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Abstract Polyploidization is an important process in

the evolutionary history of most eukaryotic species. It

oftentimes causes large-scale genomic reorganizations

and is accompanied by a wide variety of phenotypic

alterations in morphology, niche preference and fitness

characteristics. Despite their importance, the morpho-

logical effects of alterations in ploidy are not well

understood. We investigated these changes in four di-

verse maize inbred lines, using monoploid, diploid,

triploid and tetraploid derivatives, measuring 13 char-

acters in a randomized field study. Employing several

analysis of variance approaches, we find that all char-

acters investigated strongly respond to alterations in

ploidy. This response appears to have two sources: one

source is shared by all inbred lines and constitutes a

common response to ploidy change. The other source

is genotype specific and results in a response to ploidy

change that varies among inbred lines. This finding

demonstrates the existence of genetic variation for the

morphological response to ploidy change in Zea mays.

Introduction

Polyploidization has been an important process in the

evolutionary history of many diverse lineages, includ-

ing animal groups such as fish and amphibians in

addition to a large number of plant species (Levin

2002; Ptacek et al. 1994; Sidow 1996; Uyeno and Smith

1972). Recent estimates show that a high percentage of

angiosperms have undergone some form of polyploi-

dization during their history (Masterson 1994). Studies

also suggest that these polyploidization events are

important gateways to phenotypic novelty, not only in

the case of allopolyploids which bring together the full

genomes of two parent species, but also in autopolyp-

loids that are formed by uniting two identical genomes.

Redundancy generated by the presence of multiple

copies of the same genetic material allows for muta-

tion, genetic drift and natural selection to alter some of

the copies, while keeping others constant, potentially

leading to neo- or sub-functionalization of genes and

ultimately phenotypic diversification (Ohno 1970).

In addition to these long-term modes of evolution-

ary change in polyploids, studies of newly synthesized

allo- and autopolyploids have shown that the unifica-

tion of multiple genomes in one nucleus has a sur-

prisingly large number of immediate effects as well. On

the molecular level, such a restructuring takes place in

many newly synthesized polyploids. Genetic changes

are common, including genome rearrangements and
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the loss or expansion of repeated elements (Feldman

et al. 1997; Liu et al. 1998; Madlung et al. 2002, 2005;

Pires et al. 2004; Pontes et al. 2004; Song et al. 1995;

Weiss and Maluszynska 2000). Other consequences of

polyploidization include alterations in gene expression

patterns such as gene silencing or novel tissue speci-

ficity as well as changes in epigenetic modifications

(Adams et al. 2003; Blanc and Wolfe 2004; Mittelsten

Scheid et al. 2003).

Most evident are the morphological changes often

observed in polyploids, which have been reported in

the literature since the early 1900s. Many of the phe-

notypes commonly observed in polyploid derivatives of

flowering plants were grouped together under the

‘‘gigas’’ description, which includes increased size of

the floral organs and fruits, larger leaves, and often

fleshier appearance of the plants (Blakeslee 1941;

Bretagnolle and Lumaret 1995; Ramsey and Schemske

2002), making polyploids also of great interest to both

agriculture and horticulture. Increased pollen size and

enlarged stomatal guard cells are also common occur-

rences with increasing ploidy (Blakeslee 1941; Laane

et al. 1983; Quadt 1955). In addition to these more

typical changes in morphology, polyploids can exhibit a

large number of novel characters, some of which are

potentially responsible for their large success as a

group (Levin 2002; Ramsey and Schemske 2002).

Various polyploids have been reported to show

developmental delays (Blakeslee 1941; Keller and

Gerhardt 2001; Lowcock 1994) leading for example to

shifts in flowering time (Schranz and Osborn 2000;

Werlemark and Nybom 2001), altered niche preference

(Laane et al. 1983; Levin 2002) and changes in mating

systems (Keller and Gerhardt 2001; Pandey 1968; Stout

and Chandler 1941). Sometimes, polyploid individuals

are capable of out-competing the parent species for

instance in the newly formed Tragopogon allopolyp-

loids of the New World (Soltis et al. 1995), but this

trend is not universal (Stebbins 1985).

