysteine configuration) is XP_018814382 | Jr03_26970; it decreases as the
catkin matures, and is absent in pollen (Additional file 2: Table S10-11). Similarly, polyphenol
oxidase (PPO, XP_018858848 | Jr03_06780) is high in the immature catkin and almost absent in

the pollen.

The integration of this proteomic data with previously published transcriptomic data obtained from
20 walnut tissues [9] shows high reproducibility between the methods. In both datasets, allergens
Jug r_1, 4, and 6 were not detected in catkins, while the new putative allergen Jug_r_9 was highly
expressed in catkins (Additional file 2: Table S11-12). Also, Jr12_05180 transcripts were not
detected in any of the 20 tissues but catkin, thus confirming the strong specificity of Jug_r_9 for
catkin and pollen tissue (Additional file 2: Table S12). Modeling the structure of this putative
allergen reveals four predicted disulfide bonds, potentially conferring heat and protease-resistance,
and further suggesting allergenic properties (Figure S10). Future studies will clarify the functional

role of this protein and its allergenic nature.
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The detection of new potential walnut allergens confirms the positive impact of Chandler v2.0 on
proteomic studies in walnut, by providing a clearer and more precise organization of the CDSs

within a genomic region than the previous fragmented genome assembly v1.0.
Chandler genomic diversity

By anchoring the HiRise assembly to the Chandler genetic map [14], we observed highly
homozygous regions in Chandler, especially on Chrl5, where the genetic gap spanned 14.5 cM,
corresponding to a physical distance of 9.1 Mb. A large gap on Chrl15 (9.23 cM — 1.5 Mb) was
also observed by [35], which suggested inbreeding as a possible cause for the lack of segregating
loci in this region in Chandler, whose parents shared Payne as an ancestor. To confirm the
autozygosity of Chandler on Chrl15, we used the Illumina whole-genome shotgun data of Chandler
and the identified polymorphisms to study its genetic diversity across the new chromosome-scale
genome. We identified 2,205,835 single heterozygous polymorphisms on the 16 chromosomal
pseudomolecules, with an SNP density of 4.0 SNPs per kb (Figure 2; Additional file 1: Table
S13). Fifty-six 1-Mb-regions exhibited less than 377.5 SNPs (10" percentile of the genome-wide
SNP number distribution), and chromosomes 15, 1, 7, and 13 were the top four chromosomes in
the number of low heterozygous regions (Additional file 1: Table S14). In particular, Chrl5
presented nine 1-Mb windows with a significantly low number of polymorphisms, five of which
span 4 Mb at the end of the chromosome. In these nine low heterozygous regions, we found 1,536
SNPs in total (Figure 2), of which only 25 were tiled on the Axiom J. regia 700K SNPs array.
The absence of these polymorphisms segregating in Chandler in the SNP array could be related to
either a failed identification during the SNP calling due to the highly fragmented reference genome
v1.0 or with the SNP exclusion during the filtering process applied to build the genotyping array

[7]. The low number of Chandler heterozygous SNPs in the array affected the end of Chrl5 the
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most, causing a reduction in the genetic length of the corresponding linkage group (Figure 1), as
well as leaving unexplored 4 Mb of Chandler genetic variability, which is now accessible thanks
to the new chromosome-scale reference genome. The failure to anchor seven of the scaffolds with
telomeric sequences can be explained by the missed detection of terminally located highly
homozygous regions during genetic map constructions, due to the absence of crossing-over events

with heterozygous flanking markers.

Due to the evidence of whole-genome duplication in Juglans genomes [35], we searched for
conserved regions of synteny between Chr15 and its homologous regions in the genome, to study
their level of divergence and identify other evolutionary forces as possible causes of the localized
reduction of heterozygosity on Chrl5. Of the 5,739 pairs of paralogous genes (8,701 genes;
Additional file 1: Figure S11) identified in Chandler v2.0, 448 included genes on Chr15, and 389
of these have their respective paralogues on Chr6 (Additional file 1: Figure S12), in line with
what was already reported by [35]. The Chr06-Chrl5 pairs of paralogous genes showed average
values of divergence indexes (Ks = 0.38; Ka = 0.13) similar to the ones observed genome-wide for
other syntelogs (Ks = 0.4; Ka = 0.09), which are paralogous genes derived from the same ancestral
genomic region. Similar values of divergence were also observed for the 178 Chr06-Chrl5
syntelogs (171 genes) falling within the nine low heterozygous regions on Chrl5 (Ks = 0.4, Ka =
0.1), excluding different evolutionary rates for these regions. Other than paralogous genes, we
found 393 singleton genes in the low heterozygous regions on Chr15 of Chandler. These genes are
involved in different biological processes, many of which related to signal transduction, protein

phosphorylation, and response to environmental stimuli (Additional file 1: Table S15).

We further investigated the contribution of inbreeding to the high level of autozygosity on Chrl5

by visualizing the inheritance of haplotype-blocks (HB; genomic regions with little recombination)
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across the Chandler pedigree (Figure 4B). We observed that Payne accounts for the entire
Chandler genetic makeup (19 HBs for the total length of Chr15) inherited from Pedro (mother),
where only one HB (2,08 Mb) shared the same allele of Conway-Mayette (maternal-grandfather;
Figure 4A). Regarding the paternal genetic makeup of Chandler, 13 out of 19 HBs (9,05 Mb) on
Chr15 inherited Payne alleles, providing further evidence of high inbreeding on this chromosome
(Figure 4A). This is even more evident in assessing the number of alleles matching between Payne
and Chandler across the genome: Chrl15 (14 HBs for a total of 13,95 Mb; Figure S13) shares full
allele identity with Payne for almost its entire length. Such allele matching between Chandler and
its ancestor Payne also occurs on Chrl (9 HBs for a total of 8,44 Mb), Chr4 (6 HBs - 7,68 Mb),
Chr7 (21 HBs - 21,62Mb) and Chr14 (7 HBs — 12,29 Mb; Figure 5). These results suggest high
level of inbreeding in many genomic regions of Chandler (Figure 5), even though direct and
indirect selection might have caused the observed presence of extended homozygous regions in

Chandler’s genome.

Genomic comparison between Eastern and Western walnuts

Even though numerous surveys regarding genetic diversity within walnut germplasm collections
have been reported so far [48,49], comparative analyses at the population level and genome scans
for signatures of selection are still missing in Persian walnut. The availability of a chromosome-
scale reference genome enables exploration of the patterns of intraspecific variation at the genomic

level, providing new insight on the extraordinary phenotypic diversity present within J. regia.

We used the resequencing data generated for 23 founders of the Walnut Improvement Program of
the University of California, Davis (UCD-WIP; Additional file 1: Table S16) [10] to study the
genome-wide genetic differentiation among walnut genotypes of different geographical

provenance. We identified 14,988,422 SNPs, and over 97% of them were distributed on the 16
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chromosomal pseudomolecules, with 9.4 polymorphisms per kb. A hierarchical clustering analysis
(Additional file 1: Figure S14) divided the 23 founders into two major groups, including
genotypes from western countries (USA, France, and Bulgaria) and Asia (China, Japan,
Afghanistan), respectively, as previously reported [7,50]. High phenotypic diversity for many traits
of interest in walnut, such as phenology, nut quality, and yield, has been observed within and
between germplasm collections from Western and Eastern countries [51]. Walnut trees from Asia
are noted for their lateral fruitfulness and precocity, rarely observed in the USA and western
Europe, so that they have been used as a source of these phenotypes in different walnut breeding

programs [52].

At a genomic level, we found a moderate differentiation (Fst = 0.15) between Western and Eastern
genotypes, except for 195 genomic windows (100 kb) that showed substantially high population
differences (Fst > 0.36; top 5% in the whole genome). In particular, chromosomes 7, 5, 1, 4, and
2 presented about 70% of the divergent sites (Figure 2; Additional file 1: Figure S15). As
suggested by the mean reduction of diversity coefficient (ROD) value (0.41), in most of the
genomic regions highly differentiated, the UCD-WIP founders from the USA and Europe showed
lower nucleotide diversity (m = 2.5 x 10#) than the Asian genotypes (n = 5.0 x 10™), consistent
with [8] (Figure 2; Additional file 1: Figure S15). The proximity of our eastern genotypes to the
supposed walnut center of domestication in Central Asia can explain the high level of diversity

observed in this subgroup.

More than 60% (122) of the highly differentiated windows showed a negative value of Tajima’s
D in the EU/USA subgroup (Docc = -1.12), thus, suggesting that selection has been likely acting
on these genomic regions in the Western genotypes (Additional file 1: Figure S15). Here we

found 743 genes, with GO biological categories mostly related to signal transduction, embryo
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development, and response to stresses (Additional file 1: Table S17). Ten candidate selective
sweeps (Dasia = -0.54) were also observed in the Eastern group (Additional file 1: Figure S15),
which included 57 predicted genes, related to terpenoid biosynthesis, post-embryonic

development, and signal transduction (Additional file 1: Table S18).

Recently, many marker-trait associations have been reported for different traits of interest in
walnut, such as leafing date, nut-related phenotypes, and water use efficiency [12—-14]. We looked
to see if any of these trait-associated SNPs fell within regions highly differentiated between
Western and Eastern genotypes. Three loci associated with shape index, nut roundness, and nut
shape [12] are located in two genomic regions on chromosome 3 and 4 with significantly high
values of Fst (Additional file 1: Table S19). In both of these regions, Western genotypes
presented lower genetic diversity and lower values of Tajima’s D than the Eastern walnuts. These
findings may suggest that, while a selective pressure for nut shape may have occurred in the
EU/USA subgroups, higher phenotypic variability can be expected for these traits in the Eastern
countries. We also found that the locus AX-170770379, strongly associated with harvesting date
[14], falls within a genomic region on Chrl with an Fst value equal to 0.39 and lower genetic
diversity in the western genotypes (ROD = 0.63; Additional file 1: Table S19). Looking at the
phenotypic effect of this SNP on the harvest date of the 23 founders, we observed that most of the
western genotypes are later harvesting than the eastern (Additional file 1: Figure S16), suggesting
differences in the timing of phenological events between these two groups as adaptation to the

different climate conditions present in their countries of origin [53].

Future resequencing projects involving larger walnut collections and covering a wider area of the

global walnut distribution are necessary to confirm and interpret the observed genomic
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differentiation between Western and Eastern walnuts, likely helping to understand the role of this

genomic divergence in the evolutionary history of Persian walnut.

