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Abstract
English walnut (Juglans regia L.) is an economically important crop with > 99% of US walnuts produced in California. Changes
in climate and recent drought cycles have raised concerns regarding the future of nut production and responsible water use in
California agriculture. Our study used an association genetics approach to characterize ecophysiological traits such as water use
efficiency as estimated by carbon isotope discrimination (Δ13C), and photosynthetic capacity through foliar nitrogen composi-
tion, in important individuals of the Walnut Improvement Program, located at the University of California, Davis. Stable isotope
and leaf measurements of 241 mature trees, representing 60 scion genotypes in established orchards were sampled in 2015 and
2016, followed by genotypingwith theWalnut Axiom 700 k SNPArray. AmeanΔ13C of 21.7‰ (σ: 0.9‰) was calculated for all
individuals, as well as a mean nitrogen/leaf area (N/area) of 3.0 gN/m2 (σ: 0.5 gN/m2). A Bayesian analysis utilizing genomic
relationships revealed rankings of the most water use efficient accessions as Solano (95-011-16), 67-013 (unreleased cross), and
Tulare (67-011). 126,554 SNPs were used in a two-step association genetics approach identifying four loci associated withΔ13C
after correction for multiple testing. Investigation of identified loci revealed an annotation on the J. regia genome of protein
FAR1-related sequence 5-like, related to abiotic stress response. For uncharacterized markers, homologs were identified in
Arabidopsis for two loci, similarly related to drought stress.
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Introduction

The Persian, or English, walnut (Juglans regia L.) is the most
economically important species of the Juglandaceae family,
and is the only species of the Juglans genus widely cultivated
for nut production (McGranahan and Leslie, 2012). In North
America, walnuts are almost entirely grown in California,

with a farm-gate value of $1.9 billion in 2014, and acreage
has increased rapidly over the last decade to 127,500 bearing
hectares (USDANASS 2016).Walnut contributes substantial-
ly to California’s economy, with the only commodity walnut
breeding program in North America located at the University
of California, Davis. Established in 1948, the Walnut
Improvement Program (WIP) has released all major cultivars
grown in California, including the variety Chandler, which
accounts for 53% of all bearing trees in California and 75%
of all nursery sales (Ramos 1998; USDA-NASS 2016, 2017).
While recent breeding in California has focused on production
and yield-based traits, such as lateral bearing, harvest date,
and kernel color (Martínez-García et al., 2017). However,
few objectives in the program have addressed the environ-
mental challenges facing California, such as water use.

Droughts in California are cyclical and are predicted to
intensify as global climates shift, negatively impacting the
agricultural water supply (Stine, 1994; Berg and Hall, 2017).
Regardless, walnut acreage has continued to expand during
one of California’s most severe multi-year droughts (Cooley
et al. 2015; USDA NASS 2016). Water availability is crucial
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for proper development and production of walnuts.
Furthermore, insufficient irrigation negatively impacts eco-
nomic traits, such as kernel size and color (Ramos et al.
1978; Cohen et al. 1997). Historically, drought mitigation
for walnut has been confined to orchard management prac-
tices. Unlike other nut crops, deficit irrigation techniques have
not been as effective in maintaining yield while reducing wa-
ter needs (Fulton and Buchner 2015). Incorporating water use
efficiency as a breeding target has become an increasingly
viable strategy in crop development for both cereal crops
and legumes (Condon and Richards, 1992; Rebetzke et al.
2008; Dhanapal et al. 2015), but has remained a lower priority
within the WIP in favor of yield and nut quality traits. This
may be due in part to the limitations of perennial breeding
programs (e.g., space, time, cost), but also to the complexity
presented by plant water use and links to production.

Intrinsic water use efficiency, or the ratio of net carbon
assimilation to stomatal conductance for water vapor, has been
measured in a wide variety of species using carbon isotope
discrimination (Δ) (Farquhar et al. 1989). The isotopic com-
position of carbon in leaf tissue is an established and inexpen-
sive, high-throughput, indirect index of water use efficiency,
making it ideal for phenotyping for large-scale breeding pro-
grams likeWIP. The ratio of stable carbon isotopes varies both
among and within species, and analyses have been carried out
on several crop species, which show moderate to high broad-
sense heritabilities, providing the potential for breeding gains
(Impa et al. 2005; Rebetzke et al. 2008; Dhanapal et al. 2015).
Studies in other tree species have also shown the potential of
more efficient breeding using carbon isotope discrimination
through associated markers (Cumbie et al. 2011; Marguerit
et al. 2014; Guerra et al. 2016). Additionally, carbon isotope
discrimination demonstrates substantial relationships with
other growth factors such as leaf area, leaf thickness, and leaf
nitrogen content, under well-watered conditions (Niinements,
1999; Prasolova et al. 2000; González-Martínez et al. 2008).
Distinguishing the relationships of these additional traits is
essential to elucidating water use efficiency and growth with
regard to photosynthetic capacity or stomatal conductance and
as a result of soil water availability (Handley et al. 1999;
Niinements, 1999; González-Martínez et al. 2008, Cumbie
et al. 2011; Easlon et al. 2013). Although carbon isotope dis-
crimination is a known quantitative trait, the number of loci
may not be conserved between species, making the underlying
genetic architecture critical for breeding potential (McKay
et al. 2003; Casasoli et al. 2006; Collard and Mackill, 2008;
Tsai et al. 2015). WIP utilizes classical, phenotypic, breeding
approaches for current target traits, but recent developments in
walnut genomics have increased opportunities for targeted
genetic improvement in walnut breeding (Bernard et al.
2018). The availability of a walnut reference genome and
the subsequent Axiom 700 k SNP array have created new
opportunities for including more complex traits using

genomic breeding methodologies (Martínez-García et al.
2016; Marrano et al. 2018).