Despite the fact that common phenotypic alterations

in response to changes in ploidy level occur, the extent

to which a specific polyploid exhibits them varies widely

between species and genotypes (Doyle 1986; Ramsey

and Schemske 2002; Werlemark and Nybom 2001).

This finding indicates that there are multiple factors

that determine the morphological response to ploidy

change. Using autopolyploids that vary only in genome

dosage and not genetic content, it is possible to inves-

tigate these factors in detail. For Zea mays, a ploidy

series has been generated from monoploid to octoploid

(Rhoades and Dempsey 1966). In recent years, methods

have been improved that allow the derivation of

monoploid, triploid and tetraploid individuals from

diploid maize inbred lines under controlled conditions

(Kato 1997, 1999; Kato and Birchler 2006). Studying

individuals of varying ploidy and genotypes allows us to

determine the portion of morphological variance that is

due to alterations in ploidy, genetic background, or a

genotype-specific response to ploidy change.

In this article, we examine the morphological

changes associated with alteration of ploidy level in Z.

mays. Using a ploidy series developed in our lab, we

conducted a field study measuring 13 morphological

characters in four different inbred lines and three

ploidy levels. Thus, we were able to determine which

phenotypic characters respond to ploidy change, and

determine if there is an overall (multi-character) re-

sponse to ploidy change. Since Z. mays is an auto-

polyploid, one can investigate the effects of ploidy

change per se on plant morphology and study geno-

type-specific responses with this experimental design.

We were able to determine if different lines of maize

respond similarly to ploidy change, or if the phenotypic

changes associated with ploidy are mainly genotype-

specific. We find that in addition to the influence of

genetic background and ploidy level, there is a highly

significant interaction effect that demonstrates the

existence of genetic variation among maize inbred lines

in their response to alterations in ploidy.

Materials and methods

Plant material

Starting materials were the diploid inbred lines A188,

B73, Oh43 and W22, which were selected to represent

a wide range of the genetic variability within Z. mays

(Liu et al. 2003; Senior et al. 1998).

Monoploid individuals were derived from the four

diploid inbred lines using the monoploid inducing line

Stock 6. When used as a pollen parent, Stock 6 results

in an unusually high monoploid production rate (Coe

1959). In order to be able to easily identify monoploid

kernels, we used the following color selection scheme,

which was described previously (Auger et al. 2004).

The four inbred lines used carry recessive color

markers for the aleurone layer and the embryo of the

kernel. The Stock 6 line employed in our study carries

the R1-scm2 allele, which specifies purple coloration

for both the endosperm aleurone layer and embryo.

Thus, if the colorless inbred lines are pollinated by this

version of Stock 6, most kernels will be diploid showing

purple coloration of embryo and aleurone layer.

Monoploid kernels, however, will be distinguished by

the fact that they exhibit discordant coloration of the
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embryo and aleurone layer. Monoploid embryos are

colorless—they do not receive any genetic material

from the purple pollen parent—and are surrounded by

an endosperm with purple aleurone layer—as the

central cell receives the dominant R1-scm2 allele from

Stock 6. The success of this color-based selection of

monoploids is, to some degree, dependent on the

inbred line due to differences in the penetrance of the

color marker. However, monoploid individuals are

readily distinguished from their diploid counterparts in

the field due to their much shorter stature and sterility.

