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Summary. Variation in polypeptide synthesis was exam- 
ined in developing maize embryos of two inbred and two 
hybrid genotypes. Multivariate analyses were used to 
evaluate the variation among two-dimensional, electro- 
phoretic separations of polypeptides. Several features of 
the data set were revealed. Similar developmental pat- 
terns were exhibited by all genotypes and no evidence 
was obtained for differential rates of development for 
inbreds and hybrids. The differential synthesis of  two 
subsets of polypeptides during embryo development was 
observed. The multivariate methods employed in this 
study were a valuable aid in interpreting the results from 
a large and complex data set. 
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Introduction 

The electrophoretic separation of polypeptides has 
proved to be a valuable technique for the analysis of gene 
expression. Numerous studies in plant systems have em- 
ployed this technique to examine variation occurring as 
a function of development (Dure et al. 1981; Zivy et al. 
1984; Misra and Bewley 1985; Sawney etal. 1985; 
Sanchez-Martinez et al. 1986) and genotype (Zivy et al. 
1983, 1984; Dunbar et al. 1985; Bahrman and Thielle- 
ment 1987; Damerval et al. 1987). In both cases, the re- 
sults consist of qualitative and quantitative changes asso- 
ciated with a number of polypeptide species that may 

vary either independently or in groups. Tracking changes 
in individual polypeptides is often arbitrary, and the 
large number of variables involved hampers the detection 
of any global patterns which may be present in the data. 
This is particularly true when two-dimensional (2D) 
electrophoresis is employed enabling the resolution of 
hundreds to more than a thousand different polypep- 
tides. The problem is compounded further in studies 
where large numbers of gels are involved, as is often the 
case when several developmental stages or genotypes are 
considered. It would be useful if a method were available 
which at once summarized the data, identified major 
sources of variation and revealed any inherent patterns. 

Multivariate techniques have been applied recently to 
investigate genetic affinities among different varieties of 
rice, based on densitometric tracings of proteins sepa- 
rated on one-dimensional gels (Aliaga-Morell et al. 
1987). These techniques have also been used to determine 
taxonomic relationships between various lines of maize 
through isozyme allele frequencies (Smith 1984; Bretting 
et al. 1987; Smith and Smith 1987) and chromatographi- 
cally and electrophoretically separated proteins (Da- 
merval et al. 1987; Smith and Smith 1987). To assess 
variability among proteins separated on 2D gels, Ander- 
son etal. (1984) described methods for using densi- 
tometric measurement of intensity and software estima- 
tion of spot position in conjunction with multivariate 
analysis. In the present study, we employ a technique 
developed by Fewster and Walden (1987), which does not 
require densitometric measurement of intensity nor spot 
identification, yet captures sufficient information from 
the distribution of polypeptides on a 2D gel to permit the 
data to be analyzed by principal coordinate (PCoA) and 
concentration analyses. Our objective was to identify 
patterns of variation in polypeptide synthesis among de- 
veloping maize embryos of different genotypes. 
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Materials and methods 

Plant material 

Two inbred cultivars of maize (OH43 and M14) and their recip- 
rocal hybrids (OH43/M14 and M14/OH43) were selected for 
this study. All plants were grown under field conditions in our 
maize nursery in London, Ontario, Canada in 1985 and 1986. 
Controlled pollinations were made on the same date for each 
genotype in order to exclude differences in development due to 
environmental effects. Ears were collected at approximately 
5-day intervals between 15 and 52 days after pollination (DAP). 

Radio-labelling, extraction and electrophoresis 

Ears were cut in the central region to expose a ring of kernels. 
Embryos were labelled in situ as described by Kriz (1982). Indi- 
vidual kernels were injected with 3 ~tl of 3sS methionine (NEN; 
specific activity > 1,000 Ci/mM) using a Hamilton syringe; the 
cut ends of the ears were covered with moist filter paper and the 
ears were incubated in the dark for 2 h at 27 ~ 

Following the 2 h radio-labelling period, the embryos were 
dissected; three to five embryos were combined to form each 
sample and homogenized in a buffer containing 200 m M  
TRIS(hydroxyrnethyl)aminomethane-HC1 (pH7.5), 5% so- 
dium dodecyl sulphate, 7.5% 2-mercaptoethanol and 1 m M  
phenylmethylsulphonyl fluoride (PMSF) (Hughes et al. 1981). 
Radioactive incorporation was determined as described by 
Mans and Novelli (1960). 