Methods

Oxford Nanopore sequencing and assembly

High molecular weight (HMW) DNA for Nanopore sequencing (Oxford Nanopore Technologies
Inc., UK) was isolated through a nuclei extraction and lysis protocol. First, mature leaf tissue from
the same tree used for the original J. regia Chandler genome [9] was homogenized with mortar
and pestle in liquid nitrogen until well ground, then added to the Nuclei Isolation Buffer [54], and
stirred at 4°C for 10 minutes. The cellular homogenate was filtered through 5 layers of Miracloth
(Millipore-Sigma) into a 50 mL Falcon tube, then centrifuged at 4°C for 20 minutes at 3000 x g.
This speed of centrifugation was selected based on the estimated walnut genome size of 1 Gb [55].
Extracted nuclei were then lysed for 30 minutes at 65°C in the SDS-based lysis buffer described
by [56]. Afterwards, 0.3 volumes of 5M potassium acetate were added to the lysate to precipitate
residual polysaccharides and proteins. The sample was incubated for 5 minutes at 4°C and then
centrifuged at 4°C for 10 minutes at 2400 x g. After removing the supernatant, genomic DNA
(gDNA) was ethanol precipitated, and then eluted in 10 mM Tris-Cl. Further purification of the

gDNA was then performed using a Zymo Genomic DNA Clean and Concentrate column.

One pg of the isolated gDNA was prepared for sequencing using the Ligation sequencing kit
(LSK108, Oxford Nanopore) following manufacturer’s protocol with an optimized end repair (100
pl sample, 14 pl enzyme, 6 pl enzyme, incubated at 20°C for 20 minutes then 65°C for 20 minutes).
In detail, the gDNA was end polished using the NEBNext® Ultra™ II DNA Library Prep Kit, and

then cleaned up with 1X Ampure XP beads (Beckman Coulter). Afterwards, the gDNA was ligated
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to Oxford Nanopore specific adapters, followed by an additional cleanup with 0.4X Ampure XP
beads. Finally, the libraries were sequenced for 48 hours on six flowcells of the Oxford Nanopore
Mk1B MinlON platform with the R9.4 chemistry. Raw fast5 data were base-called using Albacore

version 1.25.

The ONT data and Illumina reads from [9] were combined to obtain the Chandler hybrid assembly
using MaSuRCA v3.2.3 [57]. In detail, MaSuRCA first transformed the Illumina pair-end reads in
super-reads using the super-reads algorithm, which uses k-mers from Illumina reads to extend
each Illumina read uniquely in both directions. Then, each ONT read was used as a template to
which super-reads can be attached, and the approximate alignments of all super-reads to each ONT
read were computed. The best path of the exactly overlapping aligned super-reads on a ONT read
was then defined, generating a mega-read. The mega-reads typically have a very low error rate
(less than 1%) since they are constructed from the super-reads, and most of them span the full
length of the long reads. Finally, a customized version of the CABOG assembler [58] was used to
assemble the mega-reads along with the Illumina mate pairs, which provide the linking information
for the scaffolding. Gaps were closed using the gap-filling procedure implemented in MaSuRCA
and described by [57]. The de-duplication module implemented in MaSuRCA was then applied to

remove duplicative sequences (scaffold variants due to heterozygosity).

De-duplicated scaffolds were aligned onto the previously finished J. regia chloroplast genome [9]
using "minimap2 -x asm5", as well as to a database of 223 finished plant mitochondria
(downloaded from NCBI RefSeq) using blastn with default parameters. Finally, Chandler v1.0 was
aligned to the de-duplicated hybrid assembly, and the unaligned regions were added to the

Chandler hybrid assembly.

Hi-C sequencing
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A Hi-C library was prepared by Dovetail Genomics LLC (Santa Cruz, CA, USA) as described
previously [59]. Briefly, for each library, chromatin was fixed in place with formaldehyde in the
nucleus and then extracted. Fixed chromatin was digested with Dpnll, the 5° overhangs filled in
with biotinylated nucleotides, and then free blunt ends were ligated. After ligation, crosslinks were
reversed and the DNA purified from protein. Biotin that was not internal to ligated fragments was
removed from the purified DNA. Purified DNA was then sheared to ~350 bp mean fragment size.
Sequencing libraries were generated using NEBNext® Ultra™ enzymes and Illumina-compatible
adapters. Biotin-containing fragments were isolated using streptavidin beads before PCR

enrichment of each library. The libraries were then sequenced on the lllumina HiSeq4000 platform.

The hybrid ONT assembly, Illumina shotgun reads [9], and Dovetail Hi-C library reads were used
as input data for the scaffolding software HiRise, which uses proximity ligation data to scaffold
genome assemblies [60]. Shotgun and Dovetail Hi-C library sequences were aligned to the hybrid
ONT assembly using a modified SNAP read mapper. The separations of Dovetail Hi-C read pairs
mapped within the ONT scaffolds were analyzed by HiRise to produce a likelihood model for the
genomic distance between read pairs, and the model was used to identify and break putative mis-
joins, to score prospective joins, and make joins above a threshold. After scaffolding, Illumina
shotgun sequences were used to close gaps between contigs, resulting in an improved HiRise

assembly.
Validation and anchoring of the HiRise assembly to Chandler genetic maps

The HiRise assembly was first anchored to the Chandler genetic map obtained by [14] from a 312
offspring F1 population ‘Chandler x Idaho’ genotyped with the latest Axiom J. regia 700K SNP
array. SNP probes (71-mers including the SNP site) from the Axiom J. regia 700K SNP array

were aligned onto the HiRise assembly filtering out alignments with probe/reference identity lower
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than 98%, covering less than 95% of the probe length or aligning multiple times on the genome.
Retained markers with a unique segregation profile were then used to anchor the HiRise scaffolds.
The same procedure was also followed to anchor the HiRise assembly to the Chandler genetic map
used to construct a walnut bacterial artificial chromosome (BAC) clone-based physical map by
[35]. The final ordering of scaffolds was performed by taking into consideration the marker genetic
map position, and, in the final sequence, consecutive scaffolds were separated by sequences of

100,000 Ns.

The tandem repeat finder program (trf v4.09; [61] was run using the recommended parameters
(max mismatch delta PM PI minscore maxperiod, 2 7 7 80 10 50 500 resp.) to identify repeat
elements up to 500 bp long. A histogram of repeat unit lengths was generated, and peaks at 7, 29,
33, 44, 154, and 308 bp were identified. From this data, a consensus sequence corresponding to
each peak was selected. All of these repeat sequences were aligned onto the HiRise assembly using
‘nucmer’ from the MUMmer4 package [62] with a minimum match length of 7 to capture the
telomeric repeat. Based on the positions of these alignments along the chromosomes and contigs,
we identified the 7-mer as the telomeric repeat and the 154-mer and 308-mer as centromeric

repeats.

Recombination rate was estimated within sliding windows of 10 Mb with a step of 1 Mb along the
chromosome sequence by using the high-density genetic map of Chandler [14] and the
R/MareyMap package v 1.3.4 [63]. To evaluate Chandler v2.0 error rate, the two assemblies,
Chandler v1.0 and 2.0, were aligned to each other using the ‘nucmer’ program [62]. Assembly
quality statistics were estimated using QUAST v5.0.2 [64], filtering for contigs with a minimum
length of 1Kb. The haploid size of the walnut genome was estimated by first generating the 24-

mer distribution of lllumina paired-end reads (54-fold coverage of the haploid genome) with
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Jellyfish v2.2.6 [65], and then uploading it to Genomescope [66]. Comparisons of Chandler v2.0
versus JrSerr_v1.0 and vice versa were performed using ‘nucmer’ [62], and then the function
‘dnadiff” implemented in MUMmer4 was used to obtain detailed information on the differences

between two assemblies.

RNA preparation

Five walnut tissues (leaf, catkin 1-inch elongated; catkin 3-inches elongated, pistillate flower, and
pollen) were collected from ‘Chandler’ trees at the UCD walnut orchards. Four additional samples
(somatic embryo, callus, shoot, and roots) were taken from tissue culture material of ‘Chandler’.
Several grams of each tissue were ground in liquid nitrogen and with insoluble
polyvinylpyrrolidone (PVPP; 1% w/w). RNA was isolated using the PureLink™ Plant RNA
Reagent (Invitrogen™, Carlsbad, CA) following the manufacturer’s instructions, but with an
additional end wash in 1 mL of 75% ethanol. For root tissue only, RNA isolation was performed
using the MagMAX™ mirvana™ Total RNA lIsolation Kit (Applied Biosystems™, Foster City,
CA) as per protocol, except for the lysis step. A different lysis buffer was created adding 100 mg
of sodium metabisulfite to 10 mL of guanidine buffer (guanidine thiocyanate 4M, sodium acetate
0.2M, EDTA 25 mM, PVP-40 2.5%, pH 5.0) and 1 mL of nuclease-free water. Then, 100 mg of
ground root tissue were lysed in 1 mL of the new lysis buffer using a Tissue Lyser at max frequency
for 2 min. The lysate was centrifuged at 4° C for 5 min at max speed. The supernatant (500 uL)
was transferred to a new tube for the following steps of RNA isolation as per protocol. RNA
samples were then purified, and DNase treated using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany). The RNA quality was confirmed by running an aliquot of each sample on an

Experion™ Automated Electrophoresis System (Bio-Rad, Hercules, CA).
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PacBio IsoSeq sequencing

Full-length cDNA 1so-Seq template libraries for PacBio IsoSeq analysis were constructed and
sequenced at the DNA Technologies & Expression Analysis Core Facility of the UC Davis
Genome Center. FL double-stranded cDNA was generated from total RNA (2 g per tissue) using
the Lexogen Telo™ prime Full-length cDNA Kit (Lexogen, Inc., Greenland, NH, USA). Tissue-
specific cDNAs were first barcoded by PCR (16-19 cycles) using IDT barcoded primers
(Integrated DNA Technologies, Inc., Coralville, lowa), and then bead-size selected with AMPure
PB beads (two different size fractions of 1X and 0.4X). The nine cDNAs were pooled in equimolar
ratios and used to prepare a SMRTbell™ library using the PacBio Template Prep Kit (PacBio,
Menlo Park, CA). The SMRTbell™ library was then sequenced across four Sequel v2 SMRT cells

with polymerase 2.1 and chemistry 2.1 (P2.1C2.1).

PacBio raw reads were processed using the Isoseq3 v.3.0 workflow following PacBio

recommendations (https://github.com/PacificBiosciences/IsoSeq3). Circular consensus sequences

(CCSs) were generated using the program ‘ccs’. The CCSs were demultiplexed and cleaned of
cDNA primers using the program ‘lima’. Afterward, CCS clustering and polishing was performed
using the program ‘isoseq3’, to generate HQ FL sequences for each of the nine tissues. Full-length
non-chimeric (FLnc) and HQ clusters were aligned onto the new ‘Chandler’ assembly v2.0 with

minimap2 v.2.12-r827, including the parameter ‘-ax splice’ [67].

