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Abstract
Butternut (Juglans cinerea L.) is a rapidly declining tree species threatened by Ophiognomonia clavigignenti-juglan-
dacearum (Oc-j), the causal agent of butternut canker. The introduction of Japanese walnut (Juglans ailantifolia Carrière), 
which hybridizes with butternut and exhibits greater resistance to the disease, presents both a conservation challenge and 
a potential avenue for genetic improvement. Identifying non-admixed butternuts is critical for conservation efforts and 
breeding programs aimed at preserving the species’ genetic integrity while exploring resistance strategies. However, mor-
phological identification of first and advanced generation hybrids is unreliable, necessitating the development of efficient 
detection tools. In this study, we developed and validated a cost-effective, high-throughput SNP genotyping tool using the 
MassARRAY platform to distinguish between J. cinerea, J. ailantifolia, and their hybrids. The panel consists of 28 nuclear 
SNPs and two chloroplast SNPs and demonstrates strong concordance with genotyping-by-sequencing (GBS) results using 
nearly 12,000 SNPs (R² = 0.98), indicating high predictive accuracy. Field testing this genotyping tool to 1,269 trees from 
natural stands and breeding programs in Canada and the U.S. revealed substantial hybridization, particularly in U.S. plan-
tations, where hybrids comprised up to 18% of tested trees. Chloroplast analysis confirmed asymmetrical hybridization 
patterns, with J. ailantifolia acting predominantly as the maternal parent. This SNP panel provides a valuable tool for con-
servation, breeding, and regulatory applications by enabling rapid and accurate hybrid identification. Its implementation 
will help guide recovery strategies for butternut, ensuring that conservation efforts are informed by precise genetic data.
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Introduction

Juglans cinerea, L. (butternut; JC), also called white wal-
nut, is one of approximately 23 species of walnut distributed 
around the world (Mu et al. 2020). This short-lived hard-
wood species is among the most cold-tolerant in the wal-
nut genus and is prized for its edible nuts, highly workable 
wood, and ecological value to wildlife. It has been espe-
cially treasured by First Nations communities for its ethno-
botanical and cultural significance (Lawrence et al. 2017).

Largely due to the introduction of the pathogen Ophiog-
nomonia clavigignenti-juglandacearum (Oc-j), J. cinerea 
has undergone a rapid decline in the last decades and is cur-
rently listed as endangered in the IUCN Red List of Threat-
ened Species (Stritch and Bartow 2019), by the Species at 
Risk Act in Canada (Committee on the Status of Endangered 
Wildlife in Canada (COSEWIC) 2017), and as vulnerable, 
imperiled and critically imperiled in 23 US states by Nature-
Serve Explorer (NatureServe 2025).

J. cinerea and Juglans nigra L. (black walnut; JN) are 
the only two Juglans species native to Eastern North Amer-
ica. Despite their sympatric occurrence, there have been no 
substantiated reports of hybridization between the two spe-
cies. Chlorotyping studies (Stanford et al. 2000; Aradhya et 
al. 2007; Dong et al. 2017; Ebrahimi et al. 2019) have all 
placed J. cinerea chloroplast genomes in the Rhysocaryon 
section with J. nigra. This was likely the result of an ancient 
chloroplast capture event (Ebrahimi 2022; Guzman-Torres 
et al. 2023) since both morphological studies (Dode 1909; 
Manning 1978; Lu et al. 1999) and nuclear marker-based 
phylogenetics (Stanford et al. 2000; Dong et al. 2017; Mu 
et al. 2020), including recent genome sequencing (Ebrahimi 
2022; Guzman-Torres et al. 2023), have all placed J. cinerea 
in its own section, the Trachycaryon, with the Cardiocaryon 
as a sister section, which includes the Juglans ailantifolia 
Carrière (Japanese walnut; JA).

Juglans ailantifolia, native to Japan (Owhi 1965), was 
introduced to North America in the late 1800s (Bixby 1919) 
and widely planted as a horticultural tree in the 1900s. It 
can hybridize with both J. cinerea and J. nigra (Michler et 
al. 2006; Brennan et al. 2020) and due to this hybridization 
potential, it is listed as a potential genetic invasion threat 
(Environment Canada 2010). However, Juglans cinerea X 
ailantifolia hybrids could represent a potential opportunity 
for protecting butternut’s genetic diversity as these hybrids 
show resistance to the canker caused by Oc-j (Boraks and 
Broders 2014; Brennan et al. 2020). Heritable resistance 
seems to be very limited (Ostry and Moore 2008; LaBonte 
et al. 2015) but not completely absent in wild-type J. cine-
rea. Recent evidence shows that some non-admixed butter-
nut families do indeed have a degree of resistance, but most 
resistant families are hybrids (Brennan et al. 2020; Conrad 

et al. 2026). Whether that level of resistance is adequate to 
overcome the pathogen remains to be determined.

The rapid decline of J. cinerea has created an urgency to 
implement a tree improvement strategy to prevent extinc-
tion (Michler et al. 2006; Pike et al. 2020). Currently, few 
options are available, and one viable option is using back-
cross breeding with J. ailantifolia to impart or enhance 
the pathogen resistance that J. cinerea lacks. The Ameri-
can Chestnut Foundation (TACF) has already utilized this 
approach, namely introgressive hybridization, with Chinese 
chestnut to increase fungal blight resistance in American 
chestnut (Powell et al. 2019; Sandercock et al. 2024). This 
introgressive hybridization approach consists of repeated 
hybridization and backcrossing to transfer alleles of inter-
est, in this case from Chinese chestnut, which is more resis-
tant to the blight followed by backcrossing to the American 
chestnut to minimize the loss the native species genetic con-
tribution. However, the hybrid program is still looking at 
whether sufficient resistance has been introgressed to pro-
tect them against the pathogen on the landscape.

