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Abstract DNA polymorphisms such as insertion/

deletions and duplications affecting genome segments

larger than 1 kb are known as copy-number variations

(CNVs) or structural variations (SVs). They have been

recently studied in animals and humans by using array-

comparative genome hybridization (aCGH), and have been

associated with several human diseases. Their presence and

phenotypic effects in plants have not been investigated on a

genomic scale, although individual structural variations

affecting traits have been described. We used aCGH to

investigate the presence of CNVs in maize by comparing

the genome of 13 maize inbred lines to B73. Analysis of

hybridization signal ratios of 60,472 60-mer oligonucleo-

tide probes between inbreds in relation to their location in

the reference genome (B73) allowed us to identify clusters

of probes that deviated from the ratio expected for equal

copy-numbers. We found CNVs distributed along the

maize genome in all chromosome arms. They occur with

appreciable frequency in different germplasm subgroups,

suggesting ancient origin. Validation of several CNV

regions showed both insertion/deletions and copy-number

differences. The nature of CNVs detected suggests CNVs

might have a considerable impact on plant phenotypes,

including disease response and heterosis.

Introduction

Chromosomal alterations such as insertions, deletions, and

differences in copy-number of genomic regions larger than

1 kb are known as copy-number variants (CNVs) or

structural variations (SVs) (Feuk et al. 2006). Human CNV

analysis began in the early 1990s with comparative geno-

mic hybridization (CGH; Kallioniemi et al. 1992). It scaled

up to whole-genome analysis of CNVs with the use of

microarrays to perform CGH (aCGH) (Geschwind et al.

1998; Pinkel et al. 1998; Pollack et al. 1999; Solinas-Toldo

et al. 1997). In this technique, genomic DNA is labeled

with fluorescent dyes and hybridized to microarrays.

Microarray hybridization signals that deviate significantly

from the expected 1:1 ratio between sample and reference

genomes indicate copy-number differences (Feuk et al.

2006). However, when multiple copies of a sequence are

present in the genomes, absolute quantification of the

number of copies and precise location of the polymorphic

DNA segments are not possible by aCGH. Different array

platforms have been used for aCGH experiments (Gresham

et al. 2008), including arrays primarily designed for

applications such as SNP genotyping (Zhao et al. 2004) and

gene expression (Auer et al. 2007; Skvortsov et al. 2007).
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e-mail: andbelo@gmail.com
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Copy-number variants have been detected by aCGH in

humans (Iafrate et al. 2004; McCarroll et al. 2008; Redon

et al. 2006; Sebat et al. 2004), chimpanzee (Perry et al.

2008), rat (Guryev et al. 2008), mouse (Lakshmi et al.

2006; She et al. 2008), Drosophila (Emerson et al. 2008),

yeast (Infante et al. 2003), and E. coli (Skvortsov et al.

2007). It has also been shown that rat and humans share

orthologous genes in CNV regions (Guryev et al. 2008).

Many CNVs detected by aCGH were associated with

cancer (Beroukhim et al. 2007; Pinkel et al. 1998; Pollack

et al. 1999, 2002; Shlien et al. 2008; Solinas-Toldo et al.

1997; Zhao et al. 2004; reviewed in Kallioniemi 2008),

autoimmune susceptibility (Aitman et al. 2006; Fanciulli

et al. 2007), including HIV susceptibility (Gonzalez et al.

2005), schizophrenia (Xu et al. 2008), and others human

diseases.

In addition to causing diseases, effects of CNVs in fit-

ness and gene expression have been reported. Amylase

genes exhibit variation in their number of copies in humans

(Iafrate et al. 2004) and their copy-number in the genome

has been under selection (Perry et al. 2007). Individuals

from populations with a higher starch-based diet had more

copies of amylase genes in the genome and higher amylase

protein level than individuals from populations with low-

starch diet (Perry et al. 2007). CNVs detected among 15

female isolines of Drosophila have been under purifying

selection (Emerson et al. 2008). Additionally, an example

of the impact of gene copy-number has been illustrated in

yeast where a co-inducer and a galactokinase arose from a

common bi-functional ancestor gene and acquired different

regulation, thereby increasing the fitness of the organism

(Hittinger and Carroll 2007). Genes with higher copy-

number had higher gene expression in rat (Guryev et al.

2008). A dramatic phenotypic change due to a CNV

affecting gene regulation was described in tomatoes where

an insertion of 6–8 kb down-regulated the expression of a

transcription factor resulting in the increase of tomato fruit

(Cong et al. 2008). In a comparison between the effect of

SNPs and CNVs in human gene expression, CNVs were

found to capture almost 18% of the gene expression vari-

ation with little overlap with the variation captured by

SNPs (Stranger et al. 2007).

The majority of the CNVs detected in Drosophila were

duplications rather than deletions, and they varied in fre-

quency when contained in intergenic regions, introns,

exons or entire genes (Emerson et al. 2008). The number of

base-pairs delimited by CNVs might be higher than the

number of bases in SNPs for any particular genome (Feuk

et al. 2006). The proportion of nucleotides contained within

CNVs is approximately 5% of the mouse genome (20 Mb

among 15 mouse inbreds tested) (She et al. 2008), 2% of

the Drosophila genome (Emerson et al. 2008), 0.8%

(22 Mb) between two strains of rat (Guryev et al. 2008),

and 5% of the human genome considering regions larger

than 50 kb in 270 individuals (McCarroll et al. 2008). The

number of CNVs detected varied among different studies

depending on the species, samples, and aCGH platforms

used. In humans for example, a first report using aCGH in

270 individuals of the HapMap population identified 1,447

CNVs (Redon et al. 2006) while a second report using the

same population detected 3,048 CNVs using a new aCGH

platform built to detect CNVs and SNPs (McCarroll et al.

2008). CNVs can arise in somatic tissues, creating somatic

mosaicism. They were identified by two different aCGH

platforms in a study comparing 19 pairs of both normal and

diseased human monozygotic twins (Bruder et al. 2008).

In plants, large genome structural variations affecting

the intraspecific collinearity have been reported (Fu and

Dooner 2002; Brunner et al. 2005). aCGH has been used in

plants to detect single-feature polymorphisms in Arabid-

opsis (Borevitz et al. 2003) and rice (Kumar et al. 2007), to

detect structural variations created by mutagenesis in rice

(Bruce et al. 2009) and Citrus (Rı́os et al. 2008), and as a

molecular marker for genotyping in Arabidopsis (Salathia

et al. 2007).

To investigate the extent of CNVs in the maize genome,

we performed aCGH using a microarray designed for gene

expression studies (102,000 60-mer oligonucleotide

probes) focusing the analysis on genic regions. Thirteen

maize inbred lines were compared to the B73 reference

inbred. Conservative analysis allowed us to detect CNVs

with high validation rate. Several CNVs identified were

detected in more than one inbred, suggesting their appre-

ciable allelic frequency in the maize populations. Some

CNVs represented large inserted/deleted regions. The same

variants were present in different heterotic groups, sug-

gesting that the events responsible for the creation of these

CNVs predate this population stratification.

Materials and methods

Genomic DNA preparation

Genomic DNA was isolated from fresh-frozen leaf samples

(Table 1) with DNeasy Plant Mini Kits (Qiagen, Valencia,

CA, USA), including an incubation with RNAse A, fol-

lowing the instructions of the manufacturer. Total DNA

was quantified with a spectrophotometer and electropho-

resed on 0.7% agarose gel for integrity checking.

aCGH experiments

Custom Agilent (Agilent Technologies, Santa Clara, CA,

USA) 2 9 105 K microarrays containing 102,353 unique

60-mer oligonucleotides designed from 45,028 maize ESTs
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and unigenes were used (M. Beatty, Pioneer Hi-Bred,

unpublished results). This array was originally designed for

gene expression, and contains multiple probes per maize

ESTs or unigenes. For each aCGH hybridization, 2 lg of

genomic DNA was digested with the restriction enzymes

AluI and RsaI (Promega, Madison, WI, USA). After 2 h of

incubation, the samples were heated to 65�C for 20 min to

inactivate the enzymes. The fragmented DNA was labeled

via a random primed labeling reaction (Agilent Oligonu-

cleotide Array-Based CGH for Genomic DNA Analysis,

v4.0) that incorporated Cy3-UTP into the product. The

labeled DNA was filtered with a Microcon YM-30 column

(Millipore, Billerica, MA, USA) to remove unincorporated

nucleotides and quantified with a spectrophotometer to

measure yield and dye incorporation rates. Hybridization

and blocking buffers (Agilent Technologies, Santa Clara,

CA, USA) were added to the samples prior to denaturation

at 95�C for 3 min and incubation at 37�C for 30 min. Each

sample was hybridized to an array for 40 h at 65�C while

rotating at 10 rpm. The arrays were disassembled and

washed in Oligo aCGH Wash Buffer 1 (Agilent Technol-

ogies, Santa Clara, CA, USA) at room temperature for

5 min. A second wash was performed in Oligo aCGH

Wash Buffer 2 (Agilent Technologies, Santa Clara, CA,

USA) for 1 min at 37�C. Slides were then dipped in ace-

tonitrile and air dried. An Agilent G2505B DNA micro-

array scanner was utilized to capture TIF images at two

laser power settings (100 and 10%).

Data analysis

The microarray images were visually inspected for image

artifacts. Feature intensities were extracted, filtered, and

normalized with Agilent’s Feature Extraction Software

(version 9.5.1). Further quality control was performed

using data analysis tools in Resolver Database (Rosetta

Biosoftware, Seattle, WA, USA), and ratios between the

normalized intensities of all maize lines and B73 were

computed. The genomic position of each microarray probe

was determined by searching for their sequence in the B73

BAC sequences using BLAST (Altschul et al. 1990).

Specific coordinates for each BAC were obtained from a

B73 BAC contig map (Fengler et al. 2007). Probes with

fewer than ten matches to the B73 genome, at least 58 out

of 60 matched nucleotides, no gaps, and signal above the

background (* 100 rfu) in at least one maize line being

compared, were used in subsequent data analysis. Probes

with more than one match to the same contig had their

coordinates averaged. For each probe, the log2 of signal

ratio between the two genomes was plotted against its

genomic position. Conservatively, a CNV was declared

only when at least three probes in the same genomic

position exhibited twofold or higher hybridization ratio.

The identification of CNVs along the chromosomes was

facilitated by using R (R Development Core Team 2009)

scripts developed for this purpose. Correlation between

number of aCGH probes and number of CNVs detected

Table 1 Numbers of CNVs

detected by aCGH in 13 maize

inbred lines compared to B73

NA not applicable
a Expressed as mean ± SD
b CNVs detected in at least two

genomes in comparison to B73
c Public lines
d Pioneer’s proprietary lines

Maize inbred line log2(ratio)a Three or more probes

deviating from 1:1

Four or more probes

deviating from 1:1

All CNVs CNVs detected

at least twiceb
All CNVs CNVs detected

at least twiceb

Stiff-stalk germplasm (SSS)

B73c NA NA NA NA NA

707d -0.01 ± 0.73 386 341 134 118

B37d 0.00 ± 0.72 398 348 140 114

PHHB4d 0.01 ± 0.65 247 213 56 51

PHK29d -0.04 ± 0.69 267 231 73 63

PHP38d 0.00 ± 0.81 596 536 177 154

PHT11d -0.01 ± 0.64 233 208 80 68

PHW52d 0.06 ± 0.86 652 543 220 159

PHW61d -0.06 ± 0.72 374 343 121 109

Non-stiff-stalk germplasm (NSS)

Mo17c -0.10 ± 0.64 248 213 88 70

PHBE2d 0.01 ± 0.77 441 359 138 113

PH1FAd -0.02 ± 0.74 379 316 137 103

PHN46d -0.08 ± 0.84 794 644 281 217

PHR03d 0.02 ± 0.91 684 527 223 169

Total CNVs 2,109 1,232 779 418
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along the genome were calculated by dividing each maize

chromosome in ten bins and counting the number of aCGH

probes and CNVs present in each bin. The correlation is

presented as an average over all maize chromosomes.

Validation of CNVs

Validation of CNVs were performed by PCR with primers

externally flanking the microarray probe sequences. This

provided a test that is independent of the DNA sequences

present in the microarray probes. In addition, to reduce the

possibility of interference from SNPs in the primer

annealing sites, we designed two non-overlapping pairs of

primers to span each of the 110 probe sequences and

neighboring regions, distributed in 15 CNVs. The pair of

primers with most reproducible amplification was selected

for analysis (Supplementary Table 1).

The genome positions of the IDP markers (Fu et al.

2006) in the regions of candidate CNVs were determined

by matching their primer sequences to the B73 sequenced

BACs and sorting them based on physical map positions.

IDP markers without sequence matches to B73 BACs were

placed within the set using their genetic positions.

Results

The sequence search of the 102,353 60-mer microarray

probes in the B73 reference genome (version 3a.50,

http://www.maizesequence.org) resulted in the match of

60,472 (59% of the probes) probes to 75,564 loci (1.25

matches per probe), of which 17,501 were unique. We

identified CNVs in the maize genome as defined by three or

more probes in the same genomic position showing dif-

ferences equal or greater than two fold between genotypes.

A total of 2,109 putative CNVs were identified,

including 248 between Mo17 and B73 (Table 1). Of those,

878 (42%) were detected only once, including one present

only in B73. The remaining 1,231 (58%) of the CNVs were

detected at least twice (Fig. 1). CNVs detected in at least

three of the inbreds represent 37% (790) of the total. These

CNVs represent an average of 438 ± 186 SD (standard-

deviation) CNVs between each maize inbred line in com-

parison to B73. Considering only CNVs detected in at least

two maize inbred lines, the average is 371 ± 146 SD. A

more stringent criterion of identifying CNVs with a mini-

mum of four probes detected averages of 144 ± 66 SD for

all CNVs and 116 ± 48 SD CNVs present in at least two

maize genomes.

CNVs were dispersed along the entire maize genome

with a higher density toward the telomers and lower den-

sity toward peri-centromeric regions in a similar pattern in

relation to probe density (correlation = 0.9565; Fig. 2).

The majority of the CNVs detected between B73 and other

inbreds (57%) represent more copies in B73 or presence in

B73 and absence in the other inbreds. This reflects the fact

that most of the probes were designed from B73 sequences;

therefore, the sequences deleted in B73 were not repre-

sented on the array. The extremes were 36 and 82% when

PHW52 and Mo17 were compared to B73, respectively.

The number of consecutive probes indicative of CNVs

varied, suggesting that the regions encompassing CNVs are

of variable size (Supplementary Fig. 1). In particular, the

short arm of chromosome six has been identified as a

region of extreme size differences among the inbreds tested

(Supplementary Fig. 1).

Variation in aCGH experiments and CNV detection

In order to investigate the reproducibility of CNV detection

by aCGH, we first compared the hybridization results of

two independent sample preparations of the maize inbred

line PHP38. Using stringent criteria, no CNVs were

detected between these two samples of PHP38 (Table 2;

Supplementary Fig. 2). With less stringent criteria of at

least two or a single probe located at the same genomic

position and showing at least twofold differences in

hybridization intensities, one or 129 false positives, were

detected, respectively.

In a second experiment, we performed aCGH of three

independent samples of B73 and Mo17. From those, one

B73 hybridization was excluded from further analysis due

to excessive signal variation. The remaining hybridizations

were compared both between and within genotypes. Even

though the correlations between intensities of different

hybridizations were high, considerable variability was

identified among the aCGH comparisons (Table 2). A total
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number of inbreds showing the same CNV
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Fig. 1 Number of CNVs according to their detection in multiple

maize inbred lines
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of 695 CNVs were detected in the two comparisons of

Mo17 to B73, of which 341 were detected in both com-

parisons. These numbers of CNVs are higher than the

number of CNVs we detected in our first comparison

between Mo17 and B73 (Table 1). The comparisons

between aCGH slides of the same inbred, PHP38 or Mo17,

showed no or low number of CNVs detected. However, the

comparison of two B73 samples revealed 58 presumed

false CNVs. While this is considerably fewer than detected

in between-genotype comparisons (Table 2), stringent

validation of CNVs was required.

Validation of CNVs by PCR

We used PCR to further analyze 15 putative CNVs

detected by aCGH between Mo17 and B73, dispersed

along the maize genome and showing high hybridization

ratios (Fig. 2; Table 3). We confirmed 12 of those CNVs as

insertion/deletion polymorphisms (Table 3) and identified

their allelic versions in the remaining inbreds. Some of the

validated CNV regions were defined by few probes and

represent relatively short DNA fragments while others

encompass at least several hundreds of kilobases.

probes − 10
all/B73 − 10

Mo17/B73 − 10

probes − 9
all/B73 − 9

Mo17/B73 − 9

probes − 8
all/B73 − 8

Mo17/B73 − 8

probes − 7
all/B73 − 7

Mo17/B73 − 7

probes − 6
all/B73 − 6

Mo17/B73 − 6

probes − 5
all/B73 − 5

Mo17/B73 − 5

probes − 4
all/B73 − 4

Mo17/B73 − 4

probes − 3
all/B73 − 3

Mo17/B73 − 3

probes − 2
all/B73 − 2

Mo17/B73 − 2

probes − 1
all/B73 − 1

Mo17/B73 − 1

0 10000 20000 30000 40000 50000 60000

Fig. 2 CNVs detected along the maize genome by aCGH. For each

of the maize chromosomes the first track shows CNVs detected

between Mo17 and B73. CNV regions are labeled according to the

presence of more copies in Mo17 (green arrows pointing up) or B73

(red arrows pointing down). The second track shows CNVs detected

between all inbred lines and B73 (black vertical bars). The third track

shows the density of the microarray probes along the chromosome.

Centromeres are shown as gray boxes and CNVs selected for PCR

validation are identified by blue triangles. Coordinates along the

chromosomes are given as bands in a maize physical map (Fengler

et al. 2007)
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The largest CNV was found in the short arm of chro-

mosome six (Fig. 3; Supplementary Fig. 1). Of the 18

probes matching the region, eight have two or more fold-

differences in hybridization signal between Mo17 and B73

(Fig. 3a). PCR primers spanning these eight probes

amplified expected products in B73 but not in Mo17

(Fig. 3b). This suggests the whole DNA segment is absent

in Mo17. Additionally, one of the remaining ten probes

with fold-changes lower than two did not amplify in Mo17.

Other six of those ten probes match more than one region

in the B73 genome (Fig. 3b); therefore, their observed

hybridization ratios represent an average over all matching

regions. This CNV region spans several BACs comprising

a DNA segment up to a few megabases in length (Fig. 3b).

EST data on the BACs encompassing the eight PCR

amplicons suggest that there are at least 23 genes or

pseudo-genes in this DNA segment (data not shown). To

further validate and delimit this CNV, we also tested 15

previously described indel (IDP) markers (Fu et al. 2006)

present in and around 16 loci of the putative deletion and

obtained an equivalent result, i.e., the deleted allele was

always in Mo17 (Fig. 3b). Interestingly, the IDP markers

span a region significantly larger than the region identified

by aCGH. We physically and genetically mapped a total of

61 consecutive IDP markers on the short arm of chromo-

some six (data not shown) that have been reported to

amplify fragments in B73 but not in Mo17 (Fu et al. 2006).

It is unlikely that 15 or more consecutive markers present

in B73 but absent in Mo17 occur by chance alone

(P B 5 9 10-4), considering that about 60% of the IDP

markers are of the type present in B73/absent in Mo17. In

addition to Mo17, this large deletion occurs in four other

inbreds from two distinct heterotic groups: non-stiff stalk

(NSS) and stiff-stalk (SSS) (Fig. 4).

A second large CNV detected in the short arm of

chromosome six also spans several BACs (Fig. 5). PCR

Table 2 Variability of CNV

detection by aCGH

NA not applicable
a B73 rep1 was discarded due

to excessive signal variation
b Expressed as mean ± SD
c Correlations calculated over

60,472 microarray probes

aCGH comparisona log2(ratio)b rintensities
c CNVs detected having

three or more probes

with [2-fold ratio

CNVs detected having

four or more probes

with [2-fold ratio

Between genotypes

Mo17 rep2/B73 rep2 -0.10 ± 0.84 NA 606 213

Mo17 rep3/B73 rep3 -0.12 ± 0.78 NA 430 162

Within genotypes

PHP38 rep1/PHP38 rep2 0.00 ± 0.19 0.9929 0 0

B73 rep2/B73 rep3 -0.03 ± 0.34 0.9819 58 13

Mo17 rep1/Mo17 rep2 -0.01 ± 0.30 0.9874 9 1

Mo17 rep1/Mo17 rep3 -0.04 ± 0.31 0.9868 6 2

Mo17 rep2/Mo17 rep3 -0.02 ± 0.21 0.9928 0 0

Table 3 PCR validation of

CNV regions between Mo17

and B73

a IBM2 ? Neighbors v1.11

genetic map
b One pair of PCR primers did

not amplify any fragment in

Mo17 and two others amplified

in both B73 and Mo17
c Probes in this region match

other genome locus on

chromosome four at 36,481 FCP

bands
d These two CNV regions share

the same probes and the PCR

primers used amplified

fragments in both B73 and

Mo17

Chromosome Physical map

coordinates (FPC)

Approximate genetic

position (cM)a
Result

2 5,528 227.1 Validated as insertion/deletion

4 30,422 304.3 Validated as insertion/deletion

5 13 22.7 Validated as insertion/deletion

5 42,106 500.7 Unable to validateb

5 42,361.5 500.7 Validated as insertion/deletion

5 43,048 512 Validated as insertion/deletion

5 43,243 530 Validated as insertion/deletionc

6 2,153 69.2 Validated as insertion/deletion

6 3,797 69.2 Validated as insertion/deletion

7 1,029 61.3 Validated as insertion/deletion

7 32,585 392.1 Validated as insertion/deletion

8 15,255.5 206 Unable to validated

9 24,111 300.2 Unable to validated

10 30,269 442.2 Validated as insertion/deletion

10 30,383 442.2 Validated as insertion/deletion
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amplification of fragments spanning five microarray probes

produced expected results in B73, but no PCR products

were detected in Mo17 (Fig. 5b). This deletion variant was

also present in the same four inbreds that lack the largest

CNV described above. The PCR results were in agreement

with the observed probe ratios (Fig. 6).

A CNV located on chromosome five (530 cM) gener-

ated PCR products with two distinct results (Supplemen-

tary Fig. 3). Of the 11 PCR products located in the center

of the CNV region, five amplified in both B73 and Mo17

while the other six only amplified in B73 (Supplementary

Fig. 3B). The five amplicons present in both B73 and

Mo17 match from five to eight places the B73 genome and

were also amplified in other inbreds (Supplementary

Fig. 3C). The six amplicons, which did not amplify in

Mo17, produced amplification products of varying sizes in

other inbreds (Supplementary Fig. 3C). Three of these

amplicons also match other loci in the B73 genome. These

PCR results suggest the presence of two CNVs in the

region: one with a DNA segment present in B73 and not in

Mo17, and other with different number of copies between

B73 and Mo17.

The three CNV regions that could not be validated by

PCR showed expected products from both B73 and Mo17.

They may represent DNA sequences differing in copy-

number between the two genomes, either in tandem or in

several dispersed loci throughout the genome. Two of these

CNV regions, one on chromosomes eight (206 cM) and

other on chromosome nine (300.2 cM), are related by

sequence and share four microarray probes with 3–5

matches to the B73 genome (Supplementary Fig. 4). Array

CGH data indicates that Mo17 is missing at least one but

not all of these copies.

Discussion

We detected 2,109 dispersed as well as clustered CNVs in

the maize genome among 14 maize inbred lines with aCGH

(Fig. 2). Several factors affected our estimation of the

number of CNVs detected between different maize inbred

lines against B73 (Table 1). First, the microarray platform

used for aCGH was primarily developed for gene expres-

sion. It contains probes spanning introns and in some cases

representing sequences of transcripts from inbreds other

than B73. Consequently, we were able to match 60,472 of

the 102,353 microarray features to 75,564 locations on the

presently available incomplete B73 genome sequence

(version 3a.50, http://www.maizesequence.org). In addi-

tion, the distribution of genes along the maize genome is

not uniform (Fengler et al. 2007); therefore, microarray

probes and the CNVs we detected showed a similar dis-

tribution with fewer probes in the paracentromeric regions

(Fig. 2). Second, the majority of the probes were designed

to be complementary to the B73 allele, and therefore we

could not detect sequences present in the other maize in-

breds but absent from B73. Third, hybridization signals of

some of the microarray probes may deviate from the

expected 1:1 ratio due to DNA polymorphisms between the

maize genomes used in our experiments. This could have

affected the hybridization of DNA fragments containing

SNPs, even though the 60-mer probes are not highly sen-

sitive to up to two mismatches within the target sequence

(Hughes et al. 2001). To reduce errors in CNV detection

due to SNPs, we called a CNV only when three or more

probes within the same physical position deviated signifi-

cantly from the expected 1:1 ratio. Thus, SNPs affecting

one or two probes did not lead to false calling of a CNV.

As a consequence of this approach and the relatively low

probe density along the genome, our method to detect

CNVs is biased toward detection of large CNVs. Fourth,

the majority of the B73 BACs are in phase one of

sequencing, i.e., they contain gaps and unordered contigs.

This limited our ability to accurately assign physical

genome coordinates for the microarray probes. Consequently,

some of the algorithms developed for human aCGH anal-

ysis assuming high-density ordered probes (Olshen et al.

2004; Price et al. 2005) could not be used. Finally, the

detection of CNVs in repeated preparations of the same

genotypes (Table 2) showed an appreciable variability despite

the precautions taken. Together, these considerations suggest

that the number of CNVs identified (Table 1) is an underes-

timate, especially with respect to small CNVs, and that the

methodology favors detection of large insertion–deletion

variants.

The application of a moderate-density oligonucleotide-

based array to a highly polymorphic large plant genome

containing nearly 80% of repetitive sequences poses special

challenges. In the future, the availability of a finished

genome sequence and of a high-density microarray platform

specifically designed for aCGH would greatly improve the

detection and estimation of CNVs. Next-generation sequenc-

ing techniques are rapidly improving, and offer advantages

over aCGH by allowing direct detection of DNA variations

and detection of their recombination breakpoints (Campbell

et al. 2008; Chen et al. 2008). They also offer the advantage

of detecting inversions and translocations that would not be

detected by aCGH. Its use for CNV detection might be a

reasonable option, when a reference genome is available to

facilitate assembly and costs are not a limitation. However,

aCGH might still perform better in genomic regions with

several copies, where the assembly of next-generation

sequence reads with low-to-moderate genome coverage might

be difficult. Poor sequence assembly would also compromise

the detection of CNVs whose sequences are deleted in the

reference genome.
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Of the 12 maize CNV regions validated by PCR (Fig. 2;

Table 3) two are large insertions/deletions spanning at least

hundreds of kilobases (Figs. 3, 5) and the others are CNVs

smaller than 10 kb. Similarly, in the human genome long

CNVs are less frequent (McCarroll et al. 2008). Although

we cannot formally exclude the possibility that the indel

CNVs validated by PCR result from extremely

high-polymorphic regions of the genome affecting PCR

primer annealing, this is unlikely. The design of two

independent pairs of primers to amplify several DNA

fragments in each CNV region greatly reduced this risk.

Another potential problem would be the presence of den-

sely scattered micro-indels present in one of the alleles

along the CNV region. This could lead to the validation of

deleted fragments by PCR that do not represent a single

CNV; however, we believe this is unlikely for all CNVs

validated. The three CNVs that could not be validated by

PCR (Table 3) are likely to be DNA fragments present in

both B73 and Mo17 with different number of copies in

their genomes (Supplementary Fig. 4). Quantitative meth-

ods such as quantitative PCR would have to be used to

validate those CNVs and to estimate their copy-number in

the maize genome.

About half of the CNVs identified occur in only one of

the 13 inbreds compared to B73 (Fig. 1). This apparent

high rare allele frequency may suggest non-neutral fitness

A

B

Fig. 3 Large CNV detected in the short arm of chromosome six at

69.2 cM. a Mo17/B73 hybridization intensity ratios of microarray

probes as a function of the probe position on maize physical map.

Probes selected for PCR validation are shown as red circles and

probes matching the B73 genome more than once are shown as blue
circles. Solid and dashed horizontal red lines correspond to one and

two standard-deviations of log2 of intensity ratios, respectively,

calculated for all probes in that experiment. The blue curve is a loess

function (R Development Core Team 2009) based on the aCGH ratio.

b Detailed view of the CNV region showing B73 BACs, microarray

probes with corresponding ID-numbers (log2 ratio and number of

matches to B73 genome in parentheses), IDP markers, and PCR

results of B73 (left lane) and Mo17 (right lane) for both PCR

spanning microarray probes and IDP markers. Probes with more than

twofold log2 ratio are shown in red. *Sequence of PCR amplicons and

IDP markers match the CNV region more than once
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or recent origin, but more data is necessary for quantitative

analysis. On the other hand, detection of many CNVs in

several different maize inbreds (Figs. 1 2) suggests that

they are present at an appreciable allelic frequency in the

current cultivated maize. Although at present little is

known about the mutation rate of CNVs, the detection of

many CNVs in both major heterotic group suggests that at

least some of them represent ancestral events predating the

development of these germplasm groups (Figs. 5, 6). This

has significant implications for plant genome sequencing,

genetics, and breeding. Several diverse maize inbreds will

have to be sequenced to identify all genes and to estimate

the time of appearance of such sequence variants. As an

alternative, DNA sequencing of CNV regions could be

used to identify such new DNA sequences in relation to the

reference genome. Further characterization of CNVs by

DNA sequencing would generate important information

about their DNA content and flanking sequences. This data

may reveal the mechanisms of CNV creation.

CNVs might affect diversity and recombination within

and around directly affected regions. In primates, rodents,

fruitfly, rice, and yeast, single-nucleotide mutation rate

increases close to insertions/deletions (Tian et al. 2008). In

maize, repetitive regions have lower recombination rates

when compared to other genomic regions (Fu et al. 2002),

and insertion/deletion polymorphisms decrease recombi-

nation in their vicinity (Dooner and Martı́nez-Férez 1997),

affecting genetic to physical distance ratios. These exam-

ples support the need to detect CNVs and understand the

mechanisms involved in their creation and their relation-

ship with recombination. It was recently demonstrated in

humans that most CNVs are in linkage disequilibrium (LD)

with SNPs and that LD decay of the two happen at similar

rates (McCarroll et al. 2008). Based on this study, the

utility of CNVs as genetic markers would be redundant to

other molecular markers. However, many plants, including

maize, have very active transposon systems, which continu-

ously create new polymorphisms. It has been demonstrated

that transposable elements can cause macrotransposition

generating large structural variations (Huang and Dooner

2008). Such recent genomic rearrangements on the back-

ground of ancestral haplotypes could be easily detected by

aCGH.

The relative importance of CNVs will be higher if

they contain regulatory regions and genes. Therefore,

extensive characterization and experiments dedicated to

evaluate their direct effect on plant phenotypes would

have to be performed. There is evidence that many of the

non-colinear sequences in maize are repeats or transpo-

sons, some of them containing pseudogenes (Fu and

Fig. 4 PCR validation of the

biggest CNV identified on

chromosome six (Fig. 3) in

different maize inbred lines. For

each probe the log2(aCGH ratio)

and PCR amplification is

shown. Inbred lines were

classified as belonging to non-

stiff-stalk synthetic (NSS) or

stiff-stalk synthetic (SSS)

heterotic groups
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A

B

Fig. 5 A second large CNV detected in the short arm of chromosome

six at 69.2 cM, adjacent to the CNV in Fig. 3. a aCGH view. Probes

selected for PCR validation are shown as red circles and probes

matching the B73 genome more than once are shown as blue circles.

Solid and dashed horizontal red lines correspond to one and two

standard-deviations of log2 of intensity ratios, respectively, calculated

for all probes in that experiment. The blue curve is a loess function

(R Development Core Team 2009) based on the aCGH ratio. Coordinates

along the chromosomes are given as bands in a maize physical map

(Fengler et al. 2007). b Detailed view showing B73 BACs, microarray

probes with corresponding ID numbers (number of matches to B73

genome in parenthesis), IDP markers, and PCR validation between

B73 (left lane) and Mo17 (right lane). Probes with more than twofold

log2 ratio are shown in red

Fig. 6 PCR validation of a

CNV on chromosome six

(Fig. 5) in other inbreds. For

each probe the log2(aCGH ratio)

and PCR amplification is

shown. Inbred lines were

classified as belonging to non-

stiff-stalk synthetic (NSS) or

stiff-stalk synthetic (SSS)

heterotic groups
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Dooner 2002; Brunner et al. 2005) and also that CNVs,

including genic insertions/deletions, contribute to pheno-

type (Cong et al. 2008; Grant et al. 1995, 1998). It has

been shown in Arabidopsis and Brassica that the RPM1

gene conferring resistance to Pseudomonas syringae was

absent in susceptible lines (Grant et al. 1995, 1998). In

maize, a major QTL for resistance to sugar-cane mosaic

virus was identified between the inbreds Siyi (resistant)

and Mo17 (susceptible) (Mingliang Xu, personal com-

munication) in the biggest CNV region reported here

(Fig. 3). Rcg1, a gene conferring resistance to Colleto-

trichum graminicola in maize has been recently cloned

(Petra Wolters, personal communication). Rcg1 is located

on a 230-kb insertion absent in most of the North

American maize germplasm. These examples show the

importance of CNVs to plant disease response by direct

affecting causative genes.

Global plant phenotypes such as hybrid vigor (heterosis)

could also be affected by CNVs. The complementation of

deleted or inactive genes in hybrids is one of the possible

mechanisms of heterosis according to the dominance

hypothesis (Springer and Stupar 2007). In addition, the

dominance was recently demonstrated to be the predomi-

nant genetic component of yield QTLs in maize (Garcia

et al. 2008). As the genes present in the inserted/deleted

CNVs are probably not essential for viability, it is likely

that functional members of partially redundant gene fam-

ilies and/or genes related to environmental response are

located in these regions. Based on these observations,

complementation of such genes or regulatory regions in

hybrids by the presence of a large number of CNVs could

contribute to hybrid vigor.
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