Repeat annotation

A genome-specific repeat database was created using the ‘basic’ mode implemented in
RepeatModeler v.1.0.11 [68]. RepeatMasker v.4.0.7 was then run to mask repeats in the walnut

reference genome v.2.0 and generate a GFF file [69].
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Gene prediction and functional annotation

Juglans regia RefSeq transcripts and additional J. regia transcripts and protein sequences
downloaded from NCBI, along with the HQ FL IsoSeq transcripts, were used as input to the PASA
pipeline v.2.3.3 [70], to assemble a genome-based transcript annotation. PASA utilizes the aligners
BLAT v.35 [71] and GMAP v.2018-07-04 [72], along with TransDecoder v.5.5.0 [73], which
predicts open reading frames (ORFs) as genome-based GFF coordinates. The final
PASA/TransDecoder GFF3 file was post-processed to name the genes and transcripts by
chromosome location consistently. The chloroplast and mitochondrial genomes were annotated
using the “CHLOROBOX GeSeq Annotation of Organellar Genomes” tool at

https://chlorobox.mpimp-golm.mpg.de/geseq.html with default parameters [74]. NCBI accessions

NC_028617.1 (J. regia chloroplast), KT971339.1 (Medicago truncatula mitochondrion),
NC_029641.1 (M. truncatula mitochondrion) and NC_012119.1 (Vitis vinifera mitochondrion)
were also input as custom references. The output gff3 files were then post-processed to consistently

rename genes.

Functional roles were assigned to predicted peptides using Trinotate v.3.1.1 [75]. In particular,
similarity searches were performed against several public databases (i.e., Uniprot/Swiss-Prot,
NCBI NR, Vitis_vinifera.IGGP_12x, J. regia RefSeq) using BLAST v.2.8.1, HMMER v.3.1b2,
SignalP v.4.1c, and TMHMM v.2.0c. Gene family analysis was performed by running Interproscan
v. 5.30-69.0 [76,77] with default parameters on each protein fasta file (v1.0 [9], NCBI RefSeq
[GCF_001411555.1 wgs.5d] and v2.0). The PANTHER family ID with the lowest expect value

(below expect value threshold of 1.0E*) was assigned to each protein.

The completeness and quality of both genome assembly and gene annotation of Chandler v.2.0

were estimated with the BUSCO method v.3 (1,440 core genes in the embryophyte dataset) [78],
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and the sets of coreGFs of green plants (2,928 coreGFs) and rosids (6,092 coreGFs) from PLAZA
v.2.5 [79]. Also, RNA-Seq data previously generated for 20 tissues (see [9]) were aligned to the
reference genome (v1.0 and v2.0) with HISAT2 [80]. The alignments of the 20 RNA-seq data and
the FL transcripts along with the new genome annotation v2.0 were then used as input to StringTie
v.2.0 [81] to estimate expression levels in both fragments per kilobase per million reads (FPKM)
and transcripts per million (TPM) for each transcript in the v2 annotation. The percent identity and
coverage of each J. regia transcript compared to proteins in the NCBI plant RefSeq database was

also determined by running the EnTAP pipeline v.0.9.0 [43].

Label-free shotgun proteomics

Plant tissues of immature, intermediate, mature catkins (Additional file 1, Figure S9) and pure
pollen from three individual trees of Chandler at the UCD walnut orchards were collected and
frozen immediately in dry ice. Tissues were then further frozen in liquid nitrogen in the laboratory
and ground with mortar and pestle. Five hundred milligrams of each sample were used for total
protein extraction, following the procedure for recalcitrant plant tissues of [82], with a
modification in the final buffer used to resuspend the protein pellet, consisting of 8M urea in 50mM
triethylammonium bicarbonate (TEAB). One hundred micrograms of total protein from each

sample were then used for proteomics.

Initially, 5 mM dithiothreitol (DTT) was added and incubated at 37°C for 30 min and 1,000 rpm
shaking. Next, 15 mM iodoacetamide (IAA) was added, followed by incubation at room
temperature for 30 min. The IAA was then neutralized with 30 mM DTT in incubation for 10 min.
Lys-C/trypsin then was added (1:25 enzyme: total protein) followed by 4 h incubation at 37°C.
After, TEAB (550 pl of 50 mM) was added to dilute the urea and activate trypsin digestion

overnight. The digested peptides were desalted with Aspire RP30 Desalting Tips (Thermo
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Scientific), vacuum dried, and suspended in 45 pl of 50 mM TEAB. Peptides were quantified by
Pierce quantitative fluorometric assay (Thermo Scientific) and 1 pg analyzed on a QExactive mass
spectrometer (Thermo Scientific) coupled with an Easy-LC source (Thermo Scientific) and a
nanospray ionization source. The peptides were loaded onto a Trap (100 microns, C18 100 A 5U)
and desalted online before separation using a reversed-phase (75 microns, C18 200 A 3U) column.
The duration of the peptide separation gradient was 60 min using 0.1% formic acid and 100%
acetonitrile (ACN) for solvents A and B, respectively. The data were acquired using a data-
dependent MS/MS method, which had a full scan range of 300-1,600 Da and a resolution of
70,000. The resolution of the MS/MS method was 17,500 and the insulation width 2 m/z with a
normalized collision energy of 27. The nanospray source was operated using a spray voltage of
2.2 KV and a transfer capillary temperature heated to 250°C. Samples were analyzed at the UC

Davis Proteomics Core.

The raw data were analyzed using X! Tandem and viewed using the Scaffold Software v.4.
(Proteome Software, Inc.). Samples were searched against UniProt databases appended with the
CRAP database, which recognizes common laboratory contaminants. Reverse decoy databases
were also applied to the database before the X! Tandem searches. The protein-coding sequences
(CDS) annotated in Chandler v1.0 (NCBI accession PRINA350852) and v2.0 were used as a
reference for identification of proteins from the mass spectrometry data. The proteins identified
were filtered in the Scaffold software based on the following criteria: 1.0% FDR (false discovery
rate) at protein level (following the prophet algorithm: http://proteinprophet.sourceforge.net/), the
minimum number of 2 peptides and 0.1% FDR at the peptide level. Structure of the walnut allergen

(Jug r 9) was modelled using SWISS-MODEL [83] based on the structure of a homologous
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allergen from lentil (PDBid:2MAL). Structures were superimposed using MUSTANG (2MAL:in

red, walnut in blue) [84].
Chandler genomic diversity

Illumina whole-genome shotgun data of Chandler were aligned on the Chandler v2.0 with BWA
[85] with standard parameters. SNP calling was performed using SAMtools v1.9 [86] and
BCFtools v.2.1 [87]. SNP density for windows of 1 Mb was estimated using the command
‘SNPdensity’ implemented in VCFtools v0.1.16 [88]. Self-collinearity analysis to detect
duplicated regions in Chandler v2.0 was performed with MCScanX [89], using a simplified GFF
file of the new gene annotation and a self-BLASTP as input. To improve the power of collinearity
detection, tandem  duplications were excluded after running the function
‘detect_collinear tandem_arrays’ implemented in MCScanX. Synonymous (Ks) and
nonsynonymous (Ka) changes for syntenic protein-coding gene pairs were measured using the Perl

script “add_ka and ks to collinearity.pl” implemented in MCScanX.

To explore the inbreeding level across the 16 chromosomal pseudomolecules of Chandler,
haplotypes were built for 55 individuals of the UCD-WIP, including 25 founders and several
commercially relevant walnut cultivars (e.g., Chandler, Howard, Tulare, Vina, Franquette) along
with their parents and progenitors. All individuals were genotyped using the latest Axiom™ J.
regia 700K SNP array as described in [7]. To define SNP HBs, 26,544 unique and robust SNPs
were selected and ordered according to the Chandler genome v2.0 physical map. Subsequently,
for each SNP markers and individual, phasing and identification of closely linked groups of SNPs,
without recombination in most of the pedigree, was performed using the software FlexQTL™ [90]
and PediHaplotyper [91] following the approach described in [92] and [91]. In particular, HBs

were defined by recombination sites detected in ancestral generation of Chandler.
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Genomic comparison between Eastern and Western walnuts

The resequencing data of 23 founders of the UCD-WIP (Additional filel, Table S16)[10] were
mapped onto the Chandler v2.0 with BWA, and SNPs were called following the same procedure
described above for Chandler. SNPs with no missing data and minor allele frequency (MAF)
higher than 10% were retained for the following genetic analyses (7,269,224 SNPs out of the
14,988,422 identified). Hierarchical cluster analysis on a dissimilarity matrix of the 23 UCD-WIP
founders was performed using R/SNPRelate v.1.18.0 [93]. Fixation index (Fst) was measured
between genotypes from EU/USA and Asia with VCFtools v0.1.16, setting windows of 100kb and
500kb. Genomic windows with the top 5% of Fst values were selected as candidate regions for
further analysis. The empirical cutoff with a low false discovery rate (5%) was verified by
performing whole-genome permutation test (1000) with a custom Python script. Nucleotide
diversity (7) and Tajima’s D [94] were also computed along the whole genome in 100-kb and 500-
kb windows using VCFtools. Reduction of diversity coefficient (ROD) was estimated as 1 — (n
occ/ Tasia). The new walnut gene annotation v.2.0 was used to identify predicted genes in the
candidate regions under selection. The distribution of the identified genes into different biological
processes was evaluated using the weight0O1 method provided by the R/topGO [95]. The
Kolmogorov—-Smirnov-like test was performed to assess the significance of over-representation of
GO categories compared with all genes in the walnut gene prediction. Plots were obtained using

the R/circlize v.0.4.6 and R/ggplot2 v.3.5.3 packages.

Availability of supporting data
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All raw and processed sequencing data generated in this study have been submitted to the NCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession number
PRINA291087. All SNP data have been submitted to Hardwood Genomics

(https://hardwoodgenomics.org/Genome-assembly/2539069). Data further supporting this work

are openly available in the GigaScience repository, GigaDB [96].

Additional files

Additional file 1. Tables S1-S8; Table S13-S19; Figures S1-S16.

