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Abstract: Black walnut (Juglans nigra L.), a large tree native throughout the eastern United
States, produces a high quality edible nut. Our goal was to maintain the integrity of the black
walnut breeding programs by verifying the identity of accessions. We sampled 285 ramets of 78
cultivars from the black walnut nut breeding orchards and clonal repositories at the University
of Missouri and Kansas State University. We employed both phenotypic and genotypic
methods to identify and differentiate cultivars. Phenotypes were evaluated using seven
phenological traits. Cultivars varied for all traits among each of the four years, but the best
morphological characteristics for evaluating cultivar identity were bud break date and date of
first pistillate bloom. Samples (n=285) were genotyped using ten polymorphic microsatellite
loci. The SSRs produced a total of 174 alleles and 17.2 alleles per locus. We detected
forty-seven unique genotypes represented by more than one sample, including 128 instances of

identical genotypes with different names (synonyms) and 106 instances of different genotypes
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with a shared name (homonyms). Our results indicated that multiple errors were committed
during the propagation of these important cultivars. It may be difficult to determine which
genotype is original to a cultivar name in the absence of a foundation plant materials
collection or vouchered specimens. These results will assist black walnut breeders and
producers by improving the integrity of breeding collections and by identifying the best

phenological traits for rapid assessment of trueness to type.

Key words: Nut breeding, trueness-to-type, genotyping, synonyms, homonyms

Introduction

Black walnut (Juglans nigra L.), commonly known as eastern black walnut or American
walnut, is native throughout the eastern United States from Massachusetts to Florida and west
to Minnesota and Texas (Fowells 1965). It produces valuable timber, a high quality edible nut
and is attractive to wildlife (Woeste and Michler 2011a, b). Black walnut is an
under-exploited crop that has been cultivated for at least 130 years in the United States
(Heiges 1896; Reid et al., 2004). Traits important for improved black walnut nut production
include: lateral bud fruitfulness, late leafing, resistance to anthracnose caused by Gromonia
leptostyla, (Fr.) Ces. &Not., precocity, productivity, and improved nut quality (Reid 1990;
Reid et al., 2004).

The cultivar ‘Thomas’, the earliest recorded clonal black walnut selected for nut
production, has been propagated since 1881 (Heiges 1896; Reid et al., 2004; Michler et al.,
2007). Since then, at least 700 nut cultivars have been named and recorded, mostly by small
scale, private nut growers and amateur breeders (Berhow 1962). For the most part, these
cultivars were selected from wild populations solely on the basis of nut quality characteristics

or as chance offspring of older cultivars such as ‘Thomas’ or ‘Ohio’ (Woeste 2004). The
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potential for genetic improvement in nut yield, percent kernel and kernel quality is great
(Coggeshall and Woeste 2009; Coggeshall and Woeste 2010; Coggeshall, 2011). A black
walnut nut breeding program was initiated by the University of Missouri Center for
Agroforestry in 1996 (Coggeshall and Woeste 2010).The black walnut germplasm collection
at the University of Missouri currently contains 142 nut tree accessions used for breeding. To
maintain the integrity of the breeding program, it was important to verify the identity of the
accessions in this collection (Coggeshall and Woeste 2010) and a separate clonal repository at
Kansas State University.

Phenological traits have many advantages as tools for cultivar discrimination; many are
readily observable in the field and have high heritability (Smykal et al., 2008; Parra-Vega et
al., 2013). They also have the benefit of being biologically and (often) economically
meaningful. Differences in phenology are particularly useful to black walnut breeders
because although black walnut has high genetic diversity across its wide native range
(Victory et al. 2000), its vegetative morphology is surprisingly homogeneous. It is not
possible to tell most black walnut cultivars apart based on vegetative form. Simple sequence
repeat (SSR) markers, which are highly reproducible, multiallelic, and codominant (Varshney
et al., 2005; Vilanova et al., 2012), can be used to identify important clones (Woeste et al.,
2002; Foroni et al., 2005, Robichaud et al., 2006), and for breeding (Pollegioni et al., 2009).
The advantages of using SSR markers for the detection of genetic variation and cultivar
identification have been reported in other plant species (Zhang et al., 2012; Fajardo et al.,
2013). The utilization of both phenotypic and genotypic data is expected to provide the best
method to select and cluster cultivars, clones, and seedlings in a crop breeding program
(Fatahi et al., 2010; Ebrahimi et al., 2011).

The objective of this study was to identify and characterize the most important black

walnut nut cultivars using both microsatellite markers and phenological traits.
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Materials and Methods

Plant materials

In 1996, a total of 84 named black walnut cultivars, four ramets per clone, were planted at the
Horticulture and Agroforestry Research Center(HARC), the University of Missouri in New
Franklin, MO (39°01°N, 92°74°W) (Coggeshall, 2002). Samples from ramets of 78 of these
cultivars were collected from HARC by Mark Coggeshall, and samples of 85 ramets of (many
of the same) cultivars were collected from Kansas State University by Bill Reid. These were

genotyped using ten nuclear microsatellite markers (Table 1).