For this pilot study, our objectives were to characterize phe-
notypic variation and calculate estimated breeding values of
founding and significant cultivars in the WIP for the following
traits: carbon isotope discrimination (Δ13C), leaf carbon and
nitrogen content and ratio, leaf nitrogen isotope composition,
as well as, specific leaf area (SLA) and nitrogen content per leaf
area (N/area). An additional objective was to use the newly
developed Walnut SNP 700 k SNP Array (Marrano et al.
2018) to perform genome-wide association studies to identify
possible makers for future breeding purposes.

Materials and methods

Germplasm material and growth conditions

Leaves were collected in September of 2015 and 2016, from
the upper crown of 241 mature trees (60 unique genotypes),
growing across five established WIP orchards with 20′ to 30′
spacing, located at the University of California, Davis (38° 32′
22.7″ N, 121° 47′ 44.2″W). Genotypes reflected five genera-
tions of germplasm material, represented by between two to
eight clonal individuals per genotype. Genotypes were select-
ed for their prevalence in the historical pedigree, current pro-
duction, and future breeding design of walnut cultivars in
California. Orchards were fertilized annually with standard
UN-32 (45% ammonium nitrate, 35% urea, 20% water) every
4 months, with total applications between 120 and 140 lbs./
acre. Additionally, orchards were regularly irrigated to avoid
water deficits, though water retention may have differed
among individual plots due to variable clay soil composition.

Prior to 2005, clonal rootstocks were not utilized in the
WIP germplasm blocks; therefore, genetic scion-rootstock
combinations were not replicated in this experiment.
Although genetically unreplicated within our experiment, all
rootstocks used in this study are industry standards for
California growers, representing actual production conditions
of the walnut industry.

Phenotypic measurements

Two primary leaflets were collected from four of the youngest,
fully expanded, leaves from the southeast side of each tree
crown, for a total of eight leaflets per tree. Each leaf was
imaged using a Canon PowerShot ELPH 100HS digital cam-
era (Canon Inc., Tokyo, Japan). Images were analyzed using
Easy Leaf Area V2 (Easlon and Bloom 2014) to determine an
average measurement of individual leaf area per tree.
Following these measurements, midribs were removed, leaves
were dried at 45 °C for 48 h, and leaves were weighed to the
nearest hundredth gram. Per tree individual leaf area and
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weight averages were used to calculate the specific leaf area
(SLA) of each tree with the following equation:

SLA ¼ Individual leaf area

Individual dry leaf weight

Leaves were then pooled and ground to a fine powder using
a mini-beadbeater-24 (BioSpec, Bartlesville, OK) and submit-
ted to the stable isotope facility (SIF, University of California,
Davis, CA) following submission guidelines.

Isotopic analyses of 13C and 15N were measured on two
aliquots of each sample, using a continuous flow isotope ratio
mass spectrometer (IRMS) located at SIF. Composition values
were reported relative to international standards (Vienna
PeeDee Belemnite for C, and air for N) using the following
equation:

δp ¼ Rp

Rs−1

� �
� 1000

Where δp, the composition of the plant tissue, is a function
of the isotopic abundance of the plant material (Rp) and the
standard (Rs) (Farquhar et al. 1989). Raw

15N composition
values were used for further analysis, while carbon isotope
discrimination values (Δ) were calculated relative to the 13C
composition of air, using the following equation:

Δ ¼ δa−δp
1þ δp

Where Δ is the change in 13C composition from the com-
position of 13C in air (δa), assumed to be −8‰, to the 13C
composition of the plant (δp).

Additionally, a subset of 36 individuals of as many cultivar
genotypes was selected for estimation of photosynthetic ca-
pacity. Genotypes used in this subset were selected as a rep-
resentation of the phenotypic diversity of both %N content
andΔ13C, and were measured with a portable photosynthesis
system, LiCor 6400 (LI-COR, Lincoln, NE). Measurements
of maximum net assimilation (Amax), stomatal conductance
(gs) and internal carbon concentration (Ci) were recorded for
three leaves in the lower southeast canopy at both Bnormal^
CO2 concentration (400 ppm), and Bsaturated^ concentration
(1500 ppm). All traits previously mentioned were repeated for
this subset following gas exchange measurements.