Additional file 2. Tables S9-S12

Additional file 3. Mass-spectrometry proteome data of catkins and pollen tissues. Three samples
of each tissue type (immature catkin, mature catkin, senescent catkin, and pure pollen) were
analyzed using v1.0 and v2.0 reference walnut genome assemblies. Total intensity of matching
peptides, number of spectra and percentage of protein covered by the identified peptides are

reported.
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Statistics Chandler v1.0 Chandler v1.5 Chandler hybrid ~ Chandler HiRise Chandler v2.0 JrSerr_v1.0
Number of 27,032 4,401 3,497 2,656 2,643 73
scaffolds
N50 length 304,423 637,984 1,640,935 32,655,472 37,114,715 35,197,335
(scaffolds) (bp)
L50 (scaffolds) 344 272 8 8 ! [
Total length of
667,299,356 650,478,320 567,378,842 567,480,142 567,796,851 534,671,929
assembled
scaffolds (bp)
Number of 53,156 7,411 3,592 3,700 3,684 127
contigs
N50 length 42,417 317,751 1,512,354 1,083,883 1,083,883 15,066,219
(contigs) (bp)
L50 (contigs) 3,630 482 97 144 144 13
T;;:‘e' e gf 641,521,787 617,088,256 567,276,004 567,276,244 567,192,099 530,618,363
contigs (bp)
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991

992

993  Table 2. Statistics on the gene annotation of Chandler v2.0 compared to the previous gene annotations of
994  the Chandler genome.

Statistics Chandler v2.0 Chandler v1.0  Chandler RefSeq v1.0

Number of genes 37,554 32,496 41,188

Average gene length (bp) 5,319 4,358 4,641

Single-exon transcripts 6,613 6,247 6,749

Average CDS length (bp) 1,335 1,222 1,336

Number of exons 242,208 172,273 230,261

Average exon length (bp) 257.8 229.5 314

Number of Introns 201,290 139,775 181,419

Average intron length 853.9 730 835

Introns per gene 5.9 5.3 4.4
995
996

997  Table 3. Statistics of the completeness of Chandler v2.0 assessed with BUSCO and compared to other

998  Fagales genomes.

BUSCO BUSCO BUSCO BUSCO

Genome complete duplicated fragmented missing Reference
(%) (%) (%) (%)
Juglans regia cv. ‘Chandler’ v2.0 95.1 12.6 1.3 3.6 This genome
Juglans regia cv. ‘Chandler’ v1.0 94.8 13.8 1.2 4.0 [9]
Juglans regia cv. ‘Serr’ vi.0 945 111 15 4.0 [22]
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Fagus sylvatica v1.2 94 19 1.7 3.6 [34]

Castanea mollissima 96.7 7.7 1.4 19 [33]
Carya illinoinensis v1 94 23 14 3.6 [32]
Corylus avellane cv. ‘Tombul’, 96 6 1 3 [44]
Quercus lobata v1.0 90 52 4 6 [45]
Quercus robur 93 49 3 4 [34]

Figure legends

Figure 1. Collinearity between the high-density ‘Chandler’ genetic map of [14] and the 16

chromosomal pseudomolecules of Chandler v2.0.

Figure 2. Summary of gene distribution and genetic diversity across the 16 chromosomes of
Chandler v2.0. Tracks from outside to inside: (i) gene density of Chandler v2.0 in 1-Mb windows;
(i) Chandler heterozygosity in 1-Mb windows (white = low heterozygosity; blue = high
heterozygosity); (iii) Recombination rate for sliding windows of 10 Mb (average = 2.63 cM/Mb);
(iv) Fst in 500-kb windows. Windows in the 95 percentiles of the Fst distribution are highlighted

in red; (v) ROD values for 500-kb windows.

Figure 3. Clustering of the samples used in the proteomic analysis. (A) Hierarchical clustering
based on Euclidian distances of normalized abundances of detected proteins. Samples are
represented in columns and proteins in rows. (B) Principal component analysis of the 12 samples

analyzed, clustering according to tissue type.
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Figure 4. Graphical visualization of haplotype-blocks (HB) inheritance on Chr15 along with the
Chandler pedigree. (A) The inner-circle highlights in grey two regions of heterozygosity (5 HB
the first and 7 HB the second), and in light green two regions of homozygosity (3 HB the first and
4 HB the second). The circle in the middle shows maternally inherited HBs, while the HBs
inherited through the paternal line are visualized in the outer circle. Payne’s haplotypes are clearly
present in both parental lines. White spaces represent segments of missing haplotype information.

(B) Chandler pedigree, where Pedro is the maternal line and 56-224, the paternal line.

Figure 5. Graphical visualization of the haplotype-blocks (HB) inheritance across Chandler
pedigree in the 16 chromosomes. The inner circle highlights in grey the regions of
heterozygosity and in light green the regions of homozygosity for each chromosome. The circle
in the middle shows the maternally inherited HBs, while the HBs inherited from the paternal line
are visualized in outer circle. In both parental line circles, missing data are highlighted in grey.
Payne haplotypes are inherited along both parental lines in all chromosomes, but Chr5, Chr9,
Chr10, Chrl14 and Chr16. Chandler pedigree is represented on the side, where Pedro is the

maternal line and 56-224 the paternal line.

48



Figure Click here to access/download;Figure;Figure_1.tiff £

Chrl Chrd2 Chrd3 Chrld
3 3w » '3"”- -l ' Linkage grove
£ o it Linkage group £ 2 s ok gty
-Eu. . T ﬁu dﬁ’ o u E et 'Evu <
HiRtise Scatfold Hiftke StaflcMd o' Hiftise Scatfold 4
] R 0 5] o Scafold B33 i . HiRias Sealflcid
g e * g g 2 - §': . t-n-w_'m"
1] 2 I J:: 43 |I| 11 I :II' 1] m E, ) 1) 1 '-I: :‘:':l =
Physical posiion MEB Physical pasition M8 Physical position MEB Physical posidion MEB
Chrd5 Chrlg ChrlT Chrl8

%'3' . i % =, . group i
- Linkage group ¢ ’/ i:':..:-m 5 iB i _/ Linkage group
E i . LI .-E“' 5 * L1 .E__.,_ < LT 'ﬁ“" f . Li7

= A

A HiftEid Sealfald = f HiRlisa Sealfoid HiftEie Seaffoki
i ¥ Sradioid BED Hiktise Scaffold 3 B Scafold_2887F § W0 W Scafold_Md
- I # ) " g Bi— '?'; : m_m a-
4 w4 m 0 woom ] I DoWom M 49 M 3 " 2 |
Phiysical position ME Physical pasition M8 Physical posiion MEB Physical pasition M8
Chrld Chrid Chri1 Chri2
5. 3" uosarwn 5 7 5
2 _l:',r' grosp = (3t = ¥ 4 group - Linkape group
E ® L0 _Em oo Eq.. 4 L1% ﬁ > L2
in 7 L& Lé ! f M & LY
. ¥ ia Hiftise Scatioid 5
] Hiftise Scatfold 4 . - o ; & Scellckd 2919 n Hiftise Scation
= * Sowlol BXE HiRme Seaflald L L ifi- Soaffond A1
i 4 ® Scamad M0 ' 4
a- 5 T A = i~ i -]
-\I: 10 11 1 | F- I rory 1] L] 3 |I'| Jo :;:
Physical position MB Physical pasition M8 Physical position ME Physical pasition M8
Chr13 Chrid Chri1s Chrig
%m Linkage groun i _""'I > Linkage group %u -"-". iw-
= ® L4 -._.-M_ v O L18 -...-u. Linkage grovp = LEnkages growg
E | O L18 .E 5 L3 E' ® L1 __E"" oL
an T &5 L3 i S Lk i L3
7L < La b
0 -f Hiftise Scatiokd - HiRtEis Seaffoki
gn- Hiftine Scatfold J HiRise Scaffold g,a. " Seatin_Tes § Scattont_§T)
® Seated B © Scafoid 25017 &


https://www.editorialmanager.com/giga/download.aspx?id=93861&guid=5ffe92a2-0c80-4aeb-9bc7-6bd30cda1d83&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93861&guid=5ffe92a2-0c80-4aeb-9bc7-6bd30cda1d83&scheme=1

Figure

Click here to access/download;Figure;Figure_2.png £



https://www.editorialmanager.com/giga/download.aspx?id=93862&guid=1c8e6269-92fb-4bd8-b001-47a7df4077d7&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93862&guid=1c8e6269-92fb-4bd8-b001-47a7df4077d7&scheme=1

Figure Click here to access/download;Figure;Figure_3.tif £

B 5 -
& [ P il i)
.' i maheg
2 | i TR
ol T
i
a0 |
= 10|
'.‘1: 184
[= 1]
S [
o
o
-
<1
| .
s | @
23 -0 iz ! g} Ll

P A 48 1%)


https://www.editorialmanager.com/giga/download.aspx?id=93863&guid=13299eb9-7f83-4553-af37-767b5f58dd82&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93863&guid=13299eb9-7f83-4553-af37-767b5f58dd82&scheme=1

Figure Click here to access/download;Figure;Figure_4.png



https://www.editorialmanager.com/giga/download.aspx?id=93858&guid=b33db14c-276f-4b9b-9a86-9daa3e40de5d&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93858&guid=b33db14c-276f-4b9b-9a86-9daa3e40de5d&scheme=1

Figure Click here to access/download;Figure;Figure_5.tif X



https://www.editorialmanager.com/giga/download.aspx?id=93859&guid=b60b4756-7115-4c4b-ada6-c41fe09ff954&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93859&guid=b60b4756-7115-4c4b-ada6-c41fe09ff954&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material

Additional File 1 _Revised.docx


https://www.editorialmanager.com/giga/download.aspx?id=93860&guid=27a00c1e-c737-47b6-9ad5-05dbe4100e82&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93860&guid=27a00c1e-c737-47b6-9ad5-05dbe4100e82&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93860&guid=27a00c1e-c737-47b6-9ad5-05dbe4100e82&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93860&guid=27a00c1e-c737-47b6-9ad5-05dbe4100e82&scheme=1

Manuscript

Click here to access/download
Supplementary Material

Additional File 2.xlsx


https://www.editorialmanager.com/giga/download.aspx?id=93865&guid=cea7e3ea-9145-4fae-8756-b7f40fe1ed96&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93865&guid=cea7e3ea-9145-4fae-8756-b7f40fe1ed96&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93865&guid=cea7e3ea-9145-4fae-8756-b7f40fe1ed96&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93865&guid=cea7e3ea-9145-4fae-8756-b7f40fe1ed96&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material

Additional File 3.xlsx


https://www.editorialmanager.com/giga/download.aspx?id=93864&guid=22081337-a80e-45e2-b5c2-4854079f7906&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93864&guid=22081337-a80e-45e2-b5c2-4854079f7906&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93864&guid=22081337-a80e-45e2-b5c2-4854079f7906&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=93864&guid=22081337-a80e-45e2-b5c2-4854079f7906&scheme=1

Personal Cover Click here to access/download;Personal Cover;Marrano_et_al_GS_CoverlLetter_Revise_2.pdf £

UNIVERSITY OF CALIFORNIA, DAVIS

BERKELEY e DAVIS e IRVINE e LOS ANGELES e MERCED e RIVERSIDE e SAN DIEGO e SAN FRANCISCO [/ SANTA BARBARA e SANTA CRUZ

DEPARTMENT OF PLANT SCIENCES sy
MAIL STOP 6 COLLEGE OF AGRICULTURAL AND

UNIVERSITY OF CALIFORNIA ENVIRONMENTAL SCIENCES
ONE SHIELDS AVE AGRICULTURAL EXPERIMENT STATION
DAVIS, CALIFORNIA 95616-8780 COOPERATIVE EXTENSION

TELEPHONE: 530-752-1703
FAX: 530-752-1819

March 13™ 2020
Dear Editor,

With this letter, we are enclosing a revised version of the manuscript entitled “High-quality
chromosome-scale assembly of the walnut (Juglans regia L.) reference genome” (submission id
GIGA-D-19-00363R1) for publication as a Data Note in GigaScience. We are also attaching a
response to the referees and a revised version of the Additional files 1 and 2. All authors have
approved the revised manuscript for submission. We declare no conflict of interest, and that all

previously published work has been thoroughly acknowledged in our manuscript.