Over the last 20 years, teams across the range have col-
lected J. cinerea (from seed or by grafts) from the landscape 
to maintain this material in living collections. For exam-
ple, the Forest Gene Conservation Association (FGCA) in 
Ontario, Canada selected putatively resistant trees from 
the landscape, grafted them to J. nigra rootstock and grew 
them within their breeding orchards with the goal of gen-
erating more resistant progeny through open pollination. 
Similar efforts have been done in the US (i.e. Bell (R9), 
Hardwood Tree Improvement and Regeneration Center 
(HTIRC) in West Lafayette, Indiana). However, linger-
ing healthy trees are often hybrids, due to their increased 
resistance. If hybrids are erroneously selected for open pol-
linated J. cinerea seed orchards, they can obscure evidence 
of disease resistance within pure J. cinerea. Due to the dif-
ficulty of morphologically detecting hybrids between these 
two congeners, various non-genetic and genetic screening 
tools have been developed. Farlee et al. (2010) developed 
a visual screening method based on eleven traits to guide 
resource professionals, nut growers and landowners in 
conserving this declining species. Although it is a valuable 
resource for identifying pure J. cinerea trees, many indi-
viduals can still be misidentified or not fully assessed due, 
in part, to the lack of certain characters (flowering, seed) 
at the time of assessment. Misidentification and incomplete 
assessments are particularly problematic for selecting non-
admixed disease-resistant trees. Different types of nuclear 
or organellar genetic markers such as restriction fragment 
length polymorphisms (Fjellstrom and Parfitt 1994), micro-
satellite markers (Hoban et al. 2008), chloroplastic Cleaved 
Amplified Polymorphic Sequences (CAPS; McCleary et al. 
2009; Zhao and Woeste 2010), and sequence characterized 
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amplified regions markers from randomly amplified poly-
morphic DNA (Zhao and Woeste 2010) have also been 
developed and used to assess genetic composition of puta-
tively pure J. cinerea but can be time-consuming, low 
throughput and can suffer from a lack of resolution.

With the advent of next generation sequencing technol-
ogy, novel approaches have been developed for identifying 
interspecific markers, such as restriction site-associated 
DNA sequencing methods, which utilize restriction enzymes 
to reduce genome complexity before sequencing (e.g., 
Genotyping-by-Sequencing; GBS), or to produce Single 
Nucleotide Polymorphism (SNP) marker panels (e.g., Mas-
sARRAY; MA) to rapidly genotype samples at multiple 
loci, enabling the development of tools for either species 
or genotype detection and identification (e.g. Meirmans et 
al. 2010; Isabel et al. 2013; Godbout et al. 2017). The Mas-
sARRAY System combines PCR amplification with mass 
spectroscopy which provides a high-throughput genotyp-
ing approach with multiplexing capabilities (30-40 SNPs/
panel). Compared to other approaches, the SNP marker pan-
els are cost-efficient, high-throughput, and do not require 
complex downstream analysis, making them applicable to 
non-specialist end-users (for more details see Godbout et 
al. 2017) that simultaneously allows for both nuclear and 
organellar genetic marker assessment. Additionally, even in 
the case of low-quality DNA, species identification remains 
possible despite some missing data, as enough informative 
markers can often still be recovered.

In this paper, we had three main objectives: (1) develop 
and select a high-quality SNPs panel to distinguish J. cine-
rea, J. ailantifolia, and their hybrids, (2) Measure the assign-
ment efficiency of the interspecific panel (limited number of 
SNPs) by comparing it to GBS genotyping approach (thou-
sands of SNPs), and (3) field test the panel to assess the 
extent of admixture of trees collected from plantations and 
wild stands in Canada and the US.

Materials and methods

Sample collection

Leaflet samples were collected fresh and stored at -80℃ 
or at room temperature after drying the leaves with silica 
packs. A total of 1,497 samples from unique trees were used 
in this study. Canadian samples came from various locations 
from 3 Canadian provinces (NB, QC, ON) where the species 
is native. Forest Gene Conservation Association (FGCA) 
samples were all selected as putatively resistant trees in the 
province of ON. They were grafted to J. nigra root stock 
and are currently planted in various living orchards in the 
province of ON. Other Canadian samples were collected 

from various wild stand in all 3 provinces. US samples, 
came from diverse sources, including a planting of open-
pollinated seedlings from seed collections across the US 
and from research plantings, which presumably could have 
included surviving or more resistant material (HTIRC), 
surviving trees from a decades-long study with commer-
cial nursery-sourced material (MTE), and from a planting 
established to examine resistance in J. cinerea with mate-
rial sourced from seed orchards (Bell, R9). Matrogrny ‘Bell’ 
trees were believed to be J. cinerea, with some hybrid trees 
intentionally included in the study design.

DNA extraction

Since samples were collected and extracted from many 
collaborators, different DNA extraction procedures were 
used. Details for samples prepared for GBS can be found 
in the SNP assay development section. DNA from Canadian 
samples (FGCA, Canada) were extracted using the Plant 
DNeasy kit (Qiagen, Germantown, MD, USA) according 
to the manufacturers protocol except that the lysis step was 
done for 1 h at 65° C. DNA from US samples were extracted 
using a modified cetyltrimethylammonium bromide (CTAB) 
method outlined by Doyle and Doyle (1987).

