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Summary. Associations among 18 ‘Lancaster Sure Crop’
derived inbred lines of maize (Zea mays L.) were deter-
mined using multivariate and cluster analysis. Objec-
tives were to assess the degree of unique characteriza-
tion among lines afforded by reversed-phase high-per-
formance liquid chromatography (RP-HPLC) and
starch gel electrophoresis of allozymes and to compare
associations among lines revealed by biochemical and
pedigree data. RP-HPLC revealed 11 different chroma-
tograms that uniquely identified 79% of lines that dif-
fered by more than isogenic or near isogenic segments.
Allozymic data for 21 loci provided unique discrimina-
tion among 93% of non-isogenic lines. Chromatographic
and allozymic data together provided unique character-
ization of all non-isogenic lines. Cluster and multivari-
ate analyses of biochemical data associated lines into
three groups that would have been expected on the ba-
sis of pedigree breeding records. More detailed associa-
tions were dependent upon the data set employed. Mul-
tivariate and cluster analysis of chromatographic, electro-
phoretic, and pedigree data could be useful in reveal-
ing more detailed associations among elite germplasm
than hitherto available, thus providing data pertinent to
line and hybrid development, plant variety protection,
and germplasm security.

Key words: High performance liquid chromatography —
Zeins — Allozymes — Plant variety protection - Germ-
plasm security — Heterosis

Introduction

Accurate descriptions of inbred lines and of cultivated
varieties are necessary in the production of pure foun-

dation seed stocks, commercial varieties, and hybrids.
Varieties and inbred lines must also be characterized to
receive plant variety protection (PVP), thereby contrib-
uting to germplasm security. In addition, progress in
plant breeding could be enhanced through a more com-
plete knowledge of germplasm constitution and a more
thorough understanding of relationships between lines
(Hallauer and Miranda 1981). Such relationships can
only be revealed by comparing descriptions of lines that
are either genotypic per se or are directly reflective of
the genotype.

Electrophoretic and chromatographic data have been
shown to provide descriptions that are not significantly affect-
ed by environment and are, therefore, reflective of genotype
(Batey 1984; Marchylo and Kruger 1984; Kruger and Marchy-
lo 1985a, b; Smith and Smith 1986). In maize (Zea mays L.),
electrophoresis of allozymes (Goodman and Stuber 1980, 1983;
Stuber and Goodman 1983) and isoelectric focusing of zein stor-
age proteins (Nucca et al. 1978; Wall et al. 1984; Wilson 1984)
have allowed the unique characterization of at least 85% of
widely used inbred lines (Stuber and Goodman 1983). Reversed-
phase high-performance liquid chromatography (RP-HPLC)
can also be used to reveal differences between inbred lines and
hybrids of maize (Bietz 1983, 1985; Smith and Smith 1986).
RP-HPLC has been reported to provide discrimination, at least
between varieties of wheat (Triticum aestivum L., T. durum
Desf.), that equals or even exceeds that obtained by other sepa-
ration methods (Bietz 1983). Thus, RP-HPLC could also have
great potential in characterizing inbreds and hybrids of maize.
Furthermore, the discriminatory power of either electrophore-
sis or of RP-HPLC is enhanced when both methods are em-
ployed, thereby taking advantage of their complimentary modes
of separation (Bietz 1983). The combined use of these tech-
niques could perhaps provide discrimination between lines
that are very closely related by pedigree. If such discrimination
is possible, it is then feasible to investigate whether these bio-
chemical data can be used to reveal associations among lines
that are reflective of pedigree relationships. Associations re-
vealed by biochemical data could then be of potential use in
the more efficient choice of germplasm for breeding and
hybrid development programs.



This study has three objectives. First, to assess the
discriminatory power of RP-HPLC data alone. Second,
to assess the degree to which discrimination is enhanced
through the combination of RP-HPLC (zein) and allo-
zymic data. Third, to compare associations revealed
through comparisons of RP-HPLC (zein) and allozymic
data with those to be expected on the basis of known
pedigrees.