We have implemented the latest minor revisions suggested by the referees in our manuscripts.
Among these changes, we made Table S9 a full table and Figure S12 a full figure, while we
moved Figure 4 and Figure 6 to the Additional file 1. We changed the table and figure

numbering accordingly.

We believe that our manuscript has significantly improved, and it will be of interest to the audience

of Gigascience.

Sincerely,

Annarita Marrano

1

Ph.D.
Dept. Plant Sciences, University of California, Davis
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Author's Response To Reviewer Comments

Close

Reviewer #1: I read the manuscript by Marrano et al. entitled "High-quality chromosome-scale assembly
of the walnut (Juglans regia L) reference genome" with interest. The authors describe how they
generated a chromosome-scale assembly of J. regia based on ONT, Illumina and Hi-C data. In addition,
genetic maps were used to validate and anchor the scaffolds to J. regia linkage groups. The authors
performed a wide range of analysis, including gene families of interest and genomic diversity. The article
is well written and the methods are sufficiently described.

My main concern is the quality of the assembly, although at the chromosome level, the contiguity at the
contig level is ten times lower (nearly 1.1Mb) compared to the previously published Juglans genome
assemblies (including J. regia).

The assembly presented in our manuscript is very high quality, with chromosome-sized scaffolds
validated by genetic maps and an N50 contig size of over 1Mb.

The assembly was produced on a fairly low budget with older generation Oxford Nanopore reads from
the MinION device, which yielded 21.9 Gbp with an average read size of 3.1 kb. (Today we would get
reads of 10-20 Kb.) This sequencing data is older and much lower cost than those used by Zhu et al.
(2019), who had 57.2 Gbp of PacBio data with an average read size of over 12kb. (see lines 136-140).
Even so, a contig N50 size of 1.1 Mb is dramatically larger than our own originally published assembly
contigs.

I understand that authors choose to use the methods they have developed, however, long-reads
assemblies are usually made with dedicated assemblers, which can result in higher assembly quality.

Long-read-only data sets are indeed assembled with dedicated methods such as Canu, but when we
have both long and short-read data sets, MaSurCA performs better. We did try using the Flye assembler,
which is currently one of the best, fastest, and most accurate assemblers for long-read data, and it
yielded an assembly with only 530kb N50 contig size, about half of our result.

In particular, I was a little surprised by the fact that the v2 assembly contains fewer repetitive elements
than the first version of the assembly (L175-176). Generally long-reads assemblies improved the
repetitive content of genome assembilies.

We re-estimated the repeat content of Chandler v2.0 by running RepeatMasker with the repeat library
generated for vl. We found that 58.4% of Chandler v2 is repetitive (we have corrected the main text
accordingly), which is higher than what found with the first assembly of the reference genome. Also,
Chandler v2.0 is de-duplicated, meaning that almost all of the duplicated regions due to heterozygosity
have been removed. These duplicates, which are variants of the same scaffold, were likely mistaken for
independent scaffolds in v1.0, overestimating the genome size and, therefore, gene and repetitive
contents. The de-duplication caused a reduction of the genome size from 641 Mb (v1.0) to 573.9 Mb
(v2.0), which is now closer to the genome size estimate obtained with Genomescope (488.2 Mb).

The comparison of the Chandler v2 assembly with that provided by Zhu et al. is an important point for
the reader, as it will determine which genome will be used for further analysis. As an example, the long-
range input data are different (Hi-C vs Optical maps) and maybe specific regions are not of the same
quality in both assemblies.

We compared Chandler v2.0 with JSerr_1.0 from Zhu et al (2019). We observed that more than 95% of
the two assemblies aligned with sequence identity higher than 98% and exhibited high collinearity, as
shown in Figure S4 (see also lines 174-179). This confirms the high quality of both assemblies, even if
obtained with different technologies. The availability of both assemblies will facilitate new genomic
studies (e.g., pangenome) to understand the morphological and physiological differences among these
two walnut varieties better.

Chandler is the most popular cultivar of walnut worldwide. For this reason, it was chosen for sequencing



and assembling the first walnut reference genome (Martinez-Garcia et al. 2016), and is used as the
standard in many genetic and biological studies (e.g., development of genotyping tools). After four
years, we are here proposing a significant improvement of the reference genome. However, a detailed
study of the differences between the two assemblies (e.g., structural rearrangements) goes beyond the
scope of the present manuscript.

Minor Points:

* assembly and gene prediction metrics are scattered throughout the manuscript and give a descriptive
tone. I think the authors can move these metrics in tables 1 and 2. In addition, contig metrics are not
provided in Table 1.

We modified the gene prediction metrics, which changed due to revisions made to conform with NCBI
submission requirements. We moved some of the statistics of the gene annotation in Table 2. We also
added contig metrics in Table 1.

* L38: "the full sequence of all 16 chromosomes" : how is this statement validated ?

We changed the sentence to “with the 16 chromosomal pseudomolecules assembled and representing
95% of its total length” (see line 38).

* L41 and L235: Asserting that the genes are complete based solely on the presence of a start and stop
codon is not enough. Please delete the term "full-length". The number of complete BUSCO genes could
perhaps be a way to evaluate the proportion of full-length genes.

We removed ‘full-length’ and added the proportion of BUSCO genes assembled completely (see lines
269-270)

* L87 and L90: problem with the closing parenthesis.

Done.

* L97: "...walnut reference genome with unprecedented contiguity...." Please delete this sentence.
Done.

* L117: a longest read of 992.2Kb is not informative if it does not align.

We are reporting general statistics on the Nanopore sequencing. Such long reads have then been used
for scaffolding Illumina reads with MaSurCa.

* L156-158: The authors should used a kmer approach (Genomescope) to estimate the genome size of
both genotypes.

We ran Genomescope using Chandler Illumina pair-end reads generated by Martinez-Garcia et al.,
(2016). Results indicate a genome size of 448 Mb, and a level of heterozygosity equal to 0.634%. Our
de-duplicated assembly has a total length of 567.2 Mb (> 1 kb), which is a great improvement
compared to Chandler v1.0. However, we were unable to run Genomescope for the Serr genome since
we could not find any Illumina data on NCBI. We only found 58 PacBio SRA Experiments under the
BioProject PRINA413991 indicated by Zhu et al. (2019). Also, the Illumina reads of Zhu et al. (2019) are
of the hybrid ‘J.microcarpa x J.regia cv Serr’.

* L239: The proportion of gene models with multiple transcript isoforms is small relative to other plants
which may not represent the proportion of genes with alternative splicing. I think the low depth of
PACBIO sequencing is the main reason. Please rephrase the sentence to make it clearer.

With the newly revised gene annotation, we observed more gene models with multiple transcript
isoforms. We changed the text accordingly, as suggested by RW#1 (see lines 246-248).

* L269-373 : This section is not clear for non-specialist readers.

We modified the paragraph to make it clearer for non-specialist readers (see lines 275-328). We also
added Figure S9 showing the different stages of catkin development considered in our analysis.



* L283 : "four developed" ?

We generated proteomes from four tissues (immature catkin, intermediate catkin, mature catkin, and
pure pollen). We changed ‘developed’ to ‘analyzed’ for clarity (see line 300).

* L.343 : Please describe syntelogs.
Done (line 363).

* Figure5A: There may be a problem of alignment between the inner circle and the middle circle (blue
region).

We thank the reviewer for highlighting this inconsistency in the figure. We checked our data and
modified the image accordingly. The apparent misalignment between the inner circle and the middle
circle is actually due to a lack of information — a gap of 4.07 cM - between two haploblocks which follow
one another in that region. The inaccuracy was generated by the program used to draw the image,
which automatically assigned the inherited segment to the most likely ancestor based on the maximum
parsimony algorithm. However, we agree that on some occasions, this can lead to inaccurate results.
Therefore, we decided to explicitly represent these regions of missing information using a white color.
We also amended the legend of Figure5 to explain what the white sections describe.

* Too many paragraphs end with a sentence such as "support the crucial role of Chandler v2
chromosome-scale assembly".

We removed the sentence and ended the paragraphs differently.
* L463: Please describe how the gaps have been filled.

The assembler MaSurCa used to obtain Chandler hybrid has an internal gap-filling procedure, as
described in Zimin et al., 2013 (see line 476-477). In addition, Dovetail uses Illumina reads to close the
gaps in the HiRise assembly, as described in lines 500-502.

Reviewer #2: Overall, this genome is a significnt advance over the previous one, but there are some
points that are discussed in too much breadth, while others are too short for a detailed evaluation. Some
of the claims regarding why the new genome assembly is superior over the older one(s) seem rather
constructed. The parts that really profit from ONT sequencing - the near-repetitive gene families and the
repeat content have not been expored in detail.

We performed a gene family analysis on Chandler’s gene predictions (v1.0, v2.0, and RefSeq).
Consistently with the gene prediction results, we observed that v2.0 has, in general, more members per
gene family than v1.0, and fewer members than NCBI RefSeq. These results can be due to both the
increment of contiguity and the lower gene redundancy of Chandler v2.0 (see lines 254-265).

I realise that this is just a data note, but some clues could help the reader appreciate the current
manuscript. What is also missing is a comparison to other published reference genomes in the Fagales
s.l..

We compared assembly metrics and BUSCO percentages to other Fagales genomes (see lines 141-142;
192-193; Table S9). However, if the reviewer was referring to comparative genomics studies, then it
goes beyond the scope of the present manuscript, which is a Data Note on the improvement of the
walnut reference genome. Also, we already provided applications of the new Chandler assembly for
proteomic and population genetics studies.