DNA Extraction

Leaves were collected, placed in a plastic bag, and stored on ice until they were mailed to
Hardwood Tree Improvement and Regeneration Center (HTIRC). DNA was extracted from
leaf samples using the methods of Zhao and Woeste (2011) and stored at — 80 °C. The
concentration of DNA in the samples was quantified by measuring absorbance at 260-nm
using a NanoDrop-8000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE
19810, USA).

Microsatellite analysis

Screening of primer pairs

Primer pairs (n=10) designed for this research were derived by further sequencing a black
walnut microsatellite library described by Woeste et al. (2002), Dangl et al. (2005), and
Victory et al. (2006) (Table2 ). The forward primer was labeled with NED, HEX or 6-FAM
fluorescent tag. We separated the primer pairs into four sets for multiplexing (Table 2).
PCR amplification

Genomic DNA was diluted to 100 ng/uL in TE Buffer for storage. DNA was subsequently

diluted to approximately 10 ng/uL with water for PCR amplification. Polymerase chain
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reaction (PCR) was performed in a total volume 10 pL containing 1uL of 10ng/uL DNA, 1uL
of 10X Taq DNA polymerase reaction buffer [(100mM Tris-HCI, pH 8.8, 15 mM MgCl,, 500
mM KCl and 0.01% (w/v)gelatin), Stratagene, La Jolla,CA], 1.25uL of 200 mMdNTP,1uL of
0.1mg/mL BSA (Bovine Serum Albumin, acetylated) (Promega, Madison, WI), 0.5uL of 10
mM each primer, 4.5 pL sterilized distilled water and 0.25 pL Taq polymerase (Promega,
Madison, WI or New England Biolabs, Beverly, MA). Thermal cycling conditions were as
follows: denaturation 3 min at 94°C; 32 cycles of:15 s at 93°C, 1 min at the annealing
temperature for the primer T, (Table2), 30 sat 72 °C; and a final extension of 10 min at 72°C
at the end of the amplification.
Genotyping
After PCR amplification, amplicons were diluted 1:10 in water, and 1pL of the diluted PCR
product was combined with a master mix of 13.4 puL formamide (Invitrogen, Carlsbad, CA)
and 0.6uL Rox fluorescent size standard. The resulting solution was heated to 95 °C for 5 min
in a thermal cycler, snap cooled, and sent to the Agricultural Genomics lab at Purdue
University for analysis using an ABI 3100 capillary sequencer.
Data analysis
Microsatellite allele sizes were determined from ABI 3100 data using Genemapper® software
version 4.0 (Applied Biosystem, Foster City, CA). Controls (two positive and one negative)
were included with each 96 well PCR plate to ensure accurate allele size scoring. Failed
reactions were repeated. To standardize the data for producing the neighbor-joining tree and
principle components analysis (see below) all allele sizes were re-calculated as deviations
from the mean allele size at each locus. Original allele sizes (in bp) are shown in Table 2.
CERVUS3.0 and PopGen1.32 (Marshall et al., 1998; Kalinowski et al., 2007; Yeh and
Boyle, 1997) calculated the percentage of polymorphic loci (95 % criterion; P), mean number

of alleles per locus (N,), and polymorphic information content (PIC). To accept two
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genotypes as identical, we required a perfect match of allele sizes at all loci. SAS software
version 9.1 (SAS Institute, Cary, NC) was used for canonical discriminant analysis. The
CANDISC procedure univariate test statistics and F test were performed with SAS software.
The first two canonical variables for each cultivar were plotted to show the patterns of
discrimination among cultivars (Fig.1). CANDISC accepts missing data, and although
within-class distributions should be approximately normal, it can be used descriptively with
non-normal data (SAS institute, 1990). The genetic analysis was similar to the methods
described in Zhao et al. (2013). Dendrograms were constructed based on microsatellite
genotypes using neighbor joining (NJ) in the software PHYLIP version 3.5¢ (Felsenstein,
1995) and the dendrogram was drawn with TreeView version 1.5 (Page, 1996). The overall
genetic structure of the sampled trees was investigated using principal components analysis

(PCA) using the software GenALEx 6.5 (Peakall and Smouse 2012).

Phenological Measurements

From 2003 to 2006, ramets of 21 black walnut cultivars growing at HARC were selected and
evaluated for seven phenological traits over four consecutive growing seasons (Table 3).
‘Davidson’, the earliest leafing cultivar was used as a reference standard. Thus, all cultivars
were characterized for: bud break days after ‘Davidson’ (BBDAD); first pistillate bloom
(Julian days, FPLD); first pollen shed, days after ‘Davidson’(FPD); season length in days (LD);
harvest date, days after ‘Davidson’ (HDAD); peak pistillate bloom, days after ‘Davidson’
(PPBDAD); and peak pollen shed, days after ‘Davidson’ (PPDAD) (Table 3). The method’s
details were described by Coggeshall and Woeste (2010). The phenological data were used to
distinguish 21 black walnut cultivars using canonical correlation analysis (SAS, Inc., Cary,
NC); canonical variables are orthogonal linear combinations of the phenological traits,

similar to principal components. Although multiple ramets (grafted copies) were rated for
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each cultivar, there was missing data for many ramets in some years; as a result, 17.5 percent

of the data were missing.