Genotypic data

DNA was extracted from the leaf tissue of one individual of
each cultivar using the E.Z.N.A plant DNA kit (Omega Bio-
Tek, NorCross, GA) and sent for single nucleotide polymor-
phism (SNP) genotyping on the Walnut Axiom 700 k SNP

array (Marrano et al. 2018; Affymetrix, Santa Clara, CA).
SNPs were identified at both the inter- and intra-species level,
from the resequencing of 4 Juglans species (Stevens et al.
2018) and a panel of 27 founding individuals of the WIP
(Marrano et al. 2018). Polymorphisms were filtered as de-
scribed by Marrano et al. (2018) resulting in a 609,658 SNP
array, spanning 627 Mbp of the genome. Genotyping results
for all 60 genotypes were filtered for conversion quality using
the Axiom Suite software resulting in 146,182 markers.
Additional filtering using the public domain software
GenABEL (Aulchenko et al., 2007) accessed through R (R
Core Team, 2017) for call rate (> 95%), and minor allele fre-
quency (MAF > 5%), reduced the number of high quality
SNPs to 126,654 SNPs for association analysis. Variants in-
cluded on the SNP array focused on the inclusion of markers
within genic regions, and even distribution throughout the
genome (Marrano et al. 2018).

Trait analyses

To elucidate unrecorded relationships of WIP germplasm,
both historical and genotypic data were used to construct kin-
ship matrices using the open-source software Synbreed
(Wimmer et al. 2012) through the public-domain language R
(R Core Team, 2017). The pedigree-based matrix was con-
structed from known ancestry of the 60 unique cultivars with-
in WIP while a similar marker-based kinship matrix was cre-
ated by averaging 100 iterations of 20 k randomly selected
markers from the 126,654 available SNPs.

To assess the impact of genotype on our assembled pheno-
types, we utilized a series of commonly considered mixed
linear models. Our objective was to simultaneously evaluate
differences between cultivars, estimate heritability and predict
breeding values for each cultivar represented in the WIP. All
analyses conducted, including several preliminary analyses
used to assess important explanatory variables, are extensions
of the general mixed linear model. Importantly, however,
these models reflect that several clones were evaluated within
each cultivar, and that within each clone, laboratory analyses
were repeated to enhance the accuracy of phenotyping.
Accordingly, our models include terms for a repeated mea-
sures analysis, permitting the simultaneous estimation of re-
peatability, along with the heritability of each trait.

The algebraic form for our model is

yijk ¼ μþ cultivari þ cloneij þ eijk

where yijk is the k-th (k = 1,2) observation on the j-th clone (j =
1, 2,…, ni, with the total number of clones being 241) within
the i-th cultivar (i = 1, 2,…, 60), μ is a constant common to all
phenotypes, cultivari is the random effect of each cultivar
representing the additive genetic merit of each cultivar,
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cloneij is the random contribution of clones within each culti-
var representing the repeated sampling of these phenotypes
within a cultivar and eijk is the random residual associated with
the ijk-th phenotype. The three random effects are assumed to
be normally distributed, independent of one another and to
have null means. Using matrix notation to denote the vectors
of cultivar, clone, and residual effects as a, p, and e, respec-
tively, we assume the covariance structure to be

var
a
p
e

2
4

3
5 ¼

Kσ2
a 0 0

0 Iσ2
p 0

0 0 Iσ2
e

2
4

3
5

where σ2
a, σ

2
p, and σ2

e are unknown variances for the additive

genetic values, the permanent environmental effects and re-
siduals, respectively, K is a known genotypic covariance ma-
trix of order 60 for the cultivar effects, with I as an identity
matrix of order 241 for the permanent environmental terms
represented in the clones and I is an identity matrix of order N
for the residuals. Therefore, the heritability of each trait can be

evaluated from the ratio h2 ¼ σ2
a= σ2

a þ σ2
p þ σ2

e

� �
and the

repeatability of each trait (the correlation of repeated observa-
t i o n s o n t h e s am e c u l t i v a r ) f r om t h e r a t i o

r ¼ σ2a þ σ2
p

� �
= σ2

a þ σ2
p þ σ2

e

� �
.

This analysis simultaneously estimates the unknown con-
stant μ, predicts cultivar breeding values in a and permanent
environmental contributions of clones in p, along with provid-
ing estimates of the unknown variances, σ2

a, σ
2
p, and σ2

e .

Evaluating these parameters was facilitated through a hierar-
chical Bayesian framework implemented through the public-
domain software Stan (Carpenter et al. 2016), accessed
through R (R Core Team, 2017).

To utilize this Bayesian framework, prior densities must be
established for unknown model parameters. Specifically, we
must assume a diffuse normal prior for the unknown constant
(i.e., a normal density with null mean and standard deviation
103) along with normal densities (as outlined above) for the
cultivar, clone, and residuals (denoted as a, p, and e). For the
unknown variance components, σ2

a, σ
2
p, and σ2

e , we chose the

weakly informative prior of a half-Cauchy (0,5), where sam-
ples were limited to positive values for each parameter
(Gelman 2006). In order to evaluate this hierarchical model,
we utilized a Monte Carlo Markov Chain (MCMC) sampling
process run in four chains. Each chain was based upon 15,000
total samples with the first 5000 discarded as part of the warm-
up process and the remainder thinned to every 20th sample,
resulting in a MCMC sample of 2000 values (Carpenter et al.
2016). The convergence to the posterior density was evaluated
by the Gelman-Rubin test statistic and values below 1.05 in-
dicate the adequacy of the MCMC sample process for the data
evaluated (Gelman and Rubin 1992).