L65. How is this hybridisation possible, given the current disjuction of the populations of the species?
Please give a sentence or two as explanation.

Zhang et al. (2019), cited in the text, explained clearly how the contact between American black walnuts
and Asian butternuts occurred during the Pliocene. According to their reconstruction, supported by fossil
evidence, butternut and black walnuts spread into Eurasia from the late Oligocene to the Miocene-
Pliocene. Then, the cooling climate of the Upper Pliocene may have led to range shifts of the butternut
and black walnut lineages in Eurasia, permitting the contact required for the hybridization that gave rise



to Persian walnut. We add a short sentence describing Zhang et al (2019) results in the text (see line
66).

L87. Actinida is not a tree.
We changed trees to crops (see line 89).

LI122-125. The process of obtaining the megareads is insufficiently described. Please exapand the text
and mention also the paramters used.

We added a more detailed description of how MaSurCa builds the mega-reads in the text (lines 466-
478).

In addition, please provide statistics for the ONT reads and the illumina reads.

We added the statistics on the ONT reads in Table S1. The Illumina data were generated by Martinez-
Garcia et al. (2016), where Illumina sequencing details and statistics are reported.

PLease also mention the library preparation technique used in both cases.

We added details on the ONT library preparation in the method section (Lines 460-464). Regarding the
Illumina libraries, their descriptions are reported in Martinez-Garcia et al. (2016).

Please also metnion the known biases associated with ONT sequencing and how strong these were in
your raw data.

ONT sequencing tends to have more errors in long homopolymer regions (e.g., runs of all A's). We saw
no evidence that these were a particular problem in this genome, although all genomes have such
regions. Our use of Illumina reads to compute the final consensus sequence for virtually all positions in
the assembly should minimize this problem.

LI126-127. How has the ols assemblly (v.1.0) integrated with the new one?

After running the de-duplication module implemented in MaSuRCA, we aligned the v1 scaffolds to v2,
identified unaligned regions, and added them to v2. We added this sentence to the text (line 481-483).

L155. Has it been checked, if the unanchored small scaffold are derived from contamination with
bacteria/fungi?

All assemblies have contamination, not only from the original samples but from the sequencing lab itself.
We ran a thorough contamination screen, aligning every contig and scaffold against an exhaustive set of
bacteria, artificial vectors, and other plants and animals, and we removed all contaminants found in this
manner. In addition, NCBI runs its own contaminant screen on every submission to GenBank, and that
was run on our submission as well.

L170. The identity seems rather low. The possible reasons for this sholuld be given.

We thank the reviewer for noticing this error. We estimated the average sequence identity from the
nucmer coord file without filtering. In this way, we considered all alignments, including those between
similar but not syntenic regions of the two assemblies. We re-estimated the percentage of sequence
identity using only the 1-to-1 best alignments (command dnadiff implemented in MUMmer), and we
obtain a value of 99.60. We changed the text accordingly (see lines 181-186).

L172. What was the proportion of unaligned reads? How many reads mapped discordantly?

Over a total of 432,183,992, 2,046,961 reads (0.5%) did not align and 31,169,557 did not pair properly.
L188. This statement cannot be upheld the way it is. Usually the gene space is already well-assmbled
using only illumina reads (apart from the repetitive genes). The authors should compare the BUSCO

scores of several Chandler assembly versions with that of other Fagales genomes, such as oak, beech,
and chestnut.



We added Table S9 with BUSCO statistics for the Chandler genome assembilies, J. regia cv Serr, and
other Fagales genomes.

L190. There are mapping-based ways to address this. These should be mentioned / applied.

We preferred to remove the sentence instead of following the reviewer’s suggestion since
revising/applying available methods for improving transcriptome assemblies using short reads is not
among the scopes of our work. We aimed to prove how a much contiguous reference genome can
improve transcriptome assemblies and gene predictions in walnut.

LI217-247. This seems overly discussed, considering the rather minor differences observed.

We moved some of the statistics in Table 2 and made this paragraph less redundant and descriptive.

L363. This is not necessarily evidence of imbreeding, but could also reflect selective sweeps. Imbreeding
does not happpen on the sub-genomic level but only on the genomic level.

Sub-genomic inbreeding occurs when an individual inherits the same copy of an allele at one locus from
a common ancestor (identical-by-descent; IBD). Chandler parents share Payne as a common ancestor;
therefore, there are high probabilities of IBD alleles at a sub-genomic level in Chandler. However,
although we found no evidence of a strong selective sweep, it is also possible this pattern was due to
direct or indirect selection (see lines 381-384). Future selective sweep studies in larger and more
diverse walnut collections could provide more evidence on the high-level of homozygosity in some
regions of the Chandler genome.

L426. Was any surface sterilisation done? Otherwise a lot of contaminant sequences would be
expected.In any case, a contamination check should be reported.

We could not do surface sterilization since the Nanopore library was built starting from frozen tissue
collected at UC Davis and sent to the John Hopkins University. Surface sterilization would have led to
tissue degradation and plant production of stress compounds that further impede DNA extraction. Also,
we ran a thorough contamination screen of our assembly, to remove contaminations associated with
microbes present on the leaf surface and within the tissue (i.e., endophytes).

L428. 'g' should be in italics.

Done

L431. Concentrations/amounts missing.

Added.

L440. 'was' -> 'were'.

Done

L456. The assembly straregy, programs and parameters use are not mentioned in sufficient detail
(actually hardly any of this is mentioned in the manuscript).

We added more details on the assembly strategy in the text (lines 466-478).
L531. Do not abbreviate at the beginning of the line.

Edit.

Close



Author's Response To Reviewer Comments

Close

Reviewer #1: I read the revised manuscript by Marrano et al. entitled "High-quality chromosome-scale
assembly of the walnut (Juglans regia L) reference genome", my comments have been addressed and
the authors modified the manuscript accordingly. I still have a few minor points that need to be checked
before publication.

* I maintain that the comparison of the Chandler v2 assembly with that provided by Zhu et al. is an
important point for the reader and I would expect to have a comparison of the two assemblies in Table
1.

Done

* Please check how MaSurCA is written (MaSuRCA or MaSurCa)

We named MaSuRCA consistently across the manuscript.

* Table S3 : ON instead of ONT

Changed.

Reviewer #2: I found the manuscript to be a pleasant read, with the major methodological unclarities
resolved. There are two minor suggestions from my side.

1. To promte Table S9 to a full table (Table 1 and 2 could probably be condensed into one table) with
the inclusion of the Quercus lobata and Quercus robur genomes, as I feel that for readers it is always
good to have some upfront benchmarking so they can put the assembly into the context of other
genome assemblies.

We moved Table S9 as full table in the main text (now Table 3), and we also included the BUSCO
metrics for Quercus lobate and Q. rebur. We moved Figure 4 (now Figure S10) to the supplementary in
place of Table S9.

2. To promote Figure S12 to a full figure (if possible).

We moved Figure S12 as a full figure (now Figure 5) in place of Figure 6 (now Figure S13).

Close



Reviewer Report

Title: High-quality chromosome-scale assembly of the walnut (Juglans regia L) reference genome
Version: Original Submission Date: 11/27/2019

Reviewer name: Jean-Marc Aury

Reviewer Comments to Author:

| read the manuscript by Marrano et al. entitled "High-quality chromosome-scale assembly of the walnut
(Juglans regia L) reference genome" with interest. The authors describe how they generated a
chromosome-scale assembly of J. regia based on ONT, Illumina and Hi-C data. In addition, genetic maps
were used to validate and anchor the scaffolds to J. regia linkage groups. The authors performed a wide
range of analysis, including gene families of interest and genomic diversity. The article is well written
and the methods are sufficiently described.

My main concern is the quality of the assembly, although at the chromosome level, the contiguity at the
contig level is ten times lower (nearly 1.1Mb) compared to the previously published Juglans genome
assemblies (including J. regia). | understand that authors choose to use the methods they have
developed, however, long-reads assemblies are usually made with dedicated assemblers, which can
result in higher assembly quality. In particular, | was a little surprised by the fact that the v2 assembly
contains fewer repetitive elements than the first version of the assembly (L175-176). Generally long-
reads assemblies improved the repetitive content of genome assemblies.

The comparison of the Chandler v2 assembly with that provided by Zhu et al. is an important point for
the reader, as it will determine which genome will be used for further analysis. As an example, the long-
range input data are different (Hi-C vs Optical maps) and maybe specific regions are not of the same
quality in both assembilies.

Minor Points:

* assembly and gene prediction metrics are scattered throughout the manuscript and give a descriptive
tone. | think the authors can move these metrics in tables 1 and 2. In addition, contig metrics are not
provided in Table 1.

* L38: "the full sequence of all 16 chromosomes" : how is this statement validated ?

* 141 and L235: Asserting that the genes are complete based solely on the presence of a start and stop
codon is not enough. Please delete the term "full-length". The number of complete BUSCO genes could
perhaps be a way to evaluate the proportion of full-length genes.

* L87 and L90: problem with the closing parenthesis.

*197: "...walnut reference genome with unprecedented contiguity...." Please delete this sentence.

* L117: a longest read of 992.2Kb is not informative if it does not align.

* L156-158: The authors should used a kmer approach (Genomescope) to estimate the genome size of
both genotypes.

* 1239: The proportion of gene models with multiple transcript isoforms is small relative to other plants
which may not represent the proportion of genes with alternative splicing. | think the low depth of
PACBIO sequencing is the main reason. Please rephrase the sentence to make it clearer.



* 1269-373 : This section is not clear for non-specialist readers.

* 1283 : "four developed" ?

* L343 : Please describe syntelogs.

* Figure5A: There may be a problem of alignment between the inner circle and the middle circle (blue
region).

* Too many paragraphs end with a sentence such as "support the crucial role of Chandler v2
chromosome-scale assembly".

* L463: Please describe how the gaps have been filled.
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Reviewer Comments to Author:

| read the revised manuscript by Marrano et al. entitled "High-quality chromosome-scale assembly of
the walnut (Juglans regia L) reference genome", my comments have been addressed and the authors
modified the manuscript accordingly. | still have a few minor points that need to be checked before
publication.

* | maintain that the comparison of the Chandler v2 assembly with that provided by Zhu et al. is an
important point for the reader and | would expect to have a comparison of the two assemblies in Table
1.