Samples were prepared for 2D polyacrylamide gel electro- 
phoresis (PAGE) as described by Baszczynski et al. (1983) with 
slight modification. Urea was added to samples to give a concen- 
tration of 8 M and NP-40 to give a ratio of at least 8 : 1, NP- 
40:SDS. Ampholytes (LKB) in the range of 3.5 10 were added 
to give a concentration of 2% and the mixture was combined 
with an equal volume of a solution containing 9.5 M urea, 7.5% 
2-mercaptoethanol, 1 mM PMSF and 8% NP-40.2D-PAGE was 
performed as described by O'Farrell (1975). IEF gels were 
10,5 cm in length and were prepared with a 4:1 mixture of 5 -8  
and 3.5-10 ampholytes. SDS gels were 10.5 cm in height with a 
linear acrylamide concentration gradient of 7.5 % - 17.5 %. Flu- 
orography was performed as described by Bonner and Laskey 
(1974) and the gels were exposed to preflashed (Laskey and 
Mills 1975) Kodak X-Omat XAR film. 

Preparation of data for multivariate analysis 

A representative fluorogram obtained from the 2D separation 
of  maize embryo polypeptides is shown in Fig. i. Superimposed 
on this fluorogram is the grid employed in coding the data for 
multivariate analysis (Fewster and Walden 1987). Two or more 
replicate fluorograms were compared for each sample. Over 300 
spots could be resolved on all fluorograms between a range in 
pH of 5 and 8 and in molecular mass of 14 and 94 kD. At least 
25 prominent spots exhibited qualitative and/or quantitative 
variation during the period between 15 DAP and 52 DAP. Of 
these, 2 spots showed genotypic specificity, one present in each 
inbred and both present in each of the hybrid cultivars. Since the 
majority of spots were common to all developmental stages and 
genotypes, the position of each grid line could be assigned accu- 
rately and the entire grid structure faithfully reproduced on all 
fluorograms. As expected, the actual physical area encompassed 
by individual grid units differed slightly among gels, particularly 
when electrophoresis was performed at different times. In such 
cases, comparison of replicates run at different times ensured 
that the functional areas of the grid units were equivalent for all 
fluorograms. Each grid unit represented an axis of variation 

Fig. 1. Representative fluorogram obtained from the 2D sepa- 
ration of 35 DAP maize embryo polypeptides, overlaid with the 
grid used in coding the data for multivariate analyses. Arrow- 
heads indicate marker spots used to determine the position of 
grid lines. Grid units are numbered i -xv i  from left to right and 
top to bottom 

upon which fluorograms from different individuals could be 
compared. 

The grid structure was drawn on acetate sheets overlaid 
onto each fluorogram using the marker spots as a guide. Each 
grid unit was assigned a score from 0 - 7  (Fewster and Walden 
1987) based on the number and intensity of spots within as 
follows: score 0, no spots; scores i and 2, 1-3  and > 3 light spots 
respectively; scores 3, 4, 5, 6 and 7, 1, 2-4 ,  5-10, 11-15 and 
> 15 dark spots, respectively. A blind scoring procedure was 
adopted and the integrity of the method was checked by subse- 
quently comparing the values assigned to replicate fluorograms. 
Normally, identical values were obtained for equivalent grid 
units on replicate gels of comparable resolution. One replicate 
from each pair was selected so that all fluorograms included in 
the analyses were of approximately equal density. The data set 
consisted of 32 fluorograms: one for each genotype at eight 
different sampling ages (15, 20, 25, 31, 35, 40, 45, 52 DAP). The 
coded data were analysed using two forms of eigenanalysis: 
principal coordinate (Gower 1966) and concentration analyses 
(Feoli and Orl6ci 1979, 1985; Orl6ci 1981). 

Results 

Principal coordinate analysis 

A P C o A  was conduc ted  on  the da t a  ob ta ined  f r o m  fluo- 
rog rams  f r o m  each o f  the four  genotypes  at eight  sam- 
pi ing ages. The  vec tor  d i ag ram presented  in Fig. 2 shows 



the relative contribution of the 16 original variables to 
the first two axes of this analysis, which together com- 
prised 59% of the total variation. The three vectors of 
greatest magnitude and, hence, those which contribute 
most to the variation represented in the first plane of the 
analysis are 3, 5 and 7, corresponding to the grid units of 
the same numbers in Fig. 1. Most variation attributable 
to variables 3 and 7 is manifested in the first or horizontal 
axis while that of variable 5, the vector of greatest magni- 
tude, is represented in both the first and second axes. 
Polarity is observed along the first axis for variable 5 in 
relation to variables 3 and 7. 