SNP assay development

The genotyping assay was built from the results of two dis-
tinct sources of GBS to maximize the presence of interspe-
cific fixed SNPs on as many chromosomes as possible. The 
first GBS analysis was conducted on 63 individuals from 
the Juglans genus, including 53 J. cinerea, four J. ailantifo-
lia, three F1 hybrids between J. ailantifolia and J. cinerea, 
three J. nigra, all identified as putative members of their 
respective species (material obtained from Danny Rioux, 
Canadian Forest Service). DNA was extracted from dried 
leaf material with the Nucleospin 96 Plant II kit (Macherey-
Nagel, Bethlehem, PA, USA) following the manufacturer’s 
protocol for vacuum processing with the following modi-
fications: (a) cell lysis using buffers PL2 and PL3 (lysis 
step heated for 1 h at 65° C); and (b) elution with Tris-HCl 
10 mM pH 8.0 buffer. DNA samples were quantified and 
assessed for quality with a NanoDrop spectrophotometer 
and a Qubit fluorometer (ThermoFisher Scientific, Waltham, 
MA, USA). The GBS libraries were prepared at the Plate-
forme d’Analyses Génomiques of the Institut de Biologie 
Intégrative et des Systèmes (IBIS; Laval University, Que-
bec City, Canada) according to the procedure described in 
Poland et al. (2012) with PstI and MspI restriction enzymes. 
Barcoded adapters were ligated to individual DNA. The 
libraries were size selected on a blue pippin 2% agarose cas-
sette and then amplified by PCR. Each amplified library was 
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loaded on three different Ion Torrent™ System P1 v3 chips 
(ThermoFisher Scientific) for sequencing. The resulting 
sequences from three chips were merged at the end of the 
process. Adapters were removed and raw reads trimmed to 
120 bp using Cutadapt v1.9dev1 (Martin 2011) before being 
aligned to the Juglans regia L. reference genome, Chandler 
v1.0 (Martinez-Garcia et al. 2016) using CLC Genomic 
Workbench v5.5.2 (Qiagen, Germantown, MD, USA.). 
Eleven SNPs (JUGv-001 to JUGv-035) were selected based 
on their position in the genome and/or the function of the 
gene they belong to.

The second GBS dataset also used dried leaf segments 
(approximately 1.5  cm long and 1  cm wide) that were 
placed in a 96-well plate (1.2 mL) and ground using the 
GenoGrinder 2000 (Spex CertiPrep, Metuchen, NJ, USA) at 
650 strokes/min for 15 to 30 s. This step was crucial for the 
DNA extractions, conducted using silica columns in 96-well 
plates and a modified cetyltrimethylammonium bromide 
(CTAB) method outlined by Doyle and Doyle (1987). The 
DNA concentration was measured with the Quant-iT Pico-
Green dsDNA Kit (Invitrogen, Carlsbad, CA, USA) on a 
Synergy™ HT plate reader (Bio-Tek Instruments, Winooski, 
VT, USA) and adjusted to 50 ng/µL. Illumina library were 
prepared following the method by Poland et al. (2012) using 
7.5 µL of DNA in a 30 µL restriction-ligation reaction with 
HindIII-HF, MseI, and T4 DNA Ligase. Individual barcoded 
libraries were pooled by 96-well plate, cleaned using Ampure 
XP beads (Beckman-Coulter, Indianapolis, IN, USA), PCR 
amplified and cleaned again with Ampure XP beads before 
being loaded onto a Bioanalyzer 2100 in a DNA7500 chip 
(Agilent, Santa Clara, CA, USA). Libraries were adjusted to 
10 nmol before being submitted to the UC Davis Genome 
Center (Davis, CA) for SR100 sequencing on a HiSeq4000 
instrument (Illumina, San Diego, CA, USA). For this GBS, 
the TASSEL GBS pipeline (Glaubitz et al. 2014) and BWA 
(Li and Durbin 2009) were used to align 64 bp tags to the 
Chandler v2.0 genome (Marrano et al. 2020), keeping only 
tags that appeared at least 10 times in the dataset with a 
MAPQ score > = 20. Concordance between replicate sam-
ples was used to set filtering thresholds. SNP calls with a 
depth < 5 were set to missing, and samples with more than 
90% missing data were discarded. Indels, SNPs with more 
than two alleles, and SNPs with over 50% missing data 
were also discarded. Beagle 5.0 (Browning et al. 2018) was 
used for imputation with window = 12 and step = 4. These 
filters resulted in a median concordance between replicate 
samples of 95.9% (mean = 95.5%), a median heterozygous 
mismatch rate of 3.9% (mean = 4.2%), and a median homo-
zygous mismatch rate of 0.2% (mean = 0.3%). A total of 
11,952 SNPs were kept from this dataset and 17 unlinked 
SNPs (JUGv-102 to JUGv-122) were selected for the assay 

based on 100% frequency difference between 18 putative J. 
ailantifolia and 30 putative J. cinerea samples.

Two species-specific chloroplast CAPS markers (CPS2 
and CPS10) developed by McCleary et al. (2009) to distin-
guish J. ailantifolia and J. cinerea were also included in the 
assay. New primers were redesigned based on the alignment 
of the original CAPS primers with the chloroplast genomes 
of J. cinerea, J. ailantifolia, J. nigra, J. regia, and Juglans 
mandshurica L. (Dong et al. 2017).