* Please check how MaSurCA is written (MaSuRCA or MaSurCa)

* Table S3 : ON instead of ONT
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Reviewer name: Marco Thines

Reviewer Comments to Author:

Overall, this genome is a significnt advance over the previous one, but there are some points that are
discussed in too much breadth, while others are too short for a detailed evaluation. Some of the claims
regarding why the new genome assembly is superior over the older one(s) seem rather constructed. The
parts that really profit from ONT sequencing - the near-repetitive gene families and the repeat content
have not been expored in detail. | realise that this is just a data note, but some clues could help the
reader appreciate the current manuscript. What is also missing is a comparison to other published
reference genomes in the Fagales s.I..

L65. How is this hybridisation possible, given the current disjuction of the populations of the species?
Please give a sentence or two as explanation.

L87. Actinida is not a tree.

LI122-125. The process of obtaining the megareads is insufficiently described. Please exapand the text
and mention also the paramters used. In addition, please provide statistics for the ONT reads and the
illumina reads. PLease also mention the library preparation technique used in both cases. Please also
metnion the known biases associated with ONT sequencing and how strong these were in your raw
data.

LI126-127. How has the ols assemblly (v.1.0) integrated with the new one?

L155. Has it been checked, if the unanchored small scaffold are derived from contamination with
bacteria/fungi?

L170. The identity seems rather low. The possible reasons for this sholuld be given.

L172. What was the proportion of unaligned reads? How many reads mapped discordantly?

L188. This statement cannot be upheld the way it is. Usually the gene space is already well-assmbled
using only illumina reads (apart from the repetitive genes). The authors should compare the BUSCO
scores of several Chandler assembly versions with that of other Fagales genomes, such as oak, beech,
and chestnut.

L190. There are mapping-based ways to address this. These should be mentioned / applied.

LI217-247. This seems overly discussed, considering the rather minor differences observed.

L363. This is not necessarily evidence of imbreeding, but could also reflect selective sweeps. Imbreeding
does not happpen on the sub-genomic level but only on the genomic level.

L426. Was any surface sterilisation done? Otherwise a lot of contaminant sequences would be
expected.In any case, a contamination check should be reported.

L428. 'g' should be in italics.

L431. Concentrations/amounts missing.

L440. 'was' -> 'were'.



L456. The assembly straregy, programs and parameters use are not mentioned in sufficient detail
(actually hardly any of this is mentioned in the manuscript).
L531. Do not abbreviate at the beginning of the line.
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| found the manuscript to be a pleasant read, with the major methodological unclarities resolved. There
are two minor suggestions from my side.

1. To promte Table S9 to a full table (Table 1 and 2 could probably be condensed into one table) with the
inclusion of the Quercus lobata and Quercus robur genomes, as | feel that for readers it is always good
to have some upfront benchmarking so they can put the assembly into the context of other genome
assemblies.

2. To promote Figure S12 to a full figure (if possible).
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Table S1. Statistics on the six Nanopore flowcells used to sequence Chandler’s genome.

Max

Flowcell Number of Mean Length Total Length N50 size Mean Mean re_ad
reads Length (bp) (bp) (Mbp) (bp) Gc% quality

170615 104,477 4,891 726,206 511 16,260 39.99 14.66
170710 625,785 6,332 208,758 3,963 9,813 37.38 14.7
170714 1,639,729 2,163 145,375 3,547.5 2,789 41.41 14.3
170714.n 3,109,204 1,265 184,491 3,933.5 1,496 45.86 12.8
170908 28,997 4,309 992,241 125 9,018 37.37 12.12
170911 1,588,119 6,197 472,064 9,842.2 9,605 37.07 15.48

Total 7,096,311 3,089 992,241 21,922.4 6,763

Table S2. Statistics on k-unitigs, super-reads and mega-reads obtained with the MaSuRCA
assembler on ONT and Illumina reads.

Number Average length (bp) N50 (bp) Coverage
K-unitigs 11,818,995 170 160 3.25
Super-reads 3,679,106 777 982 4.61
Mega-reads 3,160,807 4,716.12 8,158 24.04

Table S3. Characteristics of the Chandler ONT assembly.

Number  Total Size (bp) N50 (bp)
ONT Scaffolds 1,498 560,575,767 1,663,083
ONT Contigs 258 1,592,429 15,764
Scaffolds “Chandler” v1.0 25,007 11,648,497 731
Total (nuclear genome) 26,763 573,816,693 1,609,923

Table S4. List of tissues used for PacBio IsoSeq.

Tissue Developmental Stage  Source Abbreviation
Callus - In vitro CALS
Catkin (1-inch) Vegetative Tree CAT1
Catkin (3-inches) Vegetative Tree CAT3

Leaf Vegetative Tree LEAF




Pistillate Flower Vegetative Tree PISF
Pollen Vegetative Tree POLN
Root Vegetative Pot ROOT
Shoot Vegetative In vitro SHOOT
Somatic Embryo Immature In vitro SOME
Table S5. Statistics on the PacBio 1soSeq sequencing per flow-cell.
SMRT Cell First Second Third Fourth Total
Subreads 12,615,171 4,762,871 3,856,461 5,093,584 26,328,087
Subreads Total Length | 15,022,521,907 | 6,207,229,047 | 4,290,409,550 | 5,756,344,948 | 31,276,505,452
Average Subread Length 1,191 1,303 1,113 1,130 1,188
Used for CCS 12,367,203 4,702,605 3,797,625 5,013,184 25,880,617
CCS generated 488,157 174,534 134,471 174,331 971,493
CCS Total Length 698,640,953 | 280,847,348 | 169,362,257 | 227,109,058 | 1,375,959,616
Average CCS Length 1,431 1,609 1,259 1,303 1,416




Table S6. Statistics on CCSs, FLnc and HQ FL transcripts obtained per tissue with PacBio IsoSeq.

Tissue ! | N. of CCSs 2 Total Length Average N. of | Total Length Average HQ Total Length | Average Length
(CCS) Length (CCS) | FLnc (FLnc) Length (FLnc) | Clusters (HQ FL) (HQ FL)
CALS 129,653 163,156,475 1,258 129,535 | 160,363,808 1,238 11,828 15,284,033 1,292
CAT1 13,631 18,596,784 1,364 13,613 18,287,125 1,343 1,512 1,987,615 1,315
CAT3 125,219 161,569,359 1,290 125,083 | 158,780,204 1,269 11,739 15,170,585 1,292
LEAF 142,314 195,702,629 1,375 142,168 | 192,587,202 1,355 11,940 16,713,706 1,400
PISF 108,068 145,732,504 1,349 107,989 | 143,491,487 1,329 10,501 14,204,376 1,353
POLN 74,310 108,230,041 1,456 74,179 | 106,535,501 1,436 4,573 6,685,431 1,462
ROOT 17,897 23,874,571 1,334 17,875 23,480,651 1,314 2,252 2,852,647 1,267
SHOOT 14,508 19,327,322 1,332 14,494 19,003,828 1,311 1,400 1,743,863 1,246
SOME 120,935 187,564,762 1,551 120,794 | 184,845,798 1,530 12,480 19,783,294 1,585
Total 746,535 1,023,754,447 1,368 745,730 | 1,007,375,604 1,347 68,225 94,425,550 1,357

L Abbreviations are described in Table S4
2 above threshold




Table S7. Percentage of FLnc and HQ FL transcripts aligned on the new assembly per tissue.

Tissue FLnc mapped on Chandler v2.0 | HQ clusters mapped on Chandler v2.0
CALS 99.88% 100.00%
CAT1 99.76% 100.00%
CAT3 99.77% 99.96%
LEAF 99.90% 99.99%
PISF 99.89% 99.99%
POLN 97.84% 94.18%
ROOT 98.69% 99.88%
SHOOT 99.86% 100.00%
SOME 99.90% 99.99%

Table S8. Validation of gene annotation with expression data and public plant protein databases.

V2 transcripts (40,884) v2 gene models (37,554)

supported by RNA-seq data from [9] 37,202 34,203
Supported by PacBio IsoSeq data 19,124 18,880
With a hit to a J. regia RefSeq v1 accessions 40,203 36,683

Annotate with a plant protein by EnTAP
40,318 36,824

using the entire NCBI RefSeq plant database

Table S13. Number of SNPs and SNP density in 100-kb windows per chromosome in Chandler
v2.0.

Mean Number of

Chr Length Total Number of SNPs
SNPs/100Kb
Chr01 45,207,397 173,403 382.79
Chr02 37,821,870 145,689 385.42
Chr03 35,064,427 194,559 554.30
Chr04 34,823,025 151,361 433.70
Chr05 22,562,875 92,795 412.42

Chr06 39,020,271 189,076 483.57




Chro7 52,418,484 195,627 373.33

Chro8 30,564,197 128,621 420.33
Chr09 24,263,475 97,202 400.01
Chri10 37,707,155 216,161 571.85
Chri1 37,114,715 140,513 377.72
Chri2 31,492,331 120,082 381.21
Chr13 39,757,759 127,886 321.32
Chr14 28,841,373 77,099 266.78
Chr15 20,407,330 40,447 198.27
Chrl6 28,711,772 115,314 400.40
Tot. 545,778,456 2,205,835 6,363

Table S14. Regions (1 Mb) with less than 377.5 SNPs (10" percentile of the SNP number
distribution) in Chandler.

Chr | Window start | Window end | SNP count | Variants/kb
Chr01 5000000 6000000 11 0.011
Chr01 6000000 7000000 145 0.145
Chr01 11000000 12000000 99 0.099
Chr01 12000000 13000000 153 0.153
Chr01 37000000 38000000 278 0.278
Chr01 38000000 39000000 75 0.075
Chr01 43000000 44000000 163 0.163
Chr01 45000000 46000000 334 0.334
Chr02 14000000 15000000 184 0.184
Chr02 16000000 17000000 357 0.357
Chr02 18000000 19000000 203 0.203
Chr02 33000000 34000000 30 0.03
Chr02 34000000 35000000 83 0.083
Chr03 35000000 36000000 256 0.256
Chr05 1000000 2000000 123 0.123
Chr06 10000000 11000000 174 0.174
Chr06 39000000 40000000 3 0.003
Chr07 10000000 11000000 227 0.227
Chr07 26000000 27000000 112 0.112
Chr07 27000000 28000000 240 0.24
Chr07 29000000 30000000 181 0.181




Chr07 30000000 31000000 119 0.119
Chr07 51000000 52000000 92 0.092
Chr08 16000000 17000000 116 0.116
Chr08 18000000 19000000 293 0.293
Chr08 19000000 20000000 359 0.359
Chr09 15000000 16000000 110 0.11

Chr09 24000000 25000000 65 0.065
Chrll 8000000 9000000 109 0.109
Chrll 18000000 19000000 173 0.173
Chrll 20000000 21000000 109 0.109
Chrll 21000000 22000000 191 0.191
Chrll 37000000 38000000 326 0.326
Chr12 1000000 2000000 171 0.171
Chr12 20000000 21000000 73 0.073
Chr12 21000000 22000000 79 0.079
Chr13 0 1000000 244 0.244
Chr13 17000000 18000000 352 0.352
Chr13 19000000 20000000 261 0.261
Chr13 20000000 21000000 376 0.376
Chr13 21000000 22000000 189 0.189
Chr13 27000000 28000000 227 0.227
Chr14 12000000 13000000 219 0.219
Chr14 13000000 14000000 213 0.213
Chr14 16000000 17000000 358 0.358
Chr15 4000000 5000000 247 0.247
Chr15 6000000 7000000 91 0.091
Chr15 9000000 10000000 190 0.19

Chr15 11000000 12000000 351 0.351
Chr15 16000000 17000000 199 0.199
Chr15 17000000 18000000 59 0.059
Chr15 18000000 19000000 202 0.202
Chr15 19000000 20000000 116 0.116
Chr15 20000000 21000000 81 0.081
Chrl6 6000000 7000000 106 0.106
Chr16 23000000 24000000 184 0.184

Table S15. Top 50 biological process GO terms for the 393 singletons genes in the low
heterozygous regions on Chrl5 of Chandler.