Association analyses

All association testing was done using a two-step approach in
the public-domain software GenABEL (Aluchenko et al.
2007) accessed through R (R Core Team, 2017). A similar
genomic relationship matrix, calculated from 20 k SNPs with-
in the GenABEL package, was used to address underlying
bias in the association model and tested using a FAmily-
based Score Test of Association (FASTA) approach (Chen
and Abecasis, 2007). Initial estimations of the variance-
covariance matrix and trait residuals were calculated using
the polygenic function and subsequently used for association
testing with the function mm score (Thompson and Shaw,
1990; Chen and Abecasis, 2007). For each trait, a genomic
deflation factor (λ) was calculated and used as a correction
factor. λ ranged from 0.99 for Δ13C to 0.87 for both %C and
N/area.

The P values observed as a result of the association models
were compared to a uniform distribution of expected P values.
Using the mean of squared differences between observed and
expected P values, the strength of deviation was calculated to
determine the importance of individual markers (Stich et al.
2008). Amodified Bonferroni correction was used to calculate
a significance threshold for multiple testing of individual
markers using the calculation 1

n SNPs. Results were visualized
using the R package QQ-Man (Turner 2014).

SNP annotation

For each trait, SNPs with the greatest association (highest –
log10 P values) were compared to known annotations of the
Juglans regia V1.0 genome (taxid: 51240; Martínez-García
et al. 2016). Upstream and downstream probe sequences
(71 bp) were used in a BLASTx megablast query of the
NCBI refseq protein database (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). Parameters such as Bexpect threshold^ and Blow
complexity filters^ were broadened to increase possible
annotations from the reference genome. Annotations of
associated SNPs were reported, along with chromosome, P
values, and minor allele frequencies. Uncharacterized
locations of significant SNPs were further analyzed using
TAIR BLAST 2.2.8 (Lamesch et al. 2012) for possible com-
parative Arabidopsis annotations.

Results

Population relationships and trait analysis

Following the application of standard filters in GenABEL,
126,654 SNPs were retained for association analysis. The ma-
jority of SNPs (82.7%) had a minor allele frequency (MAF) >
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0.1. The mean heterozygosity for each SNP was 0.33 (sd
0.13), and heterozygosity of individual cultivars had a mean
of 34% (sd 5.4%) for all loci. Principal component analysis
revealed no discernable population substructure or clustering,
with the first three components accounting for ~ 40% of the
variation (Fig. S1).

Two relationship matrices were constructed to elucidate re-
lationships between cultivars (Fig. 1). By using historical re-
cords, the average kinship coefficient was 0.12. Additionally,
minor amounts of inbreeding were identified in the youngest
generation as expected given the visualized pedigree (Fig. S2),
though substantial gaps of information (represented by a lack of
color in relationship matrices) remain for the founders of the
breeding program when relying on historical records (Fig. 1a).
The same relationships were then estimated using the marker
information resulting in higher estimations of inbreeding and
close relationships between cultivars with no pedigree informa-
tion (Fig. 1b). The realized relationship matrix identified an
average kinship coefficient of 0.78, and identified three lesser-
related individuals within the program, PI159568 (48),
Manregian (49), and Xinjiang 6 (85-008).

Estimated kinship values were incorporated into a mixed
model analysis with a hierarchical Bayesian approach, to es-
timate trait heritabilities and cultivar trait rankings. ForΔ13C,
convergence for both heritability and repeatability appeared
consistent across all four chains with uni-modal density

distributions. Of the 2000 sampled values, the effective N
(Neff) for heritability was 2000 for the pedigree-based analysis
and 1978 for the same analysis utilizing the genomic relation-
ships (Table 1). The lowest Neff was for the pedigree-based
analysis of the C/N ratio, with 1243 sampled values.
Convergence for other traits was similarly stable among the
four chains and density distributions for both heritability and
repeatability.

Estimations of narrow-sense heritability (h2) increased for
all traits when using the marker-based relationships as op-
posed to the pedigree-based approach (Table 1). However,
most traits maintained low narrow-sense heritabilities. Leaf
carbon to nitrogen ratio had one of the highest h2 of 0.17
(CI: 0.13, 0.21) using the realized matrix, followed by Δ13C
(h2 = 0.14; CI: 0.11, 0.17), while N/area remained the least
heritable of the traits with a h2 of essentially 0 (Table 1).
Analysis of SLA required adjustments to priors resulting in
very high estimates of heritability (h2 = 0.94; CI: 0.91, 0.97)
and repeatability (r2 = 0.95; CI: 0.92, 0.98). Further investiga-
tion of this trait is necessary to determine the true underlying
genetic relationship. Although these results suggest SLA is a
predominantly genetic trait, with little environmental contri-
bution, previous studies have reported high phenotypic plas-
ticity of SLA, primarily affected by nutrient availability
(Braatne et al. 1992) as well as light exposure (sun versus
shade leaves) (Lambers et al. 2008).