Genotyping

Genotyping was performed using the Agena Bioscience 
iPLEX Gold platform at the Genome Quebec service facil-
ity (Montreal, Canada). In short, a multiplex PCR was 
performed on 20 ng of template genomic DNA in a 5uL 
reaction mixture containing: 0.1 µL (0.5 U) HotStarTaq 
DNA polymerase (Qiagen, Germantown, MD, USA), 0.63 
µL of 10X HotStarTaq PCR Buffer, 0.33 µL of 25 mM 
MgCl2, 0.25 µL of 10 mM dNTP mix, 0.55 µL of forward 
and reverse primer pool (1 µM; see Supplementary Table S1 
for all primer sequences) and 1.15 µL of water, with cycling 
parameters of and initial hold of 95 °C for 15 min, followed 
by 45 cycles (95 °C for 20s, 56 °C for 30s, 72 °C for 60s), 
then a final 72 °C hold for 3 min. Shrimp-Alkaline-Phos-
phatase (SAP) treatment was then performed to remove any 
unused nucleotides; reactions were added to 0.2 µL of SAP 
Buffer, 0.3 µL of SAP, and 1.5 µL of water and incubated 
at 37 °C for 40 min, then 85 °C for 10 min. A primer exten-
sion reaction was then performed with 0.94 µL of extension 
primer mix, 0.2 µL of iPlex Terminator, 0.2 µL of iPlex Buf-
fer, 0.041 µL of iPlex Thermo Sequenase and 0.62 µL of 
water. The extension cycle parameters were an initial hold 
of 95 °C for 30s, followed by 45 cycles of (95 °C for 5s, 
then 5 subsequent rounds of 52 °C for 5s, and 80 °C for 5s, a 
final hold of 72 °C for 3 min. The products are then desalted 
using 6 mg of resin and spotted on a 384-point SpectroCHIP 
(Agena Bioscience, San Diego, CA) using the Chip Prep 
Module. The distinct masses were determined by MALDI-
TOF mass-spectrometry and results were analyzed using 
MassARRAY Typer Analyser software. The resulting mass 
heights were clustered with the Mclust v6.1 (Scrucca et al. 
2016) in R v4.3.3 (R Core Team 2023).

Validation

A validation plate containing 90 putative samples where 
86 were J. cinerea, J. ailantifolia and hybrids, as well as 
4 samples of J. nigra were used to validate the SNPs assay 
results. Species assignments were previously determined 
either by observed allelic proportions from GBS results or 
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from microsatellite marker analysis. We classified them as 
pure J. cinerea (JC), pure J. ailantifolia (JA), backcross 
toward J. cinerea (BC JC), backcross toward J. ailantifolia 
(BC JA), complex hybrids between these two species (Com-
plex hybrids), or J. nigra. In addition to the validation plate 
samples, a subset of 55 samples (some used in the initial 
SNP Validation steps and some from the field testing) previ-
ously assessed by GBS (n = 11,952 SNPs) were compared to 
MassARRAY (n = 26 SNPs) to estimate how often MassAR-
RAY successfully assigns genotypes in comparison to GBS.

Hybrid analysis

Both Buerkle’s hybrid index (Buerkle 2005) using func-
tion esth in R package gghybrid v1.0 (Bailey 2024) and 
STRUCTURE v2.3.4 (Pritchard et al. 2000) were used to 
estimate the hybridization level of 1,269 samples from vari-
ous natural origins in Eastern Canada (Ontario, Quebec, and 
New Brunswick), as well as samples from plantation trees 
from the USA. Both methods use Markov Chain Monte 
Carlo (MCMC) for estimating results. For Hybrid Index 
(HI) we used a burn-in of 2,000 and 3,000 more iterations 
(nitt = 5000) while for STRUCTURE, we used a burn-in of 
20,000 and 100,000 iterations with default parameters; 95% 
credible intervals were computed for both methods. The two 
methods mentioned above provide admixture proportion in 
the form of a Qscore (STRUCTURE) and posterior prob-
ability (Buerkle’s HI) but do not provide an easy solution to 
differentiate the genealogical F1 and F2 + classes since they 
both result in admixture proportions around 50%. To char-
acterize and differentiate these different genetic classes, we 
used the hybrid classification tool NewHybrids (Anderson 
and Thompson 2002). NewHybrids uses a Bayesian statisti-
cal method to compute posterior probabilities, enabling the 
assignment of individuals to specific hybrid categories with 
an associated confidence level. We evaluated the data for six 
genotype frequency classes from two generations of poten-
tial interbreeding between the 2 species of interest. A total of 
115,501 sweeps were done before genotypes were assigned 
to their specific classes.

Results

MassARRAY assay efficiency and how assignments 
compare to GBS

The definitive version of the assay holds 26 nuclear and 
two chloroplastic SNPs (CAPS02 and CAPS10) for distin-
guishing between J. cinerea and J. ailantifolia, as well as 2 
SNPs (JUGv001 and JUGv010) that can help identify the 

presence of J. nigra and J. regia (Supplementary Table S1) 
with the main objective of removing samples that contain 
these species from hybrid analysis. Originally, the assay was 
supposed to contain six more SNPs but three did not amplify 
well and three produced clustering results of poor quality.

The genotyping success rate for the 26 nuclear SNPs 
of the assay was 96.2%, while the two chloroplast CAPS-
transformed SNPs had a success rate of 99.5%, for the 1,375 
samples retained (Supplementary Table S2); this excludes 
122 low quality DNA samples with 42% and higher missing 
data (Supplementary Table S3).

Given the nearly fixed nature of the genetic markers used 
in our assay, the Bayesian approach employed by STRUC-
TURE (Pritchard et al. 2000) to calculate a probabilistic 
degree of admixture can be a valuable tool for estimating 
the level of hybridization between the two species. How-
ever, the simpler and more straightforward Buerkle’s hybrid 
index (Buerkle 2005) is equally effective for estimating 
hybridization levels. The correlation between the admixture 
proportion calculated by the two methods (HI vs. Qscore) 
shows an R2 of 0.999, indicating that both methods can con-
fidently be used without compromising accuracy (Supple-
mentary Table S4).