An ordered distribution of the data emerges across 
the plane described by the first two axes from the PCoA 
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Fig. 2. Vector diagram showing the relative contribution (length 
and direction) of original variables to the first two component 
axes from a PCoA of coded fluorographic data. Numbers for 
each vector correspond with the grid units in Fig. 1 
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(Fig. 3). By utilizing the results presented in Fig. 2, it is 
observed that increasing embryo age corresponds to an 
increase in the value of variable 5 concomitant with a 
decrease in the values of variables 3 and 7. Development 
in all four genotypes appears to follow the same pattern. 

Concentration analysis 

The results obtained following concentration analysis of 
the data are presented in Fig. 4. Concentration analysis 
partitions the variation into a number of linear compo- 
nents based on the decomposition of Chi-square. For 
each component, the variation is presented in the form of 
a lattice of deviations from random expectation. The 
technique differs from PCoA in that it enables an assess- 
ment of the dissimilarity among individuals for each grid 
unit. The first lattice of deviations accounted for 36% of 
the total variation. 'Profiles' were determined for each 
cultivar/sampling age: deviations from random expecta- 
tion along the vertical axis reflect the changes occurring 
in the values of grid units (the horizontal axis) and the 
cumulative value of the entire fluorogram compared to 
all others in the data set. A trend is evident in the shift 
from a positive to a negative slope occurring with in- 
creasing embryo age. Changes in the values of variables 
3, 5 and 7 follow a pattern similar to that revealed by 
PCoA. Deviations associated with variable 5 shift from 
negative to positive during the course of development 
while the reverse is observed for variables 3 and 7. Shifts 
from negative to positive deviations for some variables 
such as 9, which exhibit little or no change in value 
during development, reflect a slight decrease in the cumu- 
lative value of all 16 variables with increasing age. No 
strong indication of genotype-specific trends is observed. 
Although, in some cases, a shift in deviation may appear 
to occur earlier or later in a particular genotype, there is 
not a consistent pattern through all sampling ages. 
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Fig. 3. Distribution of individuals with- 
in the plane described by the first two 
component axes from a PCoA of coded 
fluorographic data. 1. OH43, 2. OH43/ 
M14, 3. M14/OH43, 4. M14 



498 

OH 43 

25 

OH 43/1',414 M 14/OH 43 M 14 

31 

4 C - J  I - 

Fig. 4. Profiles obtained from a concentration analysis of coded 
fluorographic data. Values from the first lattice of deviations 
from random expectation are plotted on the vertical axis. Grid 
units are plotted on the horizontal axis in the order from left to 
right of V, XIlI, XV, XIV, IX, XII, XVI, IV, II, VIII, VI, X, XI, 
VII, III and I 

Discussion 

Two-dimensional electrophoresis of radio-labelled poly- 
peptides and multivariate analyses were used to charac- 
terize maize embryo development in two unrelated 
inbreds and their reciprocal hybrids. Variation among 
the patterns of polypeptides synthesized by embryos of 
different ages was resolved into an ordered distribution 
by PCoA of the numerically coded data. One of the 
properties of PCoA is a reduction in the dimensionality 
over which the majority of total variation in the data is 
represented. In the present study, the plane described by 
the first two component axes encompassed 59% of the 
total variation. Although all 16 of the original variables 
contribute to some extent to the variation represented in 
the first plane, the proportion attributable to each is not 
the same. In addition to facilitating the detection of 
trends or patterns, PCoA enables the identification of 
those variables which exhibit the greatest relative contri- 
bution to the variation residing along each axis and, 
hence, those which are most important in discriminating 

among individuals. The distribution observed here is 
most strongly influenced by variables 3, 5 and 7. Variable 
5 shows an increase in value over the period of study, 
while decreasing values are observed for variables 3 and 
7. This polarity is reflected in the separation of young 
(15-20 DAP) from mature (45-52 DAP) embryos along 
the first component axis (Fig. 3). Since the value assigned 
to a variable bears a direct relationship to the number 
and intensity of spots enclosed within the corresponding 
grid unit of the 2D fluorogram, variation may be inter- 
preted in terms of its underlying cause: changes in the 
synthesis of polypeptides within the grid unit. Thus be- 
tween 15 and 52 DAP, novel and/or enhanced poly- 
peptide synthesis occur in the grid unit corresponding to 
variable 5 while repression and/or reduction in polypep- 
tide synthesis occur in grid units corresponding to vari- 
ables 3 and 7. 

Concentration analysis of the data revealed a trend 
similar to that revealed by PCoA. A large proportion of 
the total variation, 36%, was represented in the first 
lattice of deviations from random expectation. Apart 
from confirming the results obtained from PCoA, con- 
centration analysis provides a clear structural description 
of the 2D array of polypeptides for each variable, facili- 
tating comparison among individuals. The gradual na- 
ture in which shifts in the patterns of protein snythesis 
occur during development was readily apparent in the 
succession of different profiles, as was the polarity be- 
tween young and mature embryos. 