Materials and methods

For these initial studies, the analysis was done using inbred
lines of current and historical importance which are related
by pedigree. These inbreds were derived by selection directly
from, or following hybridization to, lines selected from the
open-pollinated variety ‘Lancaster Sure Crop’. Ten publicly
available inbred lines and eight lines that are proprietary to
Pioneer Hi-Bred International, Inc. (Table 1) were surveyed by
RP-HPLC and by isozyme electrophoresis. Protein extraction,
chromatographic conditions, data acquisition, and normaliza-
tion procedures for RP-HPLC were exactly those given in
Smith and Smith (1986). Inbred Oh43t was injected thrice
during the course of separations as a control. Following normal-
ization of peak area data, 52 different peaks were revealed
across the 18 lines. Identical peaks were defined as such if they
eluted within 3sd units (7 s) as calculated from means of elu-
tion times for all control peaks. Comparisons between the
chromatograms of each pair of lines resulted in two data matri-
ces; one weighted according to peak area percent and the other
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unweighted. Associations among lines were examined using
principal component and cluster analysis based on variance-
covariance matrices from both weighted and unweighted data
matrices.

For the inbred lines H98 and Oh40B, allozymic data for all
loci (Table 2) except for Dial were taken from Stuber and
Goodman (1983). All other allozymic data were determined
from starch gel electrophoresis using methods similar to Cardy
et al. (1980, 1983) with only minor modifications according to
Smith (1984). Associations among lines were determined from
principal coordinate (Gower 1972) and cluster analysis based
on distance measures using modified Roger’s distances calculat-
ed from allozyme allele frequencies. Similar treatments of al-
lozymic data in maize have been performed by Doebley et al.
(1983) and by Goodman and Stuber (1983).

Calculations of coefficients of parentage (s) were used to
derive pedigree dissimilarity (1-s) (Kempthorne 1969; Delan-
nay et al. 1983). Relationships between lines on the basis of
pedigree dissimilarity or pedigree distance were then revealed
by principal coordinate analysis and by cluster analysis.

Results

Representative examples of similar chromatographic
profiles are presented in Fig. 1. These plots, which were
not standardized for equivalent amounts of protein
across inbreds, revealed only minor differences between
the following near isogenic lines; Oh43 and Oh43t at
approximately 5 min (Fig. 1 a), 247 and 247nonHt at
approximately 27 min (Fig. 1 b), and O41wx and either

Table 1. Lines used in the analysis of pedigree, electrophoretic, and chromatographic data

Line Background®

Group 1PED
Oh40B Lancaster Sure Crop®
Oh43 Oh40B X W8 (probably from Minnesota®; Baker, pers. commun.)
Oh43t (Oh43 x Ht*) with multiple backcrosses to Oh43
Oh45 Oh40B x W8
247nonHt Oh43x Oh45
247 (247 x Ht*) with multiple backcrosses to 247nonHt
Va6 Oh43 x K155
A619 (A171x Oh43) Oh43
H98 Oh43x Hy
693 247 x Coker 616

Group 2PED
O41nonHt Oh43 x (Todent® X W{9)
041 (041 x Ht*) with multiple backcrosses to O41nonHt
O41wx (041 x wx*) with multiple backcrosses to O41nonHt
699 (041x247) 041

Group 3PED
C103 Noah Hershy Strain of Lancaster Sure Crop
CI.187-2 Krug®
Mol7t 187-2% C103 (a source of Mo17 with Ht resistance)
375 Approx. 60% C103, 25% B14, 12% M3204

Henderson (1976) unless otherwise stated
Open-pollinated variety

Source of resistance to Helminthosporium turcicum
Source of waxy gene

a n o ®
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Fig. 1. a Chromatograms of Oh43 (broken

line) and Oh43t (solid lines). The solvent front
elates prior to 5min in all chromatograms.

b Chromatograms of 247nonHt (broken line)
and 247 (solid line). ¢ Chromatograms of

O41wx (small broken line), O41t (large broken
line), and O41 (solid line). d Chromatograms of

699 (broken line) and 041 (solid line)
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04] or O41t at approximately 10 min (Fig. 1 ¢). The
chromatograms of lines O41 and 699 (Fig. 1 d) were also
similar but differed between 9 and 11 min.