As part of the initial SNP panel validation, 86 samples 
were selected based on morphological and genotyping 
assessment. Based on their morphology at time of collection 
and the profile of 2 SNPs (JUGv_001 and JUGv_010) from 
the panel, we removed four non-J. cinerea and non-J. ailan-
tifolia samples. The remaining samples were then classified 
as either admixed or pure, based on previous GBS and mic-
rosatellite marker data assessment (Hoban 2008). Among 
these, 58 were pure, including 40 J. cinerea and 18 J. ailan-
tifolia from across the range (Fig. 1; Supplementary Table 
S5). The remaining 28 samples were identified as hybrids.

Using a hybrid index threshold of 0.95, all but one sam-
ple were correctly identified. One sample (juglansval12) 
identified as an advanced generation J. cinerea backcross 
with GBS was instead classified as pure J. cinerea using 
MassARRAY genotyping in which, all SNPs were J. cine-
rea specific. The hybrid index of the 55 samples genotyped 
using both GBS (11,952 SNPs) and MA (26 SNPs) shows 
a very high correlation (R2 = 0.98), indicating that the 26 
SNPs selected allow for confident assignment of hybrid sta-
tus (Fig. 2).

Field testing the panel on wild and plantation trees 
in North America

After panel validation, we field tested the panel on 1,269 
individuals selected from US and Canadian sources. The 
FGCA individuals (162) consists of individuals that were 
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selected from the wild for their putative resistance to can-
ker. The other samples (Canada; 98, HTIRC; 445, Bell (R9); 
365, MTE; 49 and US; 150) were sourced from the wild, 

from seed orchards or germplasm repositories, or from a 
commercial nursery, with unknown source. The results 
show that although many trees appear as non-admixed J. 

Fig. 2  Scatterplot showing the 
relationship between the hybrid 
index (admixture propor-
tion) as determined by GBS 
(11,952SNPs) and MassARRAY 
(26 nuclear SNPs) genotyping 
from 55 individuals

 

Fig. 1  Hybrid index graph depicting the admixture proportion of all 
validation samples pre-selected based on previous GBS or microsatel-
lite genotyping assignment. Orange and blue indicate the admixture 

proportion for J. cinerea (JC) and J. ailantifolia (JA), respectively. The 
dashed lines refer to the admixture proportion of 0.95, 0.65, 0.35 and 
0.05
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cinerea (81.7%), there are still many hybrid trees (18.2%) 
within these plantations (Fig. 3A). We can see some impor-
tant differences between the samples collected from Canada 
and the US. First, all but two (JUNL2024_743 and juglans-
prod7, Supplementary Table S6) Canadian accessions col-
lected from the wild and in the FGCA archived gardens were 
assigned as pure J. cinerea while in the US, the proportion of 
hybrids observed were 25%, 23% and 17% for HTIRC, Bell 
(R9) and other US (MTE + US) datasets, respectively. Using 
the admixture proportion, we observed that over 60% of the 
hybrids exhibit introgression predominantly directed towards 
J. cinerea (HI between 0.05 and 0.35), only 12% towards J. 
ailantifolia (HI between 0.65 and 0.95) and 28% as complex 
hybrids with intermediate proportions (HI between > 0.35 
and < 0.65) (Supplementary Table S6). Using NewHybrids 
(NH), we were able to distinguish individuals identified as 
complex hybrids, separating those classified as first-genera-
tion hybrids (F1) which are expected to be heterozygous at 
all the nuclear SNP positions, from those resulting from more 
intricate hybridization patterns between congeners across 
multiple generations. Out of 62 trees with HI values > 0.35 
and < 0.65, only 11 were identified as F1 with a NH posterior 
probability (PP) ≥ 0.95 (Supplementary Table S7). Another 
28 were assigned as complex hybrids (PP ≥ 0.95) and 1 as 
BC_A (PP ≥ 0.95). Another 6 were assigned as F1, 10 as 
Complex hybrids, 2 as BC JC and 3 as BC JA with posterior 
probabilities between 0.5 and 0.95. The last one had a prob-
ability below 0.5. Out of the 11 F1 hybrids, 9 individuals 
belonged to the US sample group while the other 2 F1 indi-
viduals came from the HTIRC plantation.

Geographic origin of the hybrids

As part of the initial testing of the panel, various non-
admixed J. cinerea samples from across its natural range 
were selected to assess whether the SNPs selected were 
fixed across the landscape. This was important since it has 
been demonstrated that J. cinerea populations are geneti-
cally differentiated at the landscape level (Hoban et al. 
2010; Schumacher et al. 2022). Although the sampling was 
not specifically designed to look at the level of hybridiza-
tion across the landscape, individuals from various regions 
in both Canada and the US allowed us to determine the 
origin of the hybrids (Supplementary Table S8). As can 
be seen from the map (Fig.  3B), hybrids are interspersed 
across the landscape, but the greatest proportion are found 
South of the Great Lakes in Northern Indiana. There are 
also proportionally less hybrids in the southern states 
below the 40th parallel North and very few hybrids from 
Canada. The two individuals from Canada identified were 
very near the 0.95 HI admixture cut-off (both 0.94) and both 
individuals (juglansprod7, JUNL2024_743) had posterior 

probabilities ≥ 0.95 classifying them as JC according to NH 
(see Supplementary Table S7).