Fig. 1 Kinship matrices where a
darker color (purple) demon-
strates increased relatedness,
while lighter colors (or white)
represent more distant relation-
ships. These matrices are based
on a historical pedigree informa-
tion (some of which may be un-
known) and b genomic (SNP)
information
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Predicted cultivar effects estimated from the pedigree infor-
mation, estimated breeding values (EBVs) were compared to
effects estimated from the realized matrix, genomic estimated
breeding values (GEBVs) (Table S1). GEBVs showed in-
creased variation as compared to pedigree based EBVs for
Δ13C (Fig. 2, Table S1). Additionally, other traits saw increases
in breeding value variation, though some ranges remained con-
sistent (Table S1). GEBVs were then used to rank cultivars for
trait performance for future breeding potential in addition to the
estimated breeding values using the pedigree. (Table S2). The
top three cultivars with breeding potential for the lowest dis-
crimination, and therefore highest breeding potential for water

use efficiency, were Solano (95-11-16), 67-013 (unreleased
cross), and Tulare (67-011), respectively (Table S2). Cultivars
with the greatestΔ13C (discrimination, or least efficient) breed-
ing potential (03-001-2434, 03-001-977, and 91-096-3) are all
unreleased crosses under evaluation for other traits. In addition,
the cultivar Chandler (64-172), a high yielding cultivar and
frequently used crossing parent, maintained a lower ranking
for Δ13C at 56th, and 52nd for %N, yet a higher ranking,
10th, for the C/N ratio (Table S2).

Correlations of GEBVs showed that many calculated breed-
ing values were not significantly correlated. However, area-
related traits, which were not phenotypically correlated to

Table 1 Heritability and repeatability for all traits in the Juglans regia population

Trait h2p 95% CI rp 95% CI Neff h
2
p h2g 95% CI rg 95% CI Neff h

2
g

Δ13C 0.06 (0.05, 0.07) 0.94 (0.94, 0.094) 2000 0.14 (0.11,0.17) 0.95 (0.95, 0.95) 1978

%C 0.05 (0.04, 0.06) 0.72 (0.71, 0.73) 1870 0.12 (0.1,0.14) 0.73 (0.72, 0.74) 2000

%N < 0.01 na 0.86 (0.85, 0.87) 1915 0.01 (< 0.01, 0.01) 0.86 (0.85, 0.87) 1937

C/N 0.06 (0.04, 0.08) 0.92 (0.92, 0.92) 1243 0.17 (0.13, 0.21) 0.93 (0.92, 0.94) 1713

δ15N 0.01 (< 0.01, 0.02) 0.98 na 1457 0.04 (0.03, 0.05) 0.98 na 1661

N/area < 0.01 na 0.82 (0.82, 0.83) 1988 < 0.01 na 0.82 (0.81, 0.83) 1956

SLA 0.91 (0.87, 0.95) 0.92 (0.89, 0.95) 1391 0.94 (0.91, 0.97) 0.95 (0.92, 0.98) 1351

Relationships used for analysis: p, pedigree; g, genomic

Neff: effective number of tested values for each analysis, out of 2000

Fig. 1 (continued)
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Δ13C (see below), demonstrated significant genetic relation-
ships. Δ13C presented a positive correlation of r = 0.46 with
SLA (P value = 0.0002), and a significantly negative correlation
of r = −0.42 with N/area (P value = 0.0008) (Table 2).
Conversely, N/area presented a significantly positive correlation
with δ15N (r = 0.48, P value = 0.0001). %C and %N were

negatively genetically correlated (r = −0.32, P value = 0.014)
which were consistent with the phenotypic correlation (see
below).

Trait summaries and phenotypic variation

Measurements of carbon discrimination (Δ13C), nitrogen
composition (δ15N), percent content and ratio of carbon and
nitrogen (%C, %N, and C/N, respectively), as well as specific
leaf area (SLA) and nitrogen per unit leaf area (N/area), were
measured for all 241 individuals of 60 unique genotypes.
Between individuals, values of leaf Δ13C ranged from
19.3‰ to 24.4‰, with a mean of 21.7‰, displaying signifi-
cant phenotypic variation within the population (Table 3).
More than twofold variation was seen in nitrogen-related
traits: %N, C/N, and N/area. For δ15N, the mean was 4.2%,
and had a large range of 1.6% to 8.3% (Table 3). SLA also
showed substantial variation among genotypes, with a mean
of 99.1 m2/kg leaf (sd. 20.2 m2/kg), and a maximum of
203.2 m2/kg (Table 3).

Significant variation was observed between genotypes for all
traits; however, initial analysis showed significant variation with-
in genotypes as well. Due to the unbalanced nature of established
orchards, further explanation of within genotype variation re-
mains undetermined from this pilot study. Effects of rootstock,
age and location were confounded within this pilot study and
could not be differentiated from the residual error term.

Correlations between phenotypic traits showed predomi-
nantly negative relationships. Pearson’s correlation coeffi-
cients were calculated for all independent traits of both isotope
and leaf measurements. Correlations ranged from −0.48 for C/
N and SLA, to 0.46 for %N and SLA (Table 4). Other high
negative correlations were seen between %C and %N, and
%C with SLA, with correlations of r = −0.38 and r = −0.27
respectively (Table 4).

Stable isotope measurements collected in 2015 were com-
pared to the isotope measurements of the subset of leaves
collected in 2016, and showed high positive correlations
among nitrogen related traits (%N: r = 0.65; C/N: r = 0.60;
δ15N: r = 0.75; all P values < 0.001). Additionally, significant

Fig. 2 Distribution of estimated breeding values for Δ13C using a
pedigree and b genomic relationships

Table 2 Genetic correlations
based on genomic breeding
values in the Juglans regia
population

%C %N C/
N

δ15N N/area SLA

Δ13C ns ns ns ns −0.42*** (0.0008) 0.46*** (0.0002)

% C – −0.32* (0.014) ni ns ns −0.45*** (0.0003)

% N – – ni 0.38** (0.003) ni ns

C/N – – – −0.35** (0.006) ni ns

δ15N – – – – 0.48*** (0.0001) −0.29* (0.02)
N/area – – – – – ni

Significance levels: ni, non-independent data, ns, not significant at P = 0.05, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤
0.001
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correlations were seen between Amax at 1500 ppm CO2 for
%N (r = 0.45, P value = 3.2E−05), and N/area (r = 0.44, P
value = 4.19E−05). However, no significant correlations arose
betweenΔ13C and any of the LiCor measurements: Amax, gs,
A/gs, orCi. Furthermore, the addition of%N as a covariate had
no significant effect on the correlation of Δ13C with Amax at
1500 ppm CO2.