Trifluralin treatment was used to generate triploids

of B73 as described (Kato 1997, 1999). Approximately

1 week to 10 days before flowering, the immature

tassel of selected individuals was exposed by making a

vertical cut through the surrounding leaves. The

immature tassel was sprayed with a solution of 0.2%

Treflan containing 43% trifluralin (DowElanco, Indi-

anapolis, IN, USA). Trifluralin disturbs microtubule

polymerization and can result in the formation of

diploid sperm cells by preventing the second pollen

mitosis. Pollen from treated plants thus contains a

mixture of normal pollen with two monoploid sperm

cells and pollen that carries only one diploid sperm

cell. To generate triploid embryos, silks have pollen

applied twice: the first time with trifluralin-treated

pollen, during which a diploid sperm cell might fertilize

the egg cell; the second time with untreated pollen, so

the central cell can be fertilized by a haploid sperm

cell. Again, a color-based selection scheme was em-

ployed to identify triploid embryos. While the inbred

lines do not carry embryo or aleurone color markers,

the pollen used for the second pollination carried the

R1-scm2 allele mentioned above. Only if a diploid

sperm from the first pollination fertilizes the egg cell

and a monoploid sperm from the second pollination

fertilizes the central cell will a kernel with purple

aleurone layer and colorless embryo be generated,

which uniquely identifies the desired triploid embryos.

Tetraploids were previously derived from inbred

diploid stocks of A188, B73, Oh43 and W22 using ni-

trous oxide treatment (Kato and Birchler 2006). These

materials have been propagated by self-pollination for

several generations and are the source of the material

used in this study.

Phenotypic measurements

Phenotypic measurements were collected during the

summer of 2004 when all maize lines were grown at the

University of Missouri Genetics Farm near Columbia,

Missouri, USA. Monoploid, diploid and tetraploid

derivatives of the maize inbred lines A188, B73, Oh43

and W22 as well as triploids of B73 were planted in a

randomized complete block design. Each of the 13 maize

lines was represented once in each of the three blocks by

a row of ten individuals. No monoploid plants of A188

were recovered in the field due to the poor expression of

R1-scm2 allele in this background. All diploid and tet-

raploid plants were self-fertilized, while monoploid and

triploid individuals were open pollinated. Proper ploidy

of putative monoploid and triploid individuals was

confirmed by the almost complete lack of extruded an-

thers and sterile ears (monoploids) and by aberrant

kernel development on the resulting ears (triploids).

Measurements were taken on all ten plants if possible.

Plant height was measured (from the soil to the top

of the plant) at three different stages of development:

4 weeks after planting, 6 weeks after planting and at

maturity after flowering. The number of days from

planting until the emergence of both silks and anthers

was recorded for each individual. The number of leaves

at maturity and tassel branches as well as the node

number for the topmost ear were determined after

flowering of the plants. In addition, we measured the

position/height of the topmost ear in relation to the

soil. After flowering, the width and length of the third

leaf from the top of the plant were recorded as was the

stem circumference in the second internode above the

ear. Finally, after harvesting the ears from all individ-

uals, ear length was measured.

Statistical analysis

All statistical analyses were performed using the SAS

System for Windows Version 9.

B73 1·, 2·, 3·, 4·

For the inbred line B73, a two-way analysis of variance

(ANOVA) based on a randomized complete block

design with replication was conducted including indi-

viduals of all four ploidies. The model used included

effects for ‘block’ and ‘ploidy’ and is shown below:

y ¼ lþ Blockþ Ploidyþ e

It was assumed that no interaction effect between

‘block’ and ‘ploidy’ exists, and ‘block’ was treated as a

random factor. The mean square associated with the

interaction term was used as error mean squared and

denominator in the F test to test for significance of the

main effects in the ANOVA. For all character mea-

surements the analysis was conducted in two ways: (a)

using the raw data with the measures from individual

plants within a row representing subsamples and (b)
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using row means as input for the ANOVA. In the re-

sults below, we report the analysis using means, as both

analyses yielded very similar results (while the same

factors were called significant in all analyses carried

out, the P values varied slightly).

All inbred lines 1·, 2·, 4·

To investigate the relationship among all 13 character

measurements included in our study, we calculated

pair-wise Pearson correlation coefficients between all

possible character pairs. They were evaluated for sta-

tistical significance, and a Bonferroni correction was

applied to result in an overall significance level of

P < 0.05 for this analysis.