Direction of hybridization

As part of panel development, two previously developed 
CAPS (McCleary et al. 2009) were used and redesigned for 
use as markers in the SNP-based assay. These markers are 
useful to identify the direction of the crosses since in Juglans, 
chloroplasts are maternally inherited (Zhang and Sodmergen 
2003). As expected, most non-admixed individuals exhibit 
their respective species-specific chloroplast (Table  1). For 
the initial validation samples (86; 90 minus 4 J. nigra sam-
ples), all pure J. cinerea and J. ailantifolia samples had their 
respective chlorotypes except for one J. cinerea (Table 1). For 
the validation hybrids, most (24) had J. ailantifolia specific 
chlorotype 2 and three had chlorotype 1. For the field-tested 
samples, out of 1036 pure J. cinerea (HI ≥ 0.95), all but 6 indi-
viduals had chlorotype 1 (AC) specific to J. cinerea (Table 1). 
For the other 6 samples, 3 were missing and the other 3 had 
chlorotype 2 (GT). For non-admixed J. ailantifolia, the 2 
individuals had their respective chlorotype 2 (GT). Among 
the 231 hybrids (without Validation group) observed (18.2% 
of individuals), 11 missed (null alleles) either one or both 
chloroplast markers. The majority (71.4%) harbored the main 
J. ailantifolia chlorotype 2 while 19% had the J. cinerea chlo-
rotype. We also found a rarer third chlorotype (AT) that was 
observed in only 11 of the field-tested samples. They were 
all hybrids suggesting it is also specific to J. ailantifolia. At 
the country level, all non-validation samples from Canadian 
sources had the J. cinerea specific chlorotype 1. As expected, 
all four J. nigra samples used for initial validation exhibited 
the same chlorotype as JC (Supplementary Table S2).

Discussion

Characterizing the level of disease resistance within species 
is challenging. Having introduced congeners with known 
disease resistance that can hybridize with the native spe-
cies can make this characterization even more difficult, 
especially if the introduced species has been present over a 
long period of time and when hybrids are difficult to identify 
morphologically. This is the situation with J. cinerea that 
has co-existed with J. ailantifolia since being introduced 
in the late 1800s. Although listed as a possible threat due 
to genetic swamping (Committee on the Status of Endan-
gered Wildlife in Canada (COSEWIC) 2017), introgression 
with the J. ailantifolia may be a viable option to preserve 
J. cinerea in the future if insufficient resistance is found 
in the native species. However, this introduction compli-
cates resistance phenotyping since on-going research is still 
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trying to characterize and find a source of disease resistance 
within non-admixed J. cinerea.

The genomic panel developed herein is functional and 
can provide end-users with the capabilities to characterize 
the hybrid status of their trees and support the next steps 
for improving the efforts of identifying disease resistance 

within the species or introducing it via hybrid introgres-
sion. We aimed to develop a SNP-based assay that could 
separate the pure J. cinerea from the ones admixed with 
J. ailantifolia. Moreover, we wanted a tool that was cost 
effective, precise, and easily scalable, that could provide 
various end users (i.e., arborists, researchers, Species 
at Risk regulators, etc.) with a quick genotyping option 
regarding their trees of interest (e.g. see Godbout et al. 
2017). To do this, we used GBS sequence data from the 
two congeners to identify species specific SNPs and tested 
the success rate of the assignment of the MA panel to 
identify hybrids and compared those assignments to the 
same samples that were tested using GBS. Finally, we use 
the panel to field test and characterize the hybrid status of 
both natural and plantation individuals from the US and 
Canada.

Fig. 3  (A) Bar graphs showing the hybrid index values and 95% cred-
ible intervals for the 1269 wild and plantation individuals assessed 
from the US and Canada. (B) Map showing the origin of the hybrids 
(260) in the study as determined by their Hybrid Index. Samples with 
identical coordinates have been organized in pie chart with size deter-
mining the number of samples. The HI values are based on the propor-
tion of Juglans cinerea admixture with J. ailantifolia. BC JC > 0.05 
to ≤ 0.35; Complex hybrid > 0.35 to ≤ 0.65; BC JA > 0.65 to < 0.95; JA 
0.95 to 1.0. Pure JC individuals (which are in the majority) were not 
included in the map to highlight the origin of the hybrids within our 
study

Table 1  Table representing the putative species and chlorotype for all individuals (Validation and testing) within the study. The final TOTAL rep-
resents all samples in the field testing (not including the Validation sample source)
Sample source Putative species n samples Null chlorotype 

n samples
Chlorotype 1 J. 
cinerea (AC) n 
samples

Chlorotype 2 J. 
ailantifolia (GT) 
n samples

Chloro-
type 3 JC/
JA (AT) n 
samples

Validation
Validation
Validation
Validation
Validation
Total

J. cinerea
J. ailantifolia
Hybrid: BC JA
Hybrid: BC JC
Complex hybrids

41
18
4
14
9
86

0
0
0
1
0
1

40
0
1
0
1
42

1
18
3
13
8
43

0
0
0
0
0
0

Canada (FGCA + Canada)
Canada (FGCA + Canada)
Canada (FGCA + Canada)
Canada (FGCA + Canada)
Canada (FGCA + Canada)
Total

J. cinerea
J. ailantifolia
Hybrid: BC JA
Hybrid: BC JC
Complex hybrids

258
0
0
2
0
260

0
0
0
0
0
0

258
0
0
2
0
260

0
0
0
0
0
0

0
0
0
0
0
0

HTIRC
HTIRC
HTIRC
HTIRC
HTIRC
Total

J. cinerea
J. ailantifolia
Hybrid: BC JA
Hybrid: BC JC
Complex hybrids

332
2
12
73
26
445

2
0
1
4
2
9

328
0
0
14
2
344

2
2
9
54
22
89

0
0
2
1
0
3

Bell (R9)
Bell (R9)
Bell (R9)
Bell (R9)
Bell (R9)
Total

J. cinerea
J. ailantifolia
Hybrid: BC JA
Hybrid: BC JC
Complex hybrids

281
0
17
41
26
365

1
0
0
0
1
2

279
0
1
9
7
296

1
0
14
29
16
60

0
0
2
3
2
7

US other (MTE + US)
US other (MTE + US)
US other (MTE + US)
US other (MTE + US)
US other (MTE + US)
Total