Marker-trait association analysis and SNP annotations

Following correction for multiple testing, association analysis
revealed 4 SNPs observed to be above expectations for Δ13C
(Fig. 3a). Significantly associated SNPs for Δ13C were locat-
ed across three chromosomes 1, 2, and 16 (Fig. 3b), with the
most highly associated location in chromosome 1 (P value =
3.07E−07). Correlation investigation of the two markers on
chromosome 16 showed no significant linkage disequilibrium
(LD) (r = 0.00043). While other traits did not see markers
above expectation, QQ plots of these traits showed trends
consistent with similar analyses in other species (Fig. S3).
Furthermore, despite having no individual SNP associations
above the significance threshold, signal patterns of association
on similar chromosomes were present (Fig. S4).

Investigation of the top 100 SNPs showed substantial over-
lap of markers between traits, the highest being %C and C/N
overlapping 97%, though this is likely attributed to the

dependent nature of these two traits (Table 5). A majority of
SNPs were contained in chromosome 1 for %C (and therefore
C/N) as well as for δ15N, and N/area, which is consistent, given
the genetic correlations from GEBVs. Top SNPs associated
with %N differed slightly with a quarter of SNPs coming from
chromosomes 11 and 13, while half of the top SNPs for SLA
were primarily located on chromosomes 3 and 13. Of the 700
selected, 416 were unique, with N/area showing an overall high
incidence of overlap with other traits (Table 5). Additionally,
genetic correlation of GEBVs, SLAwith δ15N was positive, yet
only 3% of top SNPs overlapped (Tables 2, 5). Conversely, half
of the top SNPs for δ15N were shared with %C, yet GEBV
correlation was not significant. Similarly, δ15N and C/N ratio
showed 50% overlap with top SNPs while a strong negative
genetic correlation was seen (Tables 2, 5). One SNP,
171499827, showed overlap with six of seven traits (Table S3).

Annotations were investigated for the four significant
SNPs associated with Δ13C using BLASTx queries.
Annotation for the one characterized Δ13C SNP within
J. regia was an uncharacterized aarF domain containing pro-
tein kinase, At1g71810 chloroplastic-like (E value = 1.9).
Additional annotations were performed using the TAIR data-
base and resulted in potential annotations for all four associ-
ated SNPs, including an early response dehydration stress
protein (ERD4) for the most significant SNP (Table 6). In
addition to the four associated SNPs forΔ13C, the 416 unique
SNP sequences were used in BLASTx queries resulting in 197
SNPs providing 254 annotations (Table S3). Of these annotat-
ed SNPs, the minor allele frequency (MAF) ranged from 0.05
to 0.50, with an average MAF of 0.24 (Table S3). The most
common annotations of the characterized SNPs involved re-
gions of serine/threonine kinase activity and zinc finger do-
main containing proteins (Table S3). Additionally, some an-
notations of lectin properties for δ15N were similar in other
tree species, Pinus taeda and Populus trichocarpa (Cumbie
et al. 2011; Guerra et al. 2016) (Table S3).

Discussion

As the strain on California’s agricultural water supply continues,
targeted breeding for water use efficiency in perennial crops,
such as walnut, will rise in priority (Condon et al. 2004; Aletà
et al. 2009; Bassett et al. 2011). Demand for agricultural water
will persist in walnut production as production acreage and crop
exportation increases. While walnut is known to utilize stomatal
regulation during dry periods as a mechanism of Bdrought
avoidance,^ impacts on kernel quality are evident when water
is limited (Cohen et al. 1997; Rosati et al. 2006). Assessment of
germplasm under well-watered conditions was used to avoid
damage of the WIP germplasm collection as previous studies
have shown that walnut is highly responsive to environmental

Table 3 Summary statistics for evaluated phenotypic traits in the
Juglans regia population

Trait Unit Mean SD Min Max

Δ13C ‰ 21.7 0.9 19.3 24.4

% C % 48.1 1.2 43.7 51.7

% N % 2.9 0.5 1.7 4.2

C/N gC/gN 17.2 3.5 11.3 29.2

δ15N ‰ 4.2 1.2 1.6 8.3

N/area gN/m2 3.0 0.5 2.0 5.0

SLA m2/kg (dry weight) 99.1 20.2 58.3 203.2

Table 4 Correlations between phenotypic traits in the Juglans regia
population

%C %N C/N δ15N N/
area

SLA

Δ13C −0.29*** ns −0.04* 0.17* ns ns

% C – −0.38*** ni ns ns −0.27***

% N – – ni −0.22*** ni 0.46***
C/N – – – 0.19** ni −0.48***
δ15N – – – – ns ns

N/area – – – – – ni

Significance levels: ni, non-independent data; ns, not significant at P =
0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001

6 Page 8 of 13 Tree Genetics & Genomes (2019) 15: 6



stresses with sensitive stomata and susceptibility to cavitation
and embolism (Cochard et al. 2002; Rosati et al. 2006).