A three-way ANOVA was carried out based on a

randomized complete block design. As in the analysis

of B73 described above, two analyses were carried out,

one on the row means, the other on the raw data for all

characters with measurements within a row specified as

subsamples. The model used was identical for all

characters and included the main effects of block,

ploidy and line, i.e., the effect of the genetic back-

ground on the phenotype. Also included was the

interaction between the factors ploidy and line, and the

simplest model is shown below:

y ¼ lþ Blockþ Ploidyþ Lineþ Ploidy� Lineþ e

For the analysis of means, the various interaction ef-

fects involving the factor block were considered part of

the experimental error and thus not included in the

model. For the analysis of the raw data, block as well as

all interactions involving block were treated as random

factors. Overall, the two analyses gave very similar

results, and we will focus our discussion on the analysis

of means.

Factor analysis was used to identify a small number

of factors that could contain the variance structure

present in the 13 characters measured in this study

(Spearman 1904). Factor analysis was carried out using

PROC FACTOR with prior communality estimates

being calculated using the MAX option. This option

sets the prior communality estimate for each variable

to its maximum absolute correlation with any other

variable, which was necessary due to the singular nat-

ure of the correlation matrix. The factors were rotated

using the VARIMAX option. Due to low values

for Kaiser’s measure for sampling adequacy (MSA)

(Cerny and Kaiser 1977; Kaiser 1970; Kaiser and Rice

1974), the variables ‘tassel branch number’ and ‘days to

silk emergence’ were excluded from the analysis (tassel

branch number MSA = 0.45; days to silk emergence

MSA = 0.48). Based on their eigenvalues, four factors

were retained for later analysis.

Analysis of covariance (ANCOVA) was carried out

using PROC MIXED. The four factors identified in the

factor analysis were included in the ANCOVA to

represent the 11 original variables from which they

were derived. This analysis was carried out using only

the row means. The model used was identical to the

ANOVA model from above with the addition of the

various factors as covariables (x):

y ¼ lþ xþ Blockþ Ploidyþ Lineþ Ploidy� Lineþ e

For each factor, models with no, one, two or three co-

variables were compared using the Akaike Information

Criteria (AIC) (Akaike 1973) and a Chi-square test for

the difference in –2 log likelihoods of the two models.

Multivariate analysis of variance (MANOVA) was

conducted using the MANOVA option in PROC

GLM. Instead of the original variables, the four factors

identified in the previously described factor analysis

were used. The model is shown below:

y1; . . . ; yn ¼ lþ Blockþ Ploidyþ Line

þ Ploidy� Lineþ e

The analysis was carried out once with the row means

of factors and once with all the individual measures

included as subsamples. Because the results were very

similar, only the analysis of factor means will be

discussed.

Results

B73 1·, 2·, 3·, 4·

Using the maize inbred line B73, we first examined the

effect of ploidy change on morphological traits by

comparing monoploid, diploid, triploid and tetraploid

individuals. As these individuals were all originally

derived from the same diploid stock, they do not differ

in their genetic make-up other than in genome dosage.

Comparisons between individuals of varied ploidy

illustrate the strong effect genome dosage has on plant

morphology (Fig. 1). The same phenotypic differences

demonstrated in Fig. 1 are also evident in the mor-

phological measurements collected under common

environmental field conditions in the summer of 2004.

For example, for plant height, there is a clear effect of

ploidy on the character at all stages of development

that were examined (Fig. 2). Interestingly, even though

there are large differences in adult height between
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diploid and tetraploid individuals as seen in Fig. 1 and

the bottom panel of Fig. 2, it appears that at four and

6 weeks after planting, both tetraploids and diploids

grow at similar rates (Fig. 2, top and middle panel),

and that the growth rate of the tetraploid decreases

sometime later in development. The dependency of all

other characters on ploidy change is illustrated in

Table 1, which contains mean measurements for each

ploidy level. They clearly reflect the smaller stature of

the monoploid individuals, and also show evidence of a

stockier appearance of the tetraploids.