J. cinerea
J. ailantifolia
Hybrid: BC JA
Hybrid: BC JC
Complex hybrids

165
0
0
16
18
199

0
0
0
0
3
3

165
0
0
7
2
174

0
0
0
8
13
21

0
0
0
1
0
1

Total
Total
Total
Total
Total
TOTAL (not including 
Validation)

J. cinerea
J. ailantifolia
Hybrid: BC JA
Hybrid: BC JC
Complex hybrids
All putative species

1036
2
29
132
70
1269

3
0
1
4
6
14

1030
0
1
32
11
1074

3
2
23
91
51
170

0
0
4
5
2
11
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Interspecific SNP panel accurately identifies non-
admixed J. cinerea

The generated panel consists of 30 SNPs integrating both 
nuclear and chloroplastic SNPs. The addition of two chlo-
roplastic SNPs allow for the identification of chloroplast 
inheritance. To maximize the utility of each SNP across the 
species’ natural range, we selected J. cinerea samples from 
diverse regions across the landscape for SNP validation. 
Two more SNPs were added to confirm the presence of J. 
nigra. Although J. nigra is morphologically easily differ-
entiated from the other two species and does not hybrid-
ize with J. cinerea, those two SNPs provide some increased 
confidence in the case of sampling from grafts, where J. 
nigra rootstocks are used.

We then compared the success rate of our selected SNPs 
compared to previously used methods of analysis. This 
included GBS, which provides a powerful approach to gen-
erate a high number of SNP markers for hybrid analysis. 
Although useful for hybrid determination, the genotyp-
ing method is mainly used for deeper genetic analysis like 
genome-wide association (GWAS) and genome-environ-
ment association (GEA) studies. The method requires bet-
ter DNA quality and requires more complex bioinformatics 
pipelines to acquire and interpret marker data, which makes 
it less attractive for end users looking for quick taxonomic 
identification. In our case, the method was used to evaluate 
the predictive power of our 26 nuclear SNPs (MA) against 
11,952 SNPs (GBS). The very high correlation between the 
two approaches (R2 = 0.98) clearly demonstrates the effi-
ciency of the panel to separate non-admixed individuals 
from hybrids, which is key for many end user applications, 
particularly when it only requires the knowledge of whether 
individuals are hybrid or not for regulatory purposes (Jacobs 
et al. 2023). However, the lower number of SNPs limits our 
ability to effectively determine advanced generations of 
hybrids, which would require many more SNPs (Padilha 
da Silva and Caetano 2020). The application of MA geno-
typing on previously confirmed samples demonstrates its 
ability to differentiate the non-admixed congeners with the 
panel able to confirm 100% of the non-admixed J. cinerea 
and J. ailantifolia pre-selected as such. All the samples pre-
selected as hybrids were also correctly identified.

Plantation genotyping shows substantial numbers 
of hybrids

After validation on known samples, we field tested the 
genotyping approach to various individual trees located 
in natural stands and in plantations from the US and Can-
ada were selected as putatively resistant stock (FGCA) 
and others to some extent (HTIRC, Bell_R9). The others 

were collected in natural stands (Canada), from germplasm 
repositories (US) or from a commercial nursery in the US 
(MTE). Although not surprising, our results show a substan-
tial number of hybrids in the plantations which highlights 
the difficulty of selecting non-admixed J. cinerea from the 
landscape using morphological traits alone. Although useful 
as a guide since a good proportion are accurately identified 
(> 80%), morphological identification can become prob-
lematic especially when this selection is used to remove 
hybrid trees from the landscape for regulatory purposes, for 
example, to minimize the threat of genetic swamping from 
J. ailantifolia. Though a reassessment of the risk of genetic 
swamping versus the risk of extinction is another topic that 
could be examined, since this is currently listed as a threat 
but could be a potential solution for species conservation 
by limiting functional extirpation in the event of insufficient 
resistance within the native species. Misidentification can 
also be troublesome when the goal is the phenotyping for 
resistance traits in J. cinerea since it could contribute to a 
false conclusion that there is resistance within the species 
when in reality, the genetic contribution for the resistance is 
based on J. ailantifolia introgression.