The view of development which emerges from these 
studies is one of distinct, unidirectional physiological 
states as maize embryos mature. Each state is character- 
ized by the prominent synthesis of a different subset of 
polypeptides and these are linked by a gradual transition 
phase. That quantitative variation in a number of poly- 
peptides has a significant role in the process of develop- 
ment seems likely from the progressive changes in vari- 
ables 3, 5 and 7 and is supported by visual inspection of 
the fluorograms. In a study of development of wheat 
seedling and plant leaf tissue proteins, Zivy et al. (1984) 
found that the number of polypeptides exhibiting inten- 
sity differences in fact exceeded that exhibiting presence/ 
absence differences. It would appear from a number of 
studies that qualitative variation in gene products 
(mRNAs and polypeptides) and up/down modulation of 
gene product levels are general features of plant embryo 
development (reviewed in Dure 1985). 

Little genotypic variation was revealed among the 
lines included in this study. The genotypic specificity 
observed for two polypeptides upon visual inspection of 
fluorograms did not constitute sufficient variability to be 
resolved in our analyses. Other studies have detected 
more extensive variation between the 2D patterns ob- 
tained from different lines (Zivy et al. 1983, 1984; Da- 
merval et al. 1987). Two factors contribute to the lack of 



499 

genotypic variation uncovered in our study. The first of 
these is technical and concerns the method used to detect 
variation. The reduction in the number of variables (to 
16 grid units) and the use of distinct scoring categories, 
each covering a range of variation, while easing the bur- 
den on the investigator, necessarily results in an under- 
estimation of the variation. Furthermore, the multiva- 
riate techniques we employed were designed to reveal 
prominent trends or associations in the data, which in 
this study pertained to development. The second factor 
concerns the influence of tissue and stage of development 
on variation. Gene products exhibiting tissue or develop- 
mental specificity may differ in their extent of polymor- 
phism. For example, in studies involving leaf tissues of 
wheat, considerable developmental and genotypic varia- 
tion was detected for both nuclear and cytoplasmically 
encoded polypeptides (Zivy et al. 1984). However, most 
of the cytoplasmic variation was attributed to 
chloroplast-encoded products. A major source of poly- 
morphism in seeds is associated with storage proteins 
(Kreis et al. 1985). Although polymorphism has been 
observed for the zeins in maize (Soave and Salamini 
1984), zein polymorphism would not be expected to con- 
tribute to genotypic variation among embryos. 

Our results gave no indication of differential rates of 
development for inbreds and hybrids. This is surprising 
since morphological observations have demonstrated 
that, in many cases, maize hybrids mature more rapidly 
than their inbred parents (Sass 1976). However, it has 
been shown that the rate of development may vary with 
the phase of development (Tollenaar et al. 1984) and, 
therefore, our results must be interpreted with respect not 
only to the particular genotypes used, but also to the 
developmental 'window' examined. A wider selection of 
inbreds and hybrids would permit a more comprehensive 
evaluation of the extent of variability within different 
phases of embryo development. 

Several recent studies have employed multivariate 
analysis to investigate protein variability using either iso- 
zyme frequencies in different populations (Smith 1984; 
Bretting et al. 1987; Smith and Smith 1987) or computed 
cumulative variation among electrophoretically or chro- 
matographically separated samples (Damerval etal. 
1987; Smith and Smith 1987). Our approach differs in 
that multivariate analyses are used to directly identify 
variation within a 2D gel. In this respect, it is more 
similar to the approach taken by Anderson et al. (1984) 
and Aliaga-Morell (1987), except that the variables we 
employ consist of grid units within a 2D fluorogram as 
opposed to individual spots or bands, eliminating the 
need for sophisticated hardware and software. Our meth- 
od is applicable to any study involving 2D separation of 
macro-molecules, requiring only that a grid structure be 
constructed which is reproducible for all individuals in- 
eluded in the analysis. As indicated (Fewster and Walden 

1987), care must be taken in optimizing the scoring pro- 
cedure and number of grid units (variables) employed for 
each data set, in order to maximize the resolution among 
individuals. The opportunity to assess some variability is 
lost when changes occur simultaneously within a grid 
unit which cancel each other out or are too small to 
significantly affect the assigned score (as was the case 
with the genotypic differences detected through visual 
inspection of our fluorograms). However, the advantage 
of being able to detect trends amidst complex patterns of 
variation, thus aiding the interpretation of results, com- 
bined with the speed of analysis and clarity of presenta- 
tion, should make this technique amenable to a wide 
variety of studies. 
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