Careful management of water resources will be essential for
the future of agriculture; targetingwater-use efficiency in breed-
ing programs while maintaining yield is critical in the face of a
changing climate (Condon et al. 2004; Cattivelli et al. 2008).
However, breeding in horticultural crops can be significantly
complicated by long-generation times and high cost (van
Nocker and Gardiner, 2014). Long juvenile phases increase
the time between selection and crosses by delaying proper phe-
notypic assessment. Additionally, the size of individual trees
places a costly strain on the number of replicates making
marker-assisted or genomic selection an attractive strategy
(Goddard and Hayes, 2007; van Nocker and Gardiner, 2014).

Marker identification through association studies and prediction
models require robust measurements and specifically selected
individuals in order to adequately estimate heritability in a spe-
cific population (Visscher et al. 2008).

Plant responses to water deficit are complex and water loss
strategies vary between plant species. Previous studies have
shown that Juglans regia displays phenotypic and genetic
diversity for water use efficiency (WUE) based on origin,
though, to date, no studies have characterized heritability or
potential markers for use in walnut breeding (Aletà et al.
2009). Carbon isotope discrimination (Δ13C) is a known
method to estimate or index WUE within species and has
moderate genetic control (Farquhar et al. 1989; Condon
et al. 2004). The identification of genetic markers which as-
sociate withΔ13C and markers associating with other growth
traits, such as specific leaf area (SLA) and nitrogen metabo-
lism (%N, δ15N), are valuable to walnut production and may
elucidate similar genetic loci in other species (Handley et al.
1999). Additionally, a better understanding of the genetic di-
versity within WIP will benefit future breeding strategies.

Through our pilot study, the phenotypic diversity of Δ13C
and water-use efficiency traits was characterized within WIP
for future breeding strategies. Additionally, these relationships
were compared with a subset of individuals for gas exchange
with a LiCor 6400. Expected relationships were unclear in the
role of Δ13C as an estimation of photosynthetic capacity or
stomatal conductance, and may have been the result of canopy

Fig. 3 a QQ and b Manhattan
plots showing significantP values
associated with Δ13C. Each dot
represents a SNP. In b, the
horizontal red line denotes the
significance threshold following a
Bonferroni correction
(−log10(P) ≥ 5.1). Four SNPs
which met this threshold are
marked in red

Table 5 Number of overlapping SNPs by trait

%C %N C/
N

δ15N N/
area

SLA

Δ13C 7 11 4 7 10 3

% C – 17 97 53 59 3

% N – – 14 14 35 17

C/N – – – 50 59 2

δ15N – – – – 23 3

N/area – – – – – 4
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variation possibly and carbon assimilation within tree crowns
as seen previously by Le Roux et al. (1999).

Though correlations were not observed between 2015 and
2016 isotope measurements for carbon traits, nitrogen-related
traits showed significant correlations implying genetic control
in these growth traits. Additionally, positive correlations for
both %N and N/area with photosynthetic rate were consistent
with previous literature (Hikosaka and Terashima, 1996,
Niinements, 1999). While Δ13C values did not significantly
correlate with Amax, nor Amax/gs, measurements, the trend of a
negative relationship was observed providing justification for
further investigation of Δ13C with the possibility of breeding
potential (Brendel et al. 2008). Additionally, the negative re-
lationshipΔ13C and %C coupled with the positive correlation
of %C and %N could elucidate the positive correlation of %N
and Amax suggesting that variation of Δ13C could be more
strongly controlled by stomatal conductance than photosyn-
thetic capacity as previous studies have shown (Rosati et al.
2006; Aletà et al. 2009). Broader experiments within the
breeding program should be considered for future field mea-
surements to identify connections betweenmesophyll conduc-
tance and the effects of evaporative demand on water-use
efficiency (Condon et al. 2004; Seibt et al. 2008).

Analysis of kinship within the WIP revealed significant in-
breeding and rapid potential for significant loss of diversity
within the program. Historical records showed that many pre-
vious crosses made from European cultivars, may already have
been bred within a highly related lineage (Tulecke and
McGranahan 1994). Pedigree-based relationships alone denote
inbreeding in some of the youngest generation with coefficients
as high as 1.16. These founder relationships were further ex-
plained through the marker-based matrix showing a definite
increase in relatedness among individuals that were previously
characterized as unrelated. By estimating relationships based on
the amount of homozygosity at loci, we assume that these ge-
notypes are the result of common ancestry and thus increase the
kinship coefficients (Bernardo et al. 1996; Powell et al. 2010).
While inaccurate relationships can be reported from these anal-
yses, we have accounted for marker bias by including several
genotypes used in the design of the Walnut 700 k SNPArray in
our population (Powell et al. 2010). The average relationship
within the marker-based matrix rose to 0.78, leaving only three
individuals displaying more distant relationships. This estimat-
ed matrix confirms the historical mating design through these
three less-related individuals. Xinjiang 6 (85-008) was added to
the program in 1985 following a collection of international
germplasm. Additionally, PI159568 (48; added in the 1930s)
and Manregian (49; added in the early 1900s) are known to be
founders in the breeding program.