Examples of different chromatographic profiles are
presented in Fig. 2. Comparisons of the profiles of lines
375 and C103 (Fig. 2 a) revealed many similarities, par-
ticularly for the elution of major peaks; however, differ-
ences were obvious at approximately 12, 14, 17, 22, 27,
and 28 min. Comparisons of the chromatograms of
Oh43 and 699 (Fig. 2 b) and of Oh45 and 693 (Fig. 2 ¢)
revealed totally different elution profiles from 0 to 15
min with strikingly similar profiles thereafter.

Visual inspections of all chromatograms revealed
two sets of lines with closely similar, if not identical,
profiles. The first set comprised 247nonHt, 247, A619,
Oh43 and Oh43t. The second set comprised 041, O41t,
O4lwx and 699. Lines from among these two different
sets revealed mutually distinct chromatograms as did all
other lines.

Three groups of lines had identical allozyme profiles
for the 22 loci that were surveyed: 1) O4lnonHt, O41,
O41wx; 2) Oh43, Oh43t; and 3) 247nonHt, 247 and
Oh45.

<
<

Fig. 2. a Chromatograms of 375 (broken line) and C103 (solid
line). b Chromatograms of 699 (broken line) and Oh43t (solid
line). ¢ Chromatograms of Oh45 (broken line) and 693 (solid
line)




Pedigree backgrounds are presented in Table 1 and
the expected relationships on the basis of these data are
presented in Fig. 3. Principal coordinates 1, 2, and 3,
encompassed 31.3, 15.1, and 10.7% of the variation, re-
spectively (Fig. 3 b). Lines were included in three broad
groups, the first two of which were related. Group
IPED included Oh45, Oh40B, 247, Va26, Oh43, Ohd3t,
A619, 247nonHt, 693, and H98. Group 2PED included
O41nonHt, O4lwx, 041, and 699. Group 3PED included
Mol7t, C103, 375, and CL.187-2. Both cluster analysis
(Fig. 3 a) and principal coordinate analysis (Fig. 3 b)
separated H98 and 693 from other Group IPED lines.
Cluster analysis (Fig. 3 a) further subdivided Group
1IPED lines into a) Oh45, Oh40B, 247 and b) Va26,
Oh43, Oh43t, A619, and 247nonHt. Both analytical pro-
cedures clearly separated Group 3PED lines from
Group 1PED and 2PED.

Associations among lines on the basis of the RP-
HPLC data sets are presented in Fig. 4 (unweighted
data set) and in Fig. 5 (weighted data set). Principal
components 1, 2, and 3 encompassed 75.8, 6.3, and 4.4%
of total variation for the unweighted RP-HPLC data
and 52.4, 17.0, and 10.4% of the total variation for the
weighted RP-HPLC data, respectively. On the basis of
the unweighted RP-HPLC data set (Fig. 4) lines fell into
three groups that were exactly those revealed on the ba-
sis of pedigree data except that H98 and Va26 clustered,
albeit loosely, with Group 3PED lines rather than with
Group 1PED lines. Like the pedigree data, the RP-
HPLC unweighted data set revealed an association
among the majority of Group 1PED lines and all group
2PED lines that was greater than either showed to
Group 3PED lines.