Results herein also show that a greater proportion of 
hybrids have the J. ailantifolia chloroplast, indicative of J. 
ailantifolia as the mother in at least one previous genera-
tion since the chloroplast is maternally inherited in Juglans 
(Zhang and Sodmergen 2003). In our study, 75% of the iden-
tified hybrids had the J. ailantifolia specific chloroplast. In 
Hoban et al. (2009), the proportion was even higher where 
over 90% of the hybrids within their dataset had the J. ailan-
tifolia chloroplast demonstrating a high level of directional 
hybridization towards the exotic congener. Another inter-
esting observation in our dataset is regarding the origin of 
these hybrids. It is important to point out that the focus of 
our study was not to identify the landscape level distribu-
tion of the hybrids nor to delimit any hybrid zones since 
only one species is native, but to focus on characterizing the 
hybrid status of trees found mostly within managed planta-
tions where many are being phenotyped for resistance to the 
pathogen. What we found was that all but a few hybrids 
originate from the US. The reason for this discrepancy is 
unknown but likely involves many factors such as differ-
ential flowering phenology in Juglans, both in type and in 
timing of overlap (Gleeson 1982; Kimura et al. 2003; Bai 
et al. 2007); excess native congener pollen density due to 
higher numbers of adjacent J. cinerea trees and asymmet-
rical crossing barriers in angiosperms (Tiffin et al. 2001). 
For example, bud flush phenology is different between non-
admixed J. cinerea, J. ailantifolia and their hybrids with 
J. ailantifolia (the introduced species) being the earliest to 
flush followed by the hybrids and J. cinerea (Aziz Ebra-
himi, unpublished data) as observed in poplar species and 
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their hybrids (Roe et al. 2014a, b). Phenological differences 
in flowering times across the latitudinal gradients may have 
influenced regional patterns of hybridization, potentially 
limiting hybrid formation in some areas while favoring it in 
others (LeBoldus et al. 2013). However, without extensive 
studies looking at flowering phenology for non- admixed J. 
cinerea, J. ailantifolia and various hybrids growing at differ-
ent latitudes, we cannot conclude that this is the main driver 
for these observations. The earlier introduction (reported 
in 1967) of the pathogen in the US (Renlund 1971), and 
possibly much earlier (Broders et al. 2015) in comparison 
to its introduction in Canada in the 1990s is another factor 
that could also have contributed to higher hybrid survival 
and presence in different regions. J. cinerea decline of 77% 
had already been reported between 1966 and 1986 (Ander-
son and LaMadeleine 1978; Ostry et al. 1994). More recent 
work by Morin et al. (2018) had shown a steep decline in 
both J. cinerea number (58%) and volume (44%) across the 
US since the 1980s. It is possible that increased pathogen 
susceptibility of J. cinerea could have removed the more 
susceptible congener, leaving the hybrids on the landscape 
to be selected and planted in living collections. However, 
tree hybrid status at the landscape level was not character-
ized within these surveys and hence it cannot be empirically 
confirmed whether this was a contributing factor.

Future application in conservation and tree 
improvement

Protecting species against existential threats like invasive 
pests and pathogens often requires multiprong conservation 
strategies to protect both the habitat where the species is 
found while integrating ex situ strategies such as seed bank-
ing to minimize genetic diversity loss. Genomic tools are 
increasingly being developed to support these efforts for real 
world applications in forest health (Sniezko and Koch 2017; 
LeBoldus et al. 2024) in early detection of pests and patho-
gens, to characterize biodiversity but are also very useful to 
support tree improvement activities which are often one of 
the only options available to protect the trees from decline. 
Out of all the tools, genotyping is one of the most used since 
it can support many of these efforts to improve trees by pre-
dicting the traits of progeny through marker assisted selec-
tion methods such as genomic selection (Meuwissen et al. 
2001) which can save years off the breeding cycle for tree 
improvement. It is also very important in species identifica-
tion and in this case for interspecies hybrid determination.

The hybrid SNP panel presented in this study was devel-
oped for specific applications for the conservation of J. 
cinerea. It was initially developed to help in the character-
ization of trees that were already present in living collections 

across North America. Some of these living collections are 
currently being assessed for canker susceptibility and mis-
characterizing these trees as non-admixed would bias the 
conclusion that disease resistance within non-admixed trees 
can be achieved. The tool will be able to support the char-
acterization of new selections from wild populations and 
minimize resource loss by grafting or selecting mischarac-
terized trees.

Ex situ conservation is another avenue that will benefit 
from this genomic tool by its ability to characterize the 
hybrid status of seed-bearing trees for conservation. Cur-
rently, the only ex situ strategy for the long-term conser-
vation of remaining J. cinerea genetic diversity is through 
cryo-conservation of embryogenic axes (Williams et al. 
2019, 2023). Both the trees used as mother trees for these 
collections as well as the trees regenerated from this backup 
will be able to be assessed.

Another benefit is that the tool will help assess the extent 
of introgression within natural populations and provide 
insights into the level of introgression in the next generation 
where there is regeneration. Although landscape level intro-
gression analysis can provide useful data into the genetic 
impact on endangered species because of genetic swamping 
and loss of genetic diversity. It can also complicate the legal 
status of species, especially if the hybrids do not have the 
same protection status as their non-admixed congeners.

To be successful, multiple sources of resistance will 
likely be required before a viable reintroduction program 
can be established for pure J. cinerea. This effort has become 
increasingly important to the J. cinerea research community 
to determine whether tree improvement in J. cinerea can 
be achieved and be long lasting without congener intro-
gression. Given the endangered status of the species and its 
rapid decline, we suggest these research efforts be under-
taken sooner rather than later to prevent the further loss of 
the adaptive potential and its ecological function for ben-
efits at a larger landscape scale. As previously mentioned, 
some regional populations have already been lost because 
of the pathogen (Committee on the Status of Endangered 
Wildlife in Canada (COSEWIC) 2017; Morin et al. 2018) 
and the pace has not slowed. This is particularly evident in 
New Brunswick, which was the last region to report on the 
presence of the pathogen and where, in the last few years, 
it has become widespread, leading to increasing mortality 
(22% loss in 7 years) and declining genetic diversity (van 
der Meer et al. 2025). From a resistance breeding standpoint, 
these results clearly show the importance of characterizing 
trees genetically before phenotyping them for inclusion in 
a tree improvement program, especially one focused on 
selecting disease resistance within non-admixed J. cinerea. 
Deploying this genomic tool will be key to supporting the 
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various research activities currently being undertaken and 
help drive the discussion on the requirement and the value 
of using hybrids to support the conservation and recovery 
efforts of the species, where time is of the essence.
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