GO.ID

Term

Total
annotated
genes

Number of
significant genes on
Chri5

P-value




G0:0007165 signal transduction 2,682 49 9.00E-22
G0:0009626 plant-type hypersensitive response 366 14 3.60E-19
G0:0006468 protein phosphorylation 1,154 24 3.10E-10
GO0:0045088  regulation of innate immune response 212 2 3.10E-08
G0:0051258 protein polymerization 105 2 4.60E-08
G0:0048544 recognition of pollen 120 10 1.30E-06
G0:0000086 G2/M transition of mitotic cell cycle 44 1 1.80E-06
G0:0009308 amine metabolic process 152 2 2.40E-06
GO:0072593 reactive oxygg?oigigles metabolic 936 4 7 60E-06
GO0:0009833  plant-type primary cell wall biogenesis 54 1 9.50E-06
embryo development ending in seed

G0:0009793 y dgmancy g 506 4 9.60E-06
G0:0001709 cell fate determination 35 1 1.00E-05
G0:0009267 cellular response to starvation 202 1 1.10E-05
G0:0009636 response to toxic substance 306 4 1.20E-05
G0:0016311 dephosphorylation 194 6 3.20E-05
G0:0016236 macroautophagy 115 2 3.40E-05
G0:0015074 DNA integration 724 14 4.00E-05
G0:0009791 post-embryonic development 2,153 20 4.80E-05
G0:0009409 response to cold 484 6 9.10E-05
GO0:0016114 terpenoid biosynthetic process 234 5 0.00014
GO:0046777 protein autophosphorylation 423 6 0.0002

G0:0006790 sulfur compound metabolic process 421 4 0.00025
G0:0000272 polysaccharide catabolic process 294 7 0.00027

Table S16. List of 23 UCD-WIP founders used for the selective sweep analysis [10].

Accession Name Origin Abbreviation
UC-85-008 China XJG6
UC-85-043-1 Bulgaria SH_SD
UC-86-011 France/Germany J PUR
UC-91-013-5 China ZL5
UC-91-031-8 China AHB85
UC-91-041-12 China AKG67
UC-91-056-9 China PRLY
Conway-Mayette USA CMAY
Eureka USA EURK
Hartley USA HART
Idaho USA IDA
Lara France LARA




Manregian (P118256) China MAREG
Marchetti USA MARCH
Meylan France MEYL
Payne USA PAYN
P1159568 Afghanistan PI115 8
Scharsch Franquette USA/France S _FRA
Sharkey USA SHARK
Sinensis #5 Japan SIN5S
Soleze France SLZ
Waterloo USA WAT
UC-64-057 USA 64-057

Table S17. Top 50 biological process GO terms for the 122 windows (100 kb) with negative value
of Tajima’s D in the WWestern genotypes.

Total Number of genes
GO.ID Term annotated in the regions P-value
genes with negative Docc
GO0:0007165 signal transduction 2,682 43 4.30E-21
G0:0009626 plant-type hypersensitive response 366 3 5.30E-19
G0:0006468 protein phosphorylation 1,154 14 4.90E-10
G0:0051258 protein polymerization 105 7 4.10E-08
GO0:0045088  regulation of innate immune response 212 2 1.50E-07
G0:0000086 G2/M transition of mitotic cell cycle 44 2 1.80E-06
G0:0009308 amine metabolic process 152 5 3.90E-06
GO:0072593 reactive oxygen species metabolic 936 4 6.70E-06
process
G0:0009636 response to toxic substance 306 5 8.50E-06
G0:0009625 response to insect 28 1 1.20E-05
G0:0006081 cellular aldehyde metabolic process 135 1 1.90E-05
G0:0080027 response to herbivore 4 1 2.00E-05
G0:0016311 dephosphorylation 194 2 2.50E-05
G0:0009791 post-embryonic development 2,153 36 3.60E-05
GO:0009793 embryo devel(;)pment ending in seed 506 8 3 90E-05
ormancy
GO-0009861  Jasmonic acid an_d ethylene—dependent 45 1 4.60E-05
systemic resistance

GO:0046777 protein autophosphorylation 423 4 8.80E-05
G0:0015074 DNA integration 724 12 0.0001
G0:0046839 phospholipid dephosphorylation 31 1 0.0001
GO0:0016114 terpenoid biosynthetic process 234 2 0.00011
G0:0071555 cell wall organization 677 7 0.00018




G0:0030244

cellulose biosynthetic process

120

0.0002

Table S18. Top 50 biological process GO terms for the 122 windows (100 kb) with negative value
of Tajima’s D in the Eastern genotypes.

Total annotated

Number of genes

GO.ID Term in the regions with P-value
genes :
negatlve DAsia
GO0:0007165 signal transduction 2,682 2 7.00E-22
GO:0009793 embryo development ending in seed 506 1 9.40E-06
dormancy
G0:0009636 response to toxic substance 306 1 1.20E-05
G0:0006081 cellular aldehyde metabolic process 135 2 2.40E-05
G0:0009791 post-embryonic development 2,153 3 4.70E-05
GO0:0016114 terpenoid biosynthetic process 234 5 0.00014




Table S19. Marker-trait associations identified within genomic regions highly differentiated between Western and Eastern walnuts.

Trait SNP Chr PO&)‘S)O” P-value WS'{‘;:;W Wmfw N.SNPs | Fsr | @asa | 7o | ROD | Daia | Doc
Harvest Date | AX-170770379* | 1 | 6506363 | 9.2E-13 | 6500001 | 6600000 | 1526 | 0.394 | 0.006 | 0.002 | 0.629 | 1.877 | 0.771
Shape index | AX-1711585102 | 3 280565 | 1.82E-08 | 200001 | 300000 659 | 0.373 | 0.002 | 0.001 | 0.392 | 1.318 | 0.105
Round index | AX-171158510 | 3 280565 | 4.38E-07 | 200001 | 300000 659 | 0.373 | 0.002 | 0.001 | 0.392 | 1.318 | 0.105

Nutshape | AX-1711054372 | 4 | 6315247 | 1.07E-05 | 6300001 | 6400000 | 2189 | 0.371 | 0.010 | 0.002 | 0.791 | 2.652 | -0.533
Nutshape | AX-1711054302 | 4 | 6326737 | 1.07E-05 | 6300001 | 6400000 | 2189 | 0.371 | 0.010 | 0.002 | 0.791 | 2.652 | -0.533
' [14]

2 [12]




Figure S1. Contiguity of the Chandler ON assembly and the final HiRise scaffolds. Each curve
shows the fraction of the total length of the assembly present in scaffolds of a given length or
smaller. The fraction of the assembly is indicated on the Y-axis and the scaffold length in base
pairs is given on the X-axis. The two dashed lines mark the N50 and N90 lengths of each assembly.
Scaffolds less than 1 kb are excluded.
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Figure S2. Mapping positions of the first and second read in the read pair respectively, grouped
into bins. The color of each square gives the number of read pairs within that bin. White vertical
and black horizontal lines show the borders between scaffolds. Scaffolds less than 1 Mb are
excluded.
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Figure S3. Collinearity between the ‘Chandler’ genetic map of [35] and the 16 chromosomal

pseudomolecules of Chandler v2.0.
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Figure S4. Whole-genome comparison between Chandler v2.0 and JrSerr_v1.0 [22].
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Figure S5. Retrotransposons distribution across the 16 chromosomes of Chandler v2.0.

Chro1

Chr02

400+
3004
2001
100

;

F

Chro3

Chr0o4

400+
3004
2001

}
F

Chro5

Chr06

:

F

Chr07

l
|

Chr09

i

Chri1

{

Chr13

4004

2001
100

g

Chr15

4004
3004
2004
1001

s
P

04
De+00 2e+07 4e+07

0e+00 2e+07 4e+07

Position in the genome

B ail RT classes
I LTrR/Copia
[ | LTRI/Gypsy



1500
500
0

Figure S6. Top 20 biological process GO terms.
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Figure S7. Top 20 molecular function GO terms.
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Figure S8. Top 20 cellular component GO terms.
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Figure S9. Catkin development stages sampled for the label-shotgun proteomic study (pollen is
not shown).
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Figure S10. Modeled structure of the putative new allergen encoded by Jr12_05180. The compact
structure is stabilized by four disulfide bonds, common in other allergenic proteins. The model in
blue is superimposed with a homologous allergen from lentil (PDBid:2MAL) represented in red.
Structure rendered with Pymol 2.3.




Figure S11. Collinear blocks among the 16 chromosomal pseudomolecules of Chandler v2.0.
Different colors of dots represent different pairs of paralogous genes.
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Figure S12. Dual synteny plot between Chr06 a- Chr15 of Chandler v2.0.
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Figure S13. Graphical visualization of allele identity between Chandler and its ancestor Payne for
all 16 chromosomes of Chandler.
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Figure S14. Hierarchical clustering analysis among the 23 re-sequenced founders of the UCD-
WIP.
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Figure S15. Genome scan for selective sweeps between walnuts from EU/USA and Asia. Tracks
from outside to inside: (i) Fst in 500-kb windows. Windows in the 95 percentiles of the Fst
distribution are highlighted in red; (ii) ROD values for 500-kb windows; (iii) Tajima’s D in 500-
kb windows for genotypes from Europe a- USA,; (iv) Tajima’s D in 500-kb windows for genotypes

from Asia.
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Figure S16. Phenotypic differences of harvesting date observed among the three genotypic
classes of the marker AX-170770379 significantly associated to harvest date (Marrano et al.,
2019).
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