To evaluate quantitatively the effect of ploidy on the

various characters, we used an ANOVA, which in-

cluded main effects for ‘block’ and ‘ploidy’. As shown

in Table 2 for the character ‘adult height’, we find that

the factor ‘ploidy’ in our model is highly significant

with a P value of 0.001. For other characters, similar

levels of significance are obtained in both analyses

carried out, with the exception of the characters ‘‘days

to anther emergence’’ and ear node number, which

were marginally not significant in the analysis of means

but significant at the P = 0.05 level in the subsampling

analysis (see Supplemental Table 1). Overall, these

results indicate that alterations in genome dosage and

ploidy level in the maize inbred line B73 lead to global

changes in plant morphology.

All inbred lines 1·, 2·, 4·

Correlation analysis

A second analysis was carried out using monoploid,

diploid and tetraploid derivatives of the maize inbred

lines A188, B73, Oh43 and W22. To gain an under-

standing of the relationships among the 13 characters

measured, we investigated all possible pair-wise cor-

relation coefficients using the monoploid, diploid and

tetraploid lines. The results of this analysis are shown

in Table 3. Many of the characters are highly corre-

Fig. 1 B73 ploidy series. From left to right are fully grown
monoploid, diploid, triploid and tetraploid individuals of the
maize inbred line B73. A meter stick is included in the picture for
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Fig. 2 Growth pattern of the B73 ploidy series Histograms are
presented comparing the plant height of monoploid (1·), diploid
(2·), triploid (3·) and tetraploid (4·) B73 lines at three stages of
development. The top panel illustrates plant height at 4 weeks
after planting, the middle panel plant height at 6 weeks after
planting, and the bottom panel four bars adult height measures.
The four bars represent the mean plant height in centimeters (Y-
axis) for each of the four ploidy groups (X-axis). Error bars
correspond to standard errors
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lated with each other, demonstrated by the fact that 18

of the 78 correlations are 0.5 or higher. For example,

days to anther and silk emergence show a strong

positive correlation with each other while exhibiting a

negative correlation with almost all other characters.

The reason for this behavior is the fact that early

flowering is found in the taller diploid lines, while late

flowering occurs in the shorter tetraploid and mono-

ploid plants.

The strength of these various correlation coeffi-

cients was evaluated by testing them against the null

hypothesis of no correlation. Of the 78 tests con-

ducted, 53 were significantly different from zero,

when using an analysis-wide P value of 0.05 (Bon-

ferroni correction). This result shows that most char-

acters are highly interrelated with each other. One

exception is tassel branch number, which is signifi-

cantly correlated only with the two flowering time

measurements. As shown below, this finding is par-

tially explained by the ANOVA results, which dem-

onstrate that most of the variation in tassel branch

number among the monoploid, diploid and tetraploid

lines is explained by genetic background alone, evi-

dent in the strong effect of ‘line’ that was detected

(P < 0.001). In B73 as well as in Oh43, tassel branch

numbers are consistently much lower than in A188

and W22 (see Table 4).

ANOVA

To investigate the effect of ploidy change and genetic

background on the various character measurements,

we conducted a second ANOVA. The model included

the main effects of ‘‘ploidy,’’ ‘‘line’’ or genetic back-

ground (in our case A188, B73, Oh43 and W22), and

‘‘block.’’ In addition, the interaction effect between

ploidy and line was included. Our main goal was to

determine if there was a line-specific aspect to the

phenotypic response to ploidy change, which is mea-

sured in the ‘‘ploidy · line’’ interaction effect.

An example of the ANOVA carried out is illus-

trated in Table 5 for the character height at 4 weeks

after planting. We found that for all 13 characters,

ploidy had a significant effect on the phenotype (see

Supplemental Table 2). The same was true for genetic

background, with one exception: height at 4 weeks

after planting did not exhibit a significant genetic

background effect. With regards to the main effects,

our second ANOVA which used the raw data instead

of row means showed a few differences in which effects

are significant. For leaf number, the factor ploidy was

no longer considered significant, while for ear node

number and height at 6 weeks after planting, ‘‘line’’

was no longer significant. Overall, the results were very

consistent between the two analyses and demonstrate

that both ploidy level and the inbred line strongly

influence morphological traits.

In addition, we discovered that the ‘‘ploidy · line’’

interaction effect has a strong influence on plant

phenotypes as well. The ‘‘ploidy · line’’ interaction

effect measuring the line-specific aspect of the phe-

notypic response to ploidy change is statistically sig-

nificant for 6 of the 13 traits examined (Table 5 and

Supplemental Table 2). These characters include ear

Table 1 Summary of character means for the B73 ploidy series

1· 2· 3· 4·

Days to anther emergence 71.18 ± 1.73 67.33 ± 0.4 68.69 ± 0.24 70.2 ± 0.72
Days to silk emergence 66.78 ± 0.4 66.54 ± 0.59 66.47 ± 0.31 71.65 ± 0.49
Stem circumference (cm) 4.88 ± 0.08 6.23 ± 0.13 7.97 ± 0.13 7.78 ± 0.21
Ear node number 3.67 ± 0.16 5.27 ± 0.22 4.65 ± 0.19 4.81 ± 0.25
Ear height (cm) 41.81 ± 1.7 76 ± 2.38 72.47 ± 2.98 73.27 ± 2.21
Ear length (cm) 7.85 ± 0.23 12.5 ± 0.28 12.53 ± 0.27 8.38 ± 0.27
Height at 4 weeks (cm) 15.85 ± 0.75 24 ± 0.64 26.15 ± 0.64 24.05 ± 0.89
Height at 6 weeks (cm) 37.3 ± 1.58 56.35 ± 2.32 65.59 ± 1.32 59.01 ± 2.29
Adult height (cm) 143.23 ± 2.45 209.38 ± 3.51 208.35 ± 3.72 180.25 ± 3.99
Leaf number 10.7 ± 0.25 11.8 ± 0.26 12.24 ± 0.26 10.87 ± 0.2
Leaf length (cm) 44.29 ± 0.75 62.67 ± 1.07 63.88 ± 1.16 62.71 ± 1.13
Tassel branch number 6.81 ± 0.37 6.74 ± 0.26 5.12 ± 0.22 4.03 ± 0.19
Leaf width (cm) 5.5 ± 0.11 8.19 ± 0.22 8.82 ± 0.15 7.75 ± 0.22

For each measurement, mean and standard error are reported

Table 2 ANOVA results estimating the effect of ploidy change
on ‘‘dult height’’ in the B73 ploidy series

Source DF Type III SS Mean square F value Pr > F

Block 2 35.84 17.92 0.15 0.87
Ploidy 3 8,630.10 2,876.70 23.67 0.001
Error 6 729.32 121.55
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node number, tassel branch number, leaf width, leaf

length, stem circumference and height at 6 weeks

after planting. Two other characters, leaf number, and

ear height are marginally non-significant in the anal-

ysis of means, but significant in the subsampling

analysis (data not shown). This finding is illustrated in

Fig. 3 for the three plant height measures. At 4 weeks

after planting, when the ploidy · line interaction ef-

fect is marginally non-significant, the growth pattern

for the four genetic backgrounds is similar, with the

exception of W22, where the tetraploid plants already

are markedly reduced in height. This genotype-spe-

cific response to ploidy change becomes more accen-

tuated in the measurements from 6 weeks after

planting. Here, diploids and tetraploids of the inbred

line B73 are very similar at this stage in development,

which is in stark contrast with the other three genetic

backgrounds where tetraploids are markedly shorter

than diploids. An overall summary of the differences

among the four genetic backgrounds as well as the

effects of ploidy change are provided in Table 4,

which shows character means for all lines included in

this study.

Factor analysis

To investigate further the nature of phenotypic change

associated with alterations in ploidy, we conducted a

factor analysis to identify a small number of factors

that represents the original variables measured in this

experiment. As the characters ‘‘tassel branch number’’

and ‘‘days to silk emergence’’ did not meet the criteria

for factor analysis, the factors identified represent only

11 variables. The analysis recognized four factors that

contribute significantly to the model based on their

eigenvalues. Table 6 shows the contribution of each of

the identified factors to the original variables. Factor 1

shows a strong positive loading for all height-related

measures, while factor 2 most strongly contributes to

the flowering time measures in a negative manner.

Together, factors 1 and 2 explain more than 80% of the

original variance. Factors 3 and 4 contribute 10% and

6%, respectively, and their loading on the original

variables is less easily interpreted. Factor 3 has its

strongest effect negatively on the measurement of

height at 4 weeks, while factor 4 influences stem cir-

cumference most strongly.

A similar pattern is observed for the four factors

after rotation (see Table 7). Factor 1 again demon-

strates strong loading for height-related measures in

the adult stage, while factor 2 most strongly influences

the growth measures taken during the juvenile stage of

Table 5 ANOVA results for the interaction effect ploidy · line
for the character ‘‘height at 6 weeks after planting’’

Source dF Type III SS Mean square F value Pr > F

Block 2 773.65 386.83 9.30 0.0015
Ploidy 2 1,456.53 728.26 17.50 <0.0001
Line 3 481.32 160.44 3.86 0.0260
Ploidy · line 5 737.11 147.42 3.54 0.0197
Error 19 790.53 41.61

Fig. 3 Line-specific response to ploidy change. Response of the
three height characters, ‘‘height at 4 weeks after planting’’ (top
panel), ‘‘height at 6 weeks after planting’’ (middle panel) and
‘‘adult height’’ (bottom panel), to alterations in ploidy change is
dependent on the genetic background of the individuals. Mean
height in centimeters for each group is given on the Y-axis, while
the four groupings of bars represent the monoploid, diploid and
tetraploid lines of each inbred line. Monoploid, diploid and
tetraploid lines are shown in blue, red and yellow, respectively.
Error bars represent standard errors
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the plants. Factor three most strongly impacts ear

length and leaf width, and factor 4 wields most influ-

ence over the leaf size measurements.

ANCOVA

To investigate the covariance relationships among the

variables measured in our field study, we conducted an

ANCOVA. In particular, we used the factors identified

in the previous analysis to investigate all possible var-

iable/covariable combinations. When comparing mod-

els with zero, one, two or three covariants, we find that

no model including covariables is superior to the sim-

ple ANOVA model presented above.

MANOVA

A multivariate analysis was conducted to evaluate the

overall trend in the behavior of variables. The four

factors identified by factor analysis were used as a

substitute for the original variables. These four factors

represent most of the variance present among the 11

variables included in the factor analysis. The multi-

variate model included all four factors. We find that in

addition to significant main effects, there is also a

highly significant ploidy · line interaction effect

(P = 0.01, Wilk’s lambda, data not shown).

Discussion

In the field study reported here, we investigated the

morphological response of four maize inbred lines to

alterations in ploidy level. Thirteen phenotypic mea-

sures were observed in a ploidy series of B73 that in-

cluded monoploid, diploid, triploid and tetraploid

individuals. ANOVA demonstrated that all characters

strongly respond to changes in ploidy (Tables 1, 2). In

particular, the smaller stature of the monoploid indi-

viduals is reflected in most measurements.

A more extensive study included monoploids, dip-

loids and tetraploids from four diverse inbred lines, for

which the same 13 characters were measured. We find

that all characters are highly correlated with each other

with the possible exception of tassel branch number,

which seems to be more strongly dependent on the

genetic background and less influenced by genome

dosage (Table 3). ANOVA results demonstrate that

for all the variables there is a strong effect of ploidy

level on the phenotype observed (data not shown).

These differences in phenotypes induced by ploidy and

genetic background are illustrated by the data in

Table 4. We also find that for many characters there is

a significant interaction between line and ploidy level

(Table 5). These findings indicate that the phenotypic

differences observed between the 12 lines included in

this study are mainly due to 3 factors: a common re-

sponse to ploidy change, an effect of genetic back-

ground (i.e., the inbred line they were derived from)

and a response to ploidy change that is dependent on

the genetic background.

We used factor analysis to discover a smaller

number of factors to be used in multivariate analyses.

A total of four significant factors were identified (see

Tables 6, 7 for details) that subsequently were used

in an ANCOVA and the MANOVA. The MANO-

VA with the four factors representing our original

morphological measures was carried out to determine

if the trends seen in the univariate analyses could be

confirmed. Again our data show that ploidy in gen-

eral has a large effect on plant morphology. In

addition to an overall ploidy effect, there is a geno-

type-specific response to changes in genome dosage

that demonstrated the presence of genetic variation

for the response to ploidy change among maize

inbred lines.

Overall, our results demonstrate the existence of

two sources of phenotypic change in response to ploidy

Table 6 Factor analysis: loading of the four factors identified
onto the original variables

Factor 1 Factor 2 Factor 3 Factor 4

Days to anther emerg. –0.39 0.41 0.24 0.19
Stem circumference 0.55 0.10 –0.15 0.43
Ear node # 0.50 0.23 0.36 –0.18
Ear height 0.85 0.32 0.17 0.06
Ear length 0.39 –0.63 0.25 –0.11
Height at 4 weeks 0.79 –0.05 –0.44 –0.15
Height at 6 weeks 0.85 –0.09 –0.25 –0.09
Adult height 0.84 0.12 0.28 –0.15
Leaf # 0.55 0.53 –0.17 0.00
Leaf length 0.71 –0.04 0.21 0.22
Leaf width 0.41 –0.67 0.06 0.23

Table 7 Rotated factor pattern

Factor 1 Factor 2 Factor 3 Factor 4

Days to anther emerg. –0.02 –0.53 –0.38 0.00
Stem circumference 0.19 0.20 0.06 0.66
Ear node # 0.68 0.05 0.03 0.03
Ear height 0.76 0.26 0.01 0.46
Ear length 0.20 0.17 0.75 –0.07
Height at 4 weeks 0.29 0.80 0.10 0.33
Height at 6 weeks 0.41 0.68 0.22 0.35
Adult height 0.81 0.30 0.19 0.22
Leaf # 0.46 0.33 –0.38 0.38
Leaf length 0.51 0.14 0.32 0.46
Leaf width –0.01 0.17 0.76 0.26
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change, one common to all genotypes, and one geno-

type-specific. Similar observations have been made in

other plant systems. Kermani et al. (2003) produced

tetraploid and hexaploid derivatives from diploid and

triploid rose varieties and found that most of the

characters such as pollen fertility and floral structures

showed phenotypic responses dependent on the variety

used. Comparable results were obtained in a study of

diploid, triploid and tetraploid Dactylis glomerata

individuals; broader and thicker leaves were observed

in all polyploids while other characters such as mean

seed weight were strongly influenced by genotype

(Bretagnolle and Lumaret 1995).

A strong genetic influence on the response to trip-

loidy has recently been discovered by examining in-

terploidy crosses in Arabidopsis thaliana (Henry et al.

2006). Similar to our results, the authors find that

certain changes such as increasing size of floral struc-

tures with increased ploidy are common among geno-

types. However, they also find that the rate of

successful seed set of triploids strongly depends on the

genetic nature of the triploids. In addition, they show

that in recombinant inbred lines generated from a

diploid/tetraploid cross, certain genomic regions are

overrepresented in the diploid or tetraploid classes,

respectively (Henry et al. 2006). These findings support

our conclusion of the existence of genetic variation for

the response to ploidy change.

Many morphological responses that are common

between genotypes and occur in autopolyploid as well

as allopolyploid species such as larger leaves increased

pollen size and the almost ubiquitous increase in sto-

matal guard cell size raise questions regarding their

basis. This communality indicates that a portion of the

morphological response to ploidy change is indepen-

dent of a potential hybrid state or genotype, while a

second portion is clearly genotype-dependent. Rather

it points to the possibility that many of these changes

are due to the increased nuclear volume and cell size

observed in polyploids. Alterations in the size of the

nucleus can lead to changes in the ratio between nu-

clear and cytoplasmic volume. In addition, increased

cellular size alters the cell’s surface-to-volume ratio.

These alterations potentially disturb regulatory and

developmental processes, accounting for the common

responses to ploidy change observed, while the geno-

type-dependent response represents a modulation

thereof.
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