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Abstract 

    Maize inbred lines exhibit high levels of gene expression diversity. Several hundred 

genes exhibit severe expression variation such that the transcript is detected only in one 

inbred and absent in another. However, the frequency, types of genes affected and 

potential causes for these “present-absent” (PA) expression patterns in maize inbred lines 

are not well characterized. Microarray analyses of gene expression patterns in 11-day old 

seedlings, ear, embryo, and endosperm tissues from two maize inbred lines, B73 and 

Mo17, identified 570 genes (out of 17000) with PA expression patterns in at least one 

tissue type. Over 55% of the PA genes exhibit “constitutively absent expression” in 

which one of the two genotypes exhibits lack of expression in all tissues tested. The 

remaining PA genes exhibit “tissue specific absent expression” where a gene exhibits 

present-absent expression in some tissues and present-present expression in at least one 

other tissue types studied. Many of the PA genes are maize-specific sequences that do not 

have orthologues in other plant species and the majority of the remaining PA genes are 

members of gene families. Using existing eQTL and aCGH datasets, we found that PA 

expression differences are primarily caused by differential regulation rather than by 

differences in gene content. Collectively, our analysis documented a high frequency of 

genes that are expressed in some maize lines but not others and suggests that many of 

these changes are due to trans-regulatory variation. 
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Introduction 

        While there is a wealth of information on genetic variation in transcript levels 

between different maize inbred lines (Ma et al. 2006, Stupar and Springer 2006, 

Swanson-Wagner et al. 2006), very little is known about the “present-absent” (PA) 

expression variation where a gene is detected in the transcriptome of only one inbred line 

and not another. This severe form of differential expression, detected in two maize inbred 

lines B73 and Mo17 (Stupar and Springer 2006), may have major phenotypic 

consequences. Although these differentially expressed genes exhibit present-absent 

differences between parental inbred lines, their transcripts are detected in the F1 hybrids, 

and thus may have an impact on heterosis. Developing an understanding of this PA 

expression variation may help us explain the genetic basis of heterosis and the 

extraordinary phenotypic diversity in maize. Therefore, it is of great interest to identify 

and characterize the genes exhibiting PA expression patterns and to determine the 

molecular causes of intraspecific transcriptome content variation in maize. 

      The maize research community has documented significant intraspecific variation in 

transcript abundance in maize, using different microarray platforms. An Agilent 

oligonucleotide-based microarray platform used by Ma et al. (2006) identified ~5% of 

genes as being differentially expressed in the maize inbred lines A619 and W23 at several 

developmental stages. A cDNA microarray platform found evidence for the differential 

expression of ~10% of genes in B73 and Mo17 seedlings (Swanson-Wagner et al. 2006).  

Affymetrix microarray analysis found numerous genes with variable expression between 

B73 and Mo17 in seedling, immature ear, embryo, and endosperm tissues isolated at 13 
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and 19 days after pollination (DAP) (Stupar and Springer 2006, Stupar et al. 2007). 

Differential expression between inbred lines were also detected by  Affymetrix 

expression profiling of seedling tissues obtained from five different maize genotypes 

(Stupar et al. 2008).  In addition, Affymetrix expression comparisons of seedling tissues 

from eight different maize inbred lines found that more than 60% of genes exhibited 

differential expression in at least one of the pair-wise comparisons between the lines 

(Stupar and Springer, unpublished). Although different platforms and statistical analyses 

were used in the above studies, collectively, the studies indicate that there is substantial 

expression diversity among maize inbred lines. 

        The expression diversity observed in maize may be the result of cis-variations or 

trans-variations in gene regulation (Schadt et al. 2003, Genissel et al. 2008, Whittkopp et 

al. 2004). Cis-regulatory variation is genetically linked to the gene with differential 

expression (e.g. cis-variations likely include alterations in regulatory sequences like 

promoters or enhancers). Conversely, trans-regulatory variation is due to genetic 

modifications that are unlinked to the gene with differential expression (e.g. trans-

variations likely include variation in transcription factors, including their concentration or 

binding affinity). The relative contribution of cis and trans variants have been evaluated 

both by mapping expression quantitative trait loci (eQTL) (Schadt et al. 2003, Kirst et al. 

2005, DeCook et al. 2006, West et al. 2007, Keurentjes et al. 2007) and using allele-

specific expression (ASE) analysis. The eQTL approach assesses the total transcript 

accumulation in a series of genetically distinct lines to assay the genetic position of loci 

controlling regulatory variation. In ASE analyses, the ratio of the transcripts derived from 
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the alleles is measured in F1 hybrid and parental mix RNAs to infer regulatory variation 

(Whittkopp et al. 2004, Stupar and Springer 2006). Many of these studies have indicated 

that intraspecific variation in gene expression in several model organisms, including 

yeast, mammals and Arabidopsis, is largely attributable to cis-regulatory variation (Brem 

et al. 2002, Yvert et al. 2003, Schadt et al. 2003, Morley et al. 2004, Kiekens et al. 