Associations revealed on the basis of the weighted
zein data set (Fig. 5) are similar to those described for
the unweighted set (Fig. 4). Both weighted and un-
weighted sets revealed two clusters: a) Oh43t, 247,
A619, 247nonHt, Oh43 (lines comprising Group 1PED)
and b) O41nonHt, 041, O41wx, 699 (lines comprising
Group 2PED). In the weighted RP-HPLC data set,
Group 3PED lines were separated into a) CIL.187-2,
Mol17t and b) 375 and C103, the latter being more
closely associated with Oh45, Oh40B, and Va26. These
levels of association contrast with those revealed by
both the RP-HPLC unweighted and pedigree data sets.

Associations among lines on the basis of allozyme
data are presented in Fig. 6. Principal coordinates 1, 2,
and 3 encompassed 36.0, 21.7, and 14.1% of the total
variation, respectively. Group 2PED lines (O41wx, O41t,
041, 699) were tightly clustered (Fig. 6 2) and revealed
a close association with Oh43, Oh43t, and A619 (3 lines
of Group 2PED), (Fig.6a,b). Three other lines of
Group 1PED (Oh45, 247, 247nonHt) were tightly clus-
tered and were joined to two other Group 1PED lines
(Va26, 693). Group 3PED lines (375, Mol7, CI103,
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CIL.187-2) were loosely clustered, also including H98
from Group 1PED. Group 3PED lines and H98 were
not closely related to Group 2PED lines or to other
Group 1PED lines.

Discussion

Reversed-phase high-performance liquid chromatogra-
phy (RP-HPLC) revealed a high degree of protein het-
erogeneity (52 hydrophobically different proteins)
among 18 lines that are at least somewhat, and often ex-
ceptionally, closely related by pedigree. RP-HPLC re-
vealed 11 qualitatively different chromatographic profiles
among the 18 lines; differences of a magnitude greater
than that observed for purely nongenotypic effects
(Smith and Smith 1986). Of the nine lines included in
two classes with qualitatively similar chromatograms [a)
A619, Oh43, Oh43t, 247nonHt, 247 and b) O41nonHt,
041, O4lwx, and 699], all were related by pedigree.
Oh43 and 247 share an approximately 50% pedigree re-
lationship while Oh43 and A619 share an approximate-
ly 75% pedigree relationship (Table 1). The remaining
lines are presumably more closely related to their re-
spective and chromatographically similar recurrent
parents through multiple backcrosses. Excluding the
isogenic or near isogenic lines (Oh43t, 247, O41wx,
041), 11 different chromatograms were revealed among
the 14 remaining lines. Thus, RP-HPLC alone provided
unique distinction among 79% of ‘Lancaster Sure Crop’
and derived lines.

Allozymic data (Table 2) also revealed much hetero-
geneity among these inbred lines. Thirteen different al-
lozyme profiles were revealed among the 18 lines, thus,
uniquely identifying 72% of all lines. Once again, this is
an underestimate of the discriminatory power of allo-
zymes because of the inclusion of isogenic or near iso-
genic lines and their recurrent parent lines. Of the 14
lines that were not isogenic or near isogenic conversions,
13 revealed different allozymic profiles. Thus, allozymic
data alone allowed the unique identification of 93% of
‘Lancaster Sure Crop’ and related lines.