Results
Analysis of phenology data
Phenological traits among the 21 cultivars observed over four consecutive growing seasons
varied from a minimum of 26 days (Bud Break) to a maximum of 47 days (season length)
(Table 3). Budbreak ranged from 0 to 26 days after ‘Davidson’; first pistillate bloom ranged
from Julian day 108 to 135; harvest date, days after ‘Davidson’ (HDAD) ranged from 0 to 43
days; peak pistillate bloom date, days after ‘Davidson’(PPBDAD) ranged from 0.0 to 23.0
days, and peak pollen shed ranged from -11.0 to 22.0 days after ‘Davidson’(PPDAD). All 21
cultivars were protogynous, meaning first pistillate bloom date was earlier than first pollen
shed date for a given tree. First pistillate bloom ranged from 109 to 135 Julian days; the latest
flowering cultivars were ‘Elmer Meyer2’ and ‘Hare’ at 128 to 135 days; the first pistillate
bloom dates for ‘Drake’ ranged from day 117 to 130, which resulted in the largest standard
deviation in all cultivars, although the range for ‘Thatcher’ , which turned out to be a
synonym of ‘Thomas’ was actually larger (20 days). Season length, defined as the period
from first pistillate bloom receptivity to date of harvest, ranged from 113 to 160 days; the
latest flowering cultivar (‘Hare’) also had the longest season length, from153 to 160 days; the
longest flowering time was observed in cultivar ‘Kwik Krop’ (18 days); cultivars with the
shortest pistillate flowering length were ‘Elmer Meyerl’ and ‘Emma K2’ (2 days) (Table3).
Univariate tests run as part of canonical discriminant analysis showed BBDAD, FPLD,
FPD, LD, PPBDAD, and PPDAD were highly significant for discriminating difference
among cultivars when the data was assigned to trees based on labeled cultivar name (Table 4).

These traits should be useful for distinguishing among clones despite intra-clonal and
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inter-annual variability in phenology. HDDAD was the only trait that was not reliable for

distinguishing among this set of cultivars (Table 4).

When ramets evaluated in the phenology study were reassigned to their correct clone
based on genotype data, we re-ran the analysis and found that, as before, all traits but
HDDAD were useful for distinguishing clone identity. We plotted the phenology data for
each of the 21 cultivars on a biplot of the two best canonical variables. The biplot showed
that despite year-to-year variation, in general, cultivars with disparate phenologies (e.g.,
‘Eldora’ and ‘Brown Nugget’) could be identified, as could entries with similar phenology
(‘Surprise’ and ‘Thatcher’). ‘Drake’, ‘Krause’, ‘Harney’, and ‘Victoria’ were separated from
other cultivars, indicating their phenology was different than the majority of the cultivars (Fig.
1).

Analysis of genotypic data

Polymorphism and genetic diversity

To maintain the integrity of the black walnut nut breeding program, it was important to verify
the identity of accessions in both germplasm collections. Ten microsatellite markers were
used to characterize 285 samples with 78 different labeled names (Table 1). The SSRs
produced a total of 174 alleles. The non-exclusion probability, i.e., the probability that any
two genotypes in the sample would not be differentiated based on 172 alleles of the 10 SSR
loci described, was 2.6 x 107, Thus, the high polymorphism levels detected (17.2 alleles per
locus), and low average non-exclusion probability of each locus (range from0.009 to 0.275)
indicated that these microsatellite markers were suitable for the genetic ‘fingerprinting’ of

black walnut cultivars and assessing clonal heterogeneity.

Cultivar assignment and clustering of cultivars
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After genotyping all samples, we identified 47 black walnut genotypes that were shared by at
least two samples, although in many cases samples that shared a genotype did not come from
ramets that had the same labeled name. So, for example, the genotype we associated with
‘Brown Nugget’ was shared by eight samples, five from ramets labeled ‘Brown Nugget’ and
three from ramets labeled ‘Mintle’. Each sample’s new or corrected name based on shared
genotype was added to Table 1. In addition, there were 32 samples that had unique genotypes
(shared by no other samples); these were designated ‘singleton’ inTable 1. Thus, many ramets
that shared cultivar names did not share genotypes (homonyms), and conversely, some
genotypes had multiple cultivar names (synonyms). An additional example will illustrate the
point. Some ramets of ‘Victoria’, ‘Hare’, and ‘Clermont’ had identical genotypes. Other
ramets of ‘Clermont” had the same genotype as ‘Thomas’, ‘Stambaugh’, and ‘Rowher’.

Of the samples with unique genotypes (indicated as singleton in Table 1), 14 were from
ramets bearing a name (often a cultivar name) for which no other samples were available.
These included samples of ‘Beck’, ‘Cooksey’, ‘D.O.T’, ‘Grundy’, ‘Harney’, ‘Higbee’,
‘Hybrid Walnut’, ‘Kitty, M-18(K-07), ‘OK Selection’, ‘Pound’, ‘Pritchett’, ‘R4T21’, and
‘R4T24’. These samples were examples of a single ramet with a unique name associated with
a unique genotype. The remaining 18 samples placed in the singleton category came from
ramets with a label that identified them as a cultivar. Despite their label, however, this group
of singletons had genotypes that were not shared by any other ramets with the same cultivar
name. Examples of this type included samples of ‘Daniel’ (one sample), ‘Dubois’ (two
samples), ‘Hay’ (one sample), ‘Mintel’ (one sample), ‘Russelll’ (two samples), ‘Russell3’ (one
sample), ‘Sauber1’ (one sample), ‘Sparks’ (six samples), ‘Stabler’ (two samples), and ‘Thomas’
(one sample) (Table 1). Each of these 18 samples represents a homonym (one name
representing multiple genotypes).

We performed PCA based on the 47 genotypes within 253 samples. It showed that 65.5 %
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percent of the variance for SSR alleles was explained by the first two axes (PC1 =43.2 %+PC2
=23.2 %) (Fig. 2). The results of PCA showed two main clusters of genotypes, one high on the
Y axis and the other low, with other genotypes scattered between. Three of the most important
cultivars, “Emma K’, ‘Kwik Krop’ and ‘Sparrow’ showed little variation on the Y-axis but were
spread across nearly the entire X-axis.

In sum, 128 samples were grouped into 12 genotypes (cultivars) that contained samples
with different label names (synonyms). We observed that 106 of the samples shared a labeled
name with at least one other sample although their genotypes differed (homonyms). Samples from
ramets with a unique name and unique genotype might appear to indicate a “true” genotype/cultivar
name association, but caution is warranted because there may be other trees bearing these
names with genotypes that do not match those in either the Kansas or Missouri collections
sampled for this study. In all, 253 samples (88.8 % of the 285 total) had a labeled name and a
genotype that matched at least one other sample with the same name and genotype (Table 1).

After genotyping and cultivar assignment, 47 genotypes were clustered using NJ (Fig, 3).
The resulting dendrogram showed three clearly defined clusters of genotypes, i.e., “Thomas’
to ‘Purdue 41°, ‘Sparks 147’ to ‘Christianson’, and ‘Davidson’ to ‘Ogden’, and a fourth
looser cluster with branches of nearly all possible lengths (cultivars ‘Brown Nugget’ to
‘Stabler’) (Fig. 3). Adjacent cultivar names joined by the shortest branches presented

genotypes that differed by only a few alleles (data not shown).

Discussion

Because phenology tends to have high heritability, phenological records can be useful tools
for black walnut breeders who need to identify off types or errors in identity. In plant
breeding programs the most important phenological traits are often related to flowering

(Kostamo et al., 2013), and they proved to be useful traits in black walnut as well (Table 4).
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Phenological data has the added advantage of being relatively straightforward to observe and
is less laborious and often less expensive than SSR genotyping. Ease of observation is an
advantage of particular importance for black walnut which, aside from nut shape and size,
and a few rare foliar mutants (i.e. ‘Cutleaf’) has few useful morphological traits that can be
used to distinguish clones. Harvest date is perhaps the most challenging black walnut
phenological descriptor to use since it depends upon measuring the softening of the husk,
which can be subject to error. Our results showed that most phenological traits were able to
significantly differentiate among clones. Nearly all the clones showed relatively small ranges
of values for most phenological traits (Table 3). We believe the cases where large variance in
phenology was observed (e.g., FPLD for ‘Thatcher’, a synonym of ‘Thomas’) probably reflect
errors in data recording rather than unusual biology. Yearly variation in climate affected
phenology (Fig. 1), and a similar effect caused by changes in latitude or even local weather is
commonly observed. What has been demonstrated for Persian walnut (Ramos, 1997) is that
phenology is strongly linked to degree-day models. What is consistent across time and space is
that for each genotype, after the dormancy requirement for cold is met, a particular amount of
heat will result in predictable vegetative and reproductive response, irrespective of latitude or
year. That is why breeders often use “signal” cultivars (such as ‘Davidson’). They know that
once ‘Davidson’ reaches a particular stage, for example leafout, that all other cultivars will
follow in a predictable order. The amount of time it takes from the earliest to the latest cultivar
to pass through a phenological stage depends on temperature in a particular location or year,
but cultivars hit phenological markers in a consistent order, irrespective of temperature. The
extent to which phenology is practical for discriminating black walnut cultivars was an
important object of this research.

Phenology was one of the few practical means for identifying off types of black walnut in

the pre-genomic era. Perhaps that is why we identified so many mislabeled ramets.
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Genotyping is available to breeders (at a cost) but not to growers. So even now, when a grower
observes a ramet in her orchard that has a phenology that is markedly different from the
expected phenology of the cultivar, the phenology may not be useful for identifying a cultivar,
but it is useful for identifying off types.

Walnut phenology is regulated by an unknown number of genes. Gleeson (1982)
suggested sexual morph in Juglans (protandry versus protogyny) is regulated by a single gene
(so even closely related germplasm can be segregating for this trait). Within protandrous and
protogynous morphs there is wide phenological variability. There is no published data relating
genetic and phenological variance in walnut, but the authors have observed that half-sibs can
have highly divergent phenology.

The biplot of canonical ordinates (Fig. 1) reflects phenological similarities within and
among clones over years. The relative positions of cultivars on the biplot does reflect their
phenotypic relatedness, but not their genotypic relatedness, as is shown in the NJ tree (Fig 3).
Trees may have similar phenology but be unrelated, so it is not expected that the biplot of
canonical ordinates would array the cultivars similar to a genotypic clustering method such as
NIJ. Figure 1 does, however,show the relative phenotypic similarity of clones. Clones that plot
near to each other are difficult to distinguish based on phenology, those that are distant are
easy to separate based on phenology. Knowledge of the centroid and the variance for common
cultivars permits breeders to determine which cultivars can be visually distinguished and
which cannot. In the end, no phenotypic trait will ever have the discriminatory power of a
genotype, as all phenotypes are affected by environment. The effect of year on phenology in
black walnut is also shown in Figure 1.

Phenology and genetic distance are not correlated in black walnut, so we did not expect
Figure 1 to correspond with the NJ tree (Fig. 3) except in cases of synonymy. Walnut

phenology is regulated by an unknown number of genes. Gleeson (1982) suggested protandry
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versus protogyny was regulated by a single gene, so even closely related germplasm can
segregate for this trait. But within protandrous and protogynous morphs there is wide
phenological variability. There is no published data relating genetic and phenological variance
in walnut, but the authors have observed that the phenology of half-sibs can be equal to that of
an unrelated population. When the phenological traits were integrated into canonical variables
and the observations were plotted onto the biplot, clonal phenology could be distinguished,
regardless of year-to-year variation in the weather. This approach to cultivar discrimination
could be practical for black walnut, but a large data set including more data from more clones
would be needed if the goal was to determine clonal identities with confidence based solely
on differences in phenology.

The PCA and NJ analyses have different goals and they are based on different analytical
methods, so PCA and NJ analyses do not always produce results that appear compatible. The
reason is PCA identifies axes that are linear combinations of traits (i.e., SSR alleles) that
maximize the variance among entries. Its goal is to separate entries as much as possible. If we
associate position in the PCA plot with relatedness, then we are assuming that entries with the
greatest differences in allele sizes are the least related—which may not be correct. Neighbor
joining clusters entries based on shared alleles, so its goal is to join genotypes that are similar.
If we associate position in the PCA plot with relatedness, then we are assuming that allele
sharing is equivalent to relatedness, which is often correct but does not account for
homoplasy.

There are no published pedigrees in black walnut—nearly all trees listed in Table 1 and
Figure 3 are selections from the wild and they likely reflect a nearly random sample of the
wild black walnut germplasm. In most cases, clusters of genotypes in the NJ tree (Fig. 3) do
not reflect (recent) common ancestors, but NJ trees of this type are useful because in some

cases cultivars that are joined very closely may in fact be synonyms or related as chance
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seedlings arising as (putative) offspring of a cultivar. For example, ‘Sparks#147° and
‘Sparks#127’ were both developed by the same hobbyist, possibly using ‘Ohio’ as a parent.

The number of detected alleles for each SSR locus ranged from 11 to 29, with an
average of 17.20 (Table 2), about the same as that found by Zhao et al. (2013) in 20 black
walnut progenies from a timber breeding program (17.92 alleles per locus). Thus, nut
cultivars showed high levels of neutral genetic diversity, levels similar to those of wild trees.
The high levels of polymorphism observed for the SSRs in this collection of clones resulted
in high power to discriminate among cultivars and closely related clones. The PCA represents
the genetic structure of the samples, whereas the neighbor joining tree shows their relatedness.
We also used the PCA to help identify examples of potential homonyms and synonyms that
could later be verified by direct comparison of genotypic data. The current analysis yielded
47 unique black walnut genotypes, some of which, based on NJ, clustered near the
foundational selections ‘Ohio’, ‘Thomas’, Emma K, and ‘Elmer Myer 1°, possibly reflecting
pedigree.

In conclusion, SSR genotyping was an efficient tool for cultivar genetic fingerprinting,
the identification of off-type, and for assessing inter- and intra-cultivar variation. The 253
black walnut trees we sampled and genotyped yielded consensus genotypes for at least
twenty-six black walnut cultivars (‘Thomas’, ‘Christianson’, ‘Elmer Meyer2’, ‘Eldora’,
‘Hare’, ‘Kwik Krop’, ‘Cranz’, ‘Emma K’, ‘Brown Nugget’, ‘Davidson’, ‘Surprise’, ‘Bowser’,
‘Sparks147°, ‘Sparks127’, ‘Sauber’, ‘McGinnis’, ‘Vandersloot’, ‘Rupert’, ‘Victoria’,
‘Mystry’, ‘Cutleaf’, ‘Drake’, ‘Russel3’, ‘Krause’, ‘Ohio’, and ‘Schesler’). We observed two
major types of inconsistencies: 1) identical genotypes with different names (synonyms)
involving about 116 samples, representing 40.7 % of all entries; and 2) different genotypes
that shared the same cultivar name (homonyms) observed for about 101 samples or 35.43 %

of all samples. The most likely reasons for these results were graft failure, misidentification of
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a tree from an orchard map, or labeling error during propagation or sampling. Errors such as
these may have been compounded over time, as the vast majority of the scion wood from
which the collections at HARC and KSU were propagated was obtained from private growers
rather than a formal breeding program, and thus likely reflects past labeling or propagation
errors. In some cases, cultivars from one repository (Kansas or Missouri) had a consistent
genotype that was different from the genotype of the same cultivars from the other site (Table 1).
Errors in propagation at one or more locations do not mean that cultivars cannot be
distinguished, but errors within and among clone banks make it challenging to arrive at a
consensus about the true genotype of a cultivar. These black walnut SSR genotypes will be
useful in black walnut breeding programs and for others who wish to understand the identity
of material they have propagated or purchased. Growers of black walnuts and black walnut

researchers will benefit from being able to verify the identity of the trees in their orchards.
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Table 1. Black walnut (Juglans nigra) cultivars genotyped using 10 SSR loci.

Label® Genotype” N°¢ Label® Genotype” N°
Beck Singleton 1,1,0 Ogden Ogden 2,2,0
Bowser Bowser 9,5,4 Ohio Ohio 3,2,1
Brown Brown 5,14 OK Singleton 1,1,0
Nugget Nugget Selection
Christianson  Christianson  3,1,2 Ozark King Ozark King  2,2,0
Clermont Hare 2,2,0 Patterson Emma K 2,2,0
Clermont Thomas 6,6,0 Philops Philops 2,2,0
Clermont Elmer 6,2,4 Pound Singleton 1,1,0
Meyer?2
Cochrane Cochrane 2,2,0 Pritchett Singleton 1,1,0
Cooksey Singleton® 1,1,0 Purduel137  Purduel37 2,2,0
Cranz Cranz 43,1 Purdue 41  Purdue 41 2,2,0
Cranz Sparrow 1,0,1 R2T26 Cutleaf 2,2,0
Crosby Crosby 2,2,0 R4T21 Singleton 2,2,0
Cutleaf Cutleaf 2,2,0 R4T24 Singleton 1,1,0
D.O.T Singleton 1,0,1 Ridgeway  Ridgeway 2,2,0
Daniel Singleton 1,0,1 Rupert Rupert 5,3,2
Daniel Sauber 1 2,2,0 Russelll Singleton 2,2,0
Davidson Davidson 8,8,0 Russell3 Russell 3 3,3,0
Drake Eldora 3,0,3 Russell3 Singleton 1,1,0
Dubois Dubois 2,0,2 Sarcoxie KwikKrop 2,2,0
Dubois Singleton 2,1,1 Sauberl Sauberl 3,3,0
Eldora Eldora 4,31 Sauberl Singleton 1,1,0
Elmer Elmer 3,3,0 Sauber2 Eldora 3,3,0
Meyerl Meyerl
Elmer Elmer 5,5,0 Schesler Schesler 44,0
Meyer2 Meyer2
Emma K Emma K 6,3,3 Scrimger Eldora 6,2,4
Farrington Cranz 3,0,3 Shreve Shreve 2,2,0
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Football
Grundy
Hare
Harney
Hay

Hay

Hay
Higbee
Hybrid
Walnut
Jackson
Kitty
Knuvean
Krause
Kwik Krop
M-18 (K-07)
McGinnis
Mintel
Mintel
Mystry
Neel
Ness

Rowher

Football
Singleton
Hare
Singleton
Singleton
KwikKrop
Christianson
Singleton

Singleton

Jackson
Singleton
Knuvean
Krause
KwikKrop
Singleton
McGinnis

Brown
Nugget
Singleton

Mystry
Neel
Ness

Thomas

6,2,4
1,1,0
4,4,0
1,1,0
1,1,0
1,0,1
2,2,0
1,0,1
1,0,1
2,2,0
1,1,0
2,2,0
3,3,0
6,4,2
1,0,1
5,2,3
3,0,3
1,1,0
4,4,0
2,2,0
2,2,0
2,2,0

South Fork
Sparks 127
Sparks 129
Sparks 147
Sparks 177
Sparrow
Sparrow
Stabler
Stabler

Stambaugh
Surprise
Thatcher
Thomas
Thomas
Thomas
Tomboy

Vandersloot

Victoria
Victoria
Wiard
Woody
Woody

Total
samples

South Fork
Sparks 127
Singleton
Sparks 147
Christianson
Eldora
Sparrow
Stabler

Singleton

Thomas
Surprise
Thomas
Thomas
Christianson
Singleton
Tomboy

Vandersloot

Victoria
Hare
Wiard
Kwik Krop
Davidson

282

2,2,0
5,23
6,6,0
7,2,5
3,0,3
6,4,2
1,0,1
2,0,2
1,0,1
8,8,0
11,6,5
5,5,0
11,10,1
2,2,0
1,1,0
2,2,0
5,0,5
3,0,3
2,2,0
2,2,0
2,2,0
1,0,1

*Labled cultivar name

°Cultivar based on multilocus genotype

°N: Number of entries per cultivar, obvious spelling variants were pooled; the first number
indicates the total numbers of samples with the given labeled name assigned to the indicated
genotype, the second number indicates the number of samples from ramets of that name from
HARGC, the third number indicates the number of samples from ramets of that name collected

from Kansas State University’s clonal repository.
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d Singleton refers to a genotype shared by no other sample and is thus either unverifiable if
there are no other samples of the same cultivar name (e.g., ‘Grundy’), or the result of a graft
failure or mislabeling (e.g., Russell3).
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Table 2. Characteristics of the ten microsatellite loci used in this study.

Locus GeneBank Alleles (bp) Ta N Ns» NE'

WGA06a AY333949 140, 142, 144, 146, 150, 152, 154, 156, 53.5 250 11 0.275
158, 160, 162

WGA24a AY333950 224,226, 228, 230, 232, 234, 236,238,  50.0 273 15 0.034
240, 242, 244, 246, 248, 250, 252

WGA272 AY333951 202,204, 208, 210, 212, 214, 216, 218, 500 273 20 0.016
220, 222,224, 226, 228, 230, 232, 234,
236, 238, 240, 242

WGA32a AY333952 164, 166, 168, 172, 174, 176, 180, 182, 535 265 18  0.018
184, 186, 188, 192, 194, 196, 198, 202,
214,216

WGA69"  AY333953 162, 164, 166, 168, 170, 172,174,176,  50.0 260 11  0.192
178, 180, 182

WGAT72% AY333954 144, 146, 148, 150, 152, 154,156,158,  53.5 247 10  0.189
160, 164

WGA76° AY636615 228,230,232, 234,236, 238,240,242,  50.0 281 10 0.055
244,260

WGAS82" AY333956 154,156, 158, 160, 162, 164, 166,168,  50.0 249 29  0.009
170, 172, 174, 176, 178, 180, 182, 184,
186, 188, 190, 192, 194, 196, 198, 200,
202, 204, 206, 208, 214

WGAS89® AY352440 183,185, 187, 189, 191, 195,199,201,  50.0 280 19  0.022
203, 205, 207, 209, 211, 213, 215, 217,
219, 221,223

WGA90® AY352441 142, 146, 148, 150, 152, 154, 156,158,  50.0 279 17  0.022

160, 162, 164, 166, 168, 170, 172, 174,
176

3L ocus previously published in Woeste e al.(2002).
L ocus previously published in Robichaoud et al.(2006).

“WAG 76 was not previously published, primer sequences were F:
AGGGCACTCCCTTATGAGGT, R: CAGTCTCATTCCCTTTTTCC.

dGeneBank accession number or identification number.
®Ta indicates the annealing temperature of multiplex PCR.
fN indicates number of genotyped sample.

8N A indicates mean number of alleles per locus.
BpiC indicates polymorphic information content.

INE-1 Average non-exclusion probability for identity of two unrelated individuals.
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Table 3 Range of phenological trait means observed from 2003 to 2006 to characterize 21 black walnut (Juglans nigra L.) nut cultivars at the

University of Missouri nut breeding orchard.

Canadian Journal of Plant Science

Genotype BBDAD* FPLD’ FPD° LD* HDAD* PPBDAD' PPDAD®
Labeled Day’ Std Julian  Std Julian Std Julian Std Std Std Std
Cultivar Dev  Day Dev Day Dev Day Dev Dayh Dev Dayh Dev Dayh Dev
Brown Nugget  Brown Nugget  2-5 1.5 112-115 1.7 122-130 3.9 140-144 2.8 0-15 10.6 0-6 3.0 3-9 3.6
Christianson Thomas Meyer 15-19 2.8 ND' ND ND ND ND ND 21-26 35 ND ND ND ND
Clermont(L)1 Clermont 14-21 3.2 124-128 19 134-139 22 127-144 84 921 11.0 9-15 28 12-16 2.1
Clermont(L)2 Hare 13-23 4.7 124-129 25 139-143 2.6 136-153 93 939 151 12-18 3.0 11-5 2.5
Cutleaf Cutleaf 9-20 5.0 124-130 3.2 139-140 0.6 ND ND ND ND 13-19 3.1 13-21 3.9
Drake Drake 823 6.4 117-130 7.2 135-136 0.7 147-155 5.7 28-41 9.2 12-18 3.3 12-16 2.5
Eldora Sparrow 13-16 2.5 122-132 53 126-138 5.2 113-117 2.5 0-1 0.7 720 6.5 8-13 2.1
Elmer Meyerl ~ Elmer Meyerl  6-18 4.8 124-126 1.2 138-139 0.7 135-137 35 0-15 84 812 23 10-15 3.2
Elmer Meyer2  Elmer Meyer2  18-21 3.6 128-135 3.5 143-145 1.0 124-127 25 14-15 0.7 1723 2.8 1822 2.1
Emma K1 Emma K 3-16 6.4 112-116 2.2 125-128 1.7 145-150 3.7 621 7.5 2-3 0.8 -2-3 2.5
Emma K2 Emma K 4-14 52 109-116 3.8 120-126 2.6 142-144 14 7-43 18.1 23 0.6 -5-2 2.8
Hare Hare 13-26 5.4 128-135 3.8 139-143 2.0 ND ND ND ND 16-21 23 14-21 33
Krause Krause 34 0.5 120-128 3.3 109-115 29 128-135 4.6 8-14 42 10-12 1.0 -11-8 34
Russell3 Sparks127 1-4 1.5 ND ND 114-123 4.2 ND ND ND ND ND ND -6-2 1.7
Sauberl Sauberl 11-24 59 122-129 3.1 134-139 3.0 136-143 3.3 8-27 9.7 9-18 4.6 9-15 3.2
Sparks129 Sparks129 11-23 5.3 ND ND ND ND ND ND 21-39 127 ND ND ND ND
Surprise Surprise 10-12 1.0 122-125 1.3 133-136 1.5 137-147 7.1 2129 57 815 28 8-5 2.9
Thatcher Thomas 12-26 6.0 112-132 43 137-144 3.1  145-155 48 12-43 173 7-23 6.8 13-20 4.0
Thomas Thomas 15-26 5.1 124-130 3.1 137-143 3.0 140-156 85 843 176 819 50 11-19 3.7
Victoria Hare 823 53 123-131 3.6 132-138 2.6 153-160 4.6 41-43 14 721 6.2 8-16 3.7
Woody Kwik Krop 0-4 1.8 108-115 3.6 121-130 4.0 141-159 127 ND ND 04 2.0 2-4 1.2
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“Bud break days after ‘Davidson’; ®First pistillate bloom; “First pollen shed,; Season length in Julian days; “Harvest date, days after ‘Davidson’;
'fPeak pistillate bloom date, days after ‘Davidson’; éPeak pollen shed days after ‘Davidson’; "Number of days after reference cultivar ‘Davidson’;
'ND indicates no data
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Table 4 The CANDISC procedure univariate test statistics and F statistics using

phenotypic data based on labeled cultivar name.

Total Pooled Between

Standard Standard Standard R-Square

R-Square/(1-RSq)

Variable® Deviation Deviation Deviation Value Pr>F
BBDAD  7.5748 5.3920 6.4496 0.6960 2.2892 3.43  0.0054%*
FPLD 6.7842 3.6615 6.2900 0.8252 4.7218 7.08  <.0001***
FPD 6.3425 4.5826 5.9835 0.7123 2.5218 3.68  <.0001***
LD 10.8459  5.3270 10.2372 0.8553 5.9091 8.86  <.0001***
HDDAD 13.5045 11.5158  10.3482 0.5637 1.2920 1.94 0.0827
PPBDAD 6.5000 4.6775 5.5078 0.6893 2.2185 3.33  0.0064%*
PPDAD  8.9455 3.4055 8.7239 0.9130 10.4997 15.75 <.0001***

Note: *** indicates very highly significant (p<0.0001); ** indicates highly significant
(p<0.01) *Variable names are defined in Table 3.
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Figures captions

Fig. 1 Plot of black walnut clones onto first two canonical variables composed of
linear combinations of phenological traits. Repeated names indicate observations from

the same tree in multiple years.

Fig. 2 Principal components analysis of 47 black walnut (J. nigra) genotypes based on

ten microsatellite loci.

Fig. 3 Dendrogram (Neighbor Joining) of 47 black walnut genotypes based on ten

microsatellite loci.
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