Using the relationship matrices heritability and genomic es-
timated breeding values (GEBVs) were calculated with GEBVs
being utilized for genotype breeding rankings (Table 3;
Table S2). While heritabilities remained low, similar narrow-Ta
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sense heritabilities (low to moderate) have been reported for
Δ13C in other species, e.g., Pinus taeda (Baltunis et al. 2008);
Pinus pinaster (Marguerit et al., 2014); and Quercus robur
(Brendel et al. 2008). Additionally, low h2 may be indicative
of a more complex or polygenic trait, similar to other reported
studies of these traits (Cumbie et al. 2011; Guerra et al. 2016).
While complex traits are inherently more difficult to predict and
control in traditional breeding programs (Hill et al. 2008), es-
pecially when coupled with low heritability, labor-intensive
phenotypic measurements can inflate the cost of the selection
process making them prime targets for genomic selection
models (Goddard and Hayes, 2007).

GEBV rankings for our analyzed traits provide a first look
at the future of water efficiency and walnut production.
Expectedly, Chandler, which makes up three quarters of the
current production acreage due to its high yield and extra light
kernel color, ranked among the lowest forWUE (56th). This is
similar to high-yielding varieties in other crops where WUE
has been unconsciously selected against by way of increased
production inputs (Condon et al. 2004). Interestingly, the
highest ranked genotypes for WUE include two more recent
cultivar releases, Solano (95-016-11) and Tulare (67-011), and
are both considered high-yielding with desirable kernel traits.
Further consideration of these cultivars for crosses should in-
volve increased characterization of stress-related efficiency
traits in addition to current trait evaluations.

Correlations of these GEBVs revealed significant relation-
ships betweenΔ13C and leaf area, demonstrated by the simul-
taneous positive relationship with SLA and negative relation-
ship with N/area. These inverted correlations of 13C accumu-
lation with different area traits could be the result of a stronger
role of stomatal conductance in carbon assimilation rather
than a limitation of photosynthetic capacity (Rosati et al.
2006). Additionally, the lack of significant GEBV correlations
between Δ13C and nitrogen traits supports the findings of
others that these may be independent genetic relationships,
providing the possibility of breeding for WUE while main-
taining tree growth (Marguerit et al., 2014). However, further
examination of growth under stress should examine the posi-
tive phenotypic relationship of Δ13C with δ15N, an indicator
of nitrogen accumulation under different soils moistures, im-
plying that WUE could come at the cost of production
(Handley et al. 1999, Condon et al. 2004).

Markers exceeding the correction threshold were identified
for Δ13C, while other traits showed signals in consistent chro-
mosomes. SNPs associated with Δ13C were found in
uncharacterized regions with two providing only one annotation
on the J. regia genome providing possible functional annotation
(Table 6). A single annotation to the J. regia genome, an
uncharacterized aarF domain containing protein kinase revealed
a TAIR annotation of ArfGap/RecO-like zinc finger domain con-
taining proteins which have been seen to be involved in changes
in expression, some specifically relating to abiotic stress (Laity

et al. 2001; Wang et al. 2008). Additional annotations revealed
from the TAIR database identified other possible abiotic stress
response genes such as early response dehydration stress protein
(ERD4) involved in drought recovery and regulated by abscisic
acid (ABA) production (Huang et al. 2008), clathrin adaptor
complexes, and ARM repeat super family protein.

While our analysis revealed no significant markers for six of
the seven traits examined, the top 100 markers were used in
annotation analysis. An investigation of top markers revealed
annotations consistent with that of other investigated tree species
(Gonzalez-Martinez et al. 2008; Cumbie et al. 2011; Guerra et al.
2016). The most common characterizations of SNP sequences
were located in regions of serine/threonine kinase activity and
metal ion binding, specifically zinc finger domain containing
proteins, previously mentioned to have possible involvement in
drought stress responses (Wang et al. 2008). Although many
traits shared markers, and these are confined to only a few chro-
mosomes, these loci should be further investigated before con-
clusions can be drawn regarding their relationships.

Conclusion

The results of our preliminary study provide a basis for the po-
tential of gains within the walnut breeding program. While no
single signals were seen, which would be indicative of major
gene responses, many loci appear to be controlling specific
growth and efficiency traits, such as Δ13C, and %N. It is likely
that each of these loci produce small effects consistent with the
quantitative genetics theory of the infinitesimal model (Fisher,
1918; Falconer and MacKay, 1996). Additionally, these traits
demonstrate a low but highly repeatable narrow-sense heritability
within WIP justifying future research opportunities and potential
for genomic selection. As the breeding program expands, in-
creased phenotyping will be necessary to assess the full potential
of the program and maintain accurate estimates of heritability
along with well-trained selection models.

Further analysis of these SNPs within the greater breeding
population will identify allele frequencies and individual SNP
effects within the program. Additionally, new genetic maps
may further characterize SNP regions, as our markers were gen-
erally limited to a small number of chromosomes. Likewise,
measurement and analysis of large families utilizing seedling,
or grafted individuals within the program may more finely iden-
tify associated regions within the genome and investigate the
interaction of rootstock and scions in water use efficiency. The
results of this study provide opportunities for water-use efficient
breeding in the Walnut Improvement Program at UC Davis.
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