Allozymic and chromatographic data were jointly able to
provide unique characterization of all 14 lines that were more
than isogenically different. Oh45 and 247nonHt, which re-
vealed allozymic identicality at 22 loci, differed quantitatively
in their chromatograms to an extent that at least equaled the
maximum difference, and exceeded the majority of differences,
found for nongenotypic effects on chromatograms (Smith and
Smith 1986). Likewise, allozymic data revealed differences be-
tween lines that exhibited identical or nearly identical chroma-
tograms, thereby distinguishing between individual lines of i)
247, A619, and Oh43 and ii) O41 and 699. Thus, the products
of allozymic and zein gene loci were able to provide discrimi-
nation between all ‘Lancaster Sure Crop’ lines of major impor-
tance in U.S. maize production and breeding that were avail-
able for study and that differed by more than isogenic and
closely linked gene segments.
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Fig.3. a Dendrogram revealing associ-
ations between lines following cluster
analysis of pedigree data. b Associations
between lines on the basis of the first 3
principal coordinates from multivariate
analysis of pedigree data
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Cluster and multivariate analyses of all data sets showed
overall similarities in associations among lines. The majority of
lines related by pedigree to Oh43 (Groups 1PED and 2PED)
were shown to be closely associated among themselves and to
be distantly associated with lines connected by pedigree to
C103 and CI.187-2 (Group 3PED). Among the Oh43 related
lines, all data sets partitioned O41nonHt, 041, O41wx, and 699
(Group 2PED) as a separate cluster. Closer examination of
more detailed associations among lines revealed some differ-
ences according to the data set used for analysis. Pedigree and
RP-HPLC unweighted data were unable to reveal a close asso-
ciation of O41 and 699 lines with any particular group 1PED
line. However, both allozymic and RP-HPLC weighted data re-
vealed an association of O41 and 699 with Oh43 and A619, and

Oh40B
AB19
I Oh43t

| 0Oh43

o#
699
Oh45
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Va26
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Oh43, A619, and 247, respectively. Analysis of pedigree data
revealed the strict clustering of C103 and CI.187-2 related
lines (Group 3PED) and their separation from all other ‘Lan-
caster Sure Crop’ lines. Analyses of allozymic and RP-HPLC
unweighted data sets also revealed similar groupings but included
H98, and H98 and Va26, respectively. The RP-HPLC weighted
data set indicated a grouping of CIL.187-2, Mol7t, and H98.
However, in contrast to allozymic and RP-HPLC unweighted
data, the RP-HPLC weighted data separated C103 and 375
from CI1.187-2 with C103 and 375 instead being aligned more
closely with Oh40B, Oh45, and Va26.

Comparisons of associations among lines revealed by allo-
zymic and chromatographic data, which are essentially geno-
typic comparisons, therefore, support a broad perspective of
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what could be expected in terms of relationships based solely
upon a knowledge of pedigrees. For example, isozymic and
chromatographic data consistently showed a separation of
lines 041 and 699 (Group 2PED) from Oh43 and other group
1PED lines. Thus, biochemical data substantiated what could
be expected from pedigree records that Group 2PED lines con-
tain non ‘Lancaster Sure Crop’ germplasm and, thereby, con-
stitute a distinguishable cluster of lines. A second example of
associations revealed by all data sets was the separation of
Group 1PED and Group 2PED lines from Group 3PED lines.
On the basis of pedigree information alone, the lack of associa-
tion among group 3PED lines could be, in part, an artifact sim-
ply because these lines have no recent connection through ped-
igree breeding. However, both isozymic and chromatographic
data substantiate that there are differences between the C103
and Oh43 selections of ‘Lancaster Sure Crop’ germplasm.

The results presented herein revealed a level of con-
gruence between allozymic, chromatographic, and ped-
igree data that allowed inbreds of the ‘Lancaster Sure
Crop’ germplasm pool to be split further into at least
three groups. Differences in more detailed associations
among lines that are revealed by the various data sets
are to be expected since each data set surveys a portion
of the genome. Generally, the weighted RP-HPLC data
set was able to provide greater discrimination and more
detailed associations among lines than was the un-
weighted RP-HPLC data set. The critical importance or
validity of such differences can only become apparent
after additional comparisons in which a greater portion
of the genome is surveyed either through tests involving
genotype X genotype interaction (heterosis) or linkage
studies involving vastly more genetic markers (e.g.,
restriction fragment length polymorphisms, RFLP’s).
Chromatographic, electrophoretic, and pedigree data
could be useful as preliminary screens in tests of germ-
plasm associations prior to these more detailed, time
consuming, and costly studies.
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