2006). Previous studies have also provided evidence for prevalent cis-regulatory variation 

in maize. For example, an eQTL approach found that over 80% of the eQTL with a LOD 

score >7.0 mapped to the same physical location as the differentially expressed gene, 

suggesting that changes in gene expression are largely due to cis-variation in gene 

regulation  (Schadt et al. 2003). ASE analysis was used by Guo et al. (2004) to study the 

relative expression of two alleles in maize F1 hybrids. The majority of the genes 

exhibited allelic expression bias in the F1 hybrids (11/15 genes), suggesting that cis-

variation is common among maize genes (Guo et al. 2004). A separate ASE study also 

found that allelic cis-variation in the majority of maize genes (46/53) may contribute to 

transcriptional differences between different maize lines (Stupar and Springer 2006). 

These findings were supported by another ASE study where >300 quantitative ASE 

assays were used to profile the relative allelic expression in seedling tissue derived from 

different maize hybrids and in multiple tissue types derived from reciprocal hybrids of 

B73 and Mo17 (Springer and Stupar 2007); cis-acting regulatory variation was found to 

account for differential expression in ~70% of the differentially expressed genes. 

However, in contrast to the above studies, a recently published eQTL analysis in 

B73×Mo17  recombinant inbred lines found that the majority of the eQTL (~80%) acted 
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in trans, suggesting that intraspecific variation in gene expression levels may be largely 

attributable to trans-regulatory variation in maize (Swanson-Wagner et al. 2009).  The 

different interpretations of the relative influence of cis and trans effects across the maize 

studies is likely influenced by the different platforms used for analysis, the different 

statistical power involved in each experimental design, and the different expression 

thresholds applied in each analysis.  For example, the pool of differentially expressed 

genes detected in the most recent eQTL study (Swanson-Wagner et al. 2009) included an 

experimental design with much higher statistical power, allowing for the detection of 

even small fold-change differences; this experimental design favors the discovery of 

trans effects with small impacts on expression. 

      The above studies evaluated the roles of cis and trans-regulatory variants with a 

particular emphasis on genes exhibiting differential expression. Not much emphasis, 

however, has been given to genes with extreme expression polymorphisms, where a gene 

is detected in the transcriptome of one inbred and not another. The genes with present-

absent expression patterns may have important implications as they may reflect genic 

content differences between inbred lines (Fu and Dooner 2002), in addition to differences  

in the regulation of conserved loci.  Indeed, there are several studies that have provided 

evidence for genome content differences between maize inbred lines. These differences 

include variation in the presence of gene fragments (pseudogenes), altered location of 

genes and even present-absent differences of full length gene sequences between 

different genotypes.  
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    Large structural differences among haplotypes were first revealed in a comparison of 

the bz genomic regions of two inbred lines, McC and B73 (Fu and Dooner 2002). Of the 

10 genes studied in the McC-bz genomic region, only the proximal six genes were found 

to be conserved in the bz genomic region of chromosome 9 for both B73 and McC lines. 

The other four genes, although initially thought to be missing entirely in the B73 genome, 

were found to be members of gene families with one or more copies located elsewhere in 

the genome (Fu and Dooner 2002). Further investigation found that these four “McC-

specific genes” were actually gene fragments derived from full-length gene sequences 

present on chromosome 5 in both B73 and McC genotypes and likely the result of 

transposition events carried by two Helitron transposons (Lai et al. 2005). A comparison 

of DNA sequences from B73 and Mo17 at four genetic loci identified 27 gene fragments 

that were only present in one of the inbreds (Brunner et al. 2005). The genome-wide 

prevalence of nonshared genic fragments between B73 and Mo17 was investigated using 

BAC library hybridization methods (Morgante et al. 2005). The results indicated that B73 

and Mo17 genomes may contain ~10,000 non-shared genic fragments, and as in previous 

studies, the gene fragments were found to be mainly generated by transposition events. 

These gene fragments derived from different genes often occur as clusters that might 

produce transcripts in some inbreds and not others (Morgante et al. 2005), thereby 

leading to present-absent expression differences between different genotypes.  

     Recent studies on genome structural diversity between B73 (the reference genome) 

and several other maize inbred lines found DNA sequences that are present in one 

genome but entirely missing in the other (Springer et al. 2009, Belo et al. 2010). For 
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example, a comparison of the B73 and Mo17 genomes using a whole genome array 

comparative genomic hybridization (aCGH) method estimated that there are several 

thousand present-absent variation (PAV) sequences that are present in B73 but not in 

Mo17. These haplotype-specific sequences include numerous genes predicted by MGSP 

(www.maizesequence.org), which was rigorously filtered to remove gene fragments and 

transposable elements (Springer et al. 2009, Schnable et al. 2009). Strikingly, Springer et 

al. (2009) also found a ~2.6 mega-base sized B73-specific sequence on chromosome 6 

that was entirely missing from the Mo17 genome and from six other maize inbreds. There 

is evidence that this ~2.6 Mb interval includes genes that are expressed in B73 but not in 

Mo17. However, these genes exhibit detectable expression levels in the B73 and Mo17 

F1 hybrids (Springer et al. 2009).  Therefore, the above studies provide initial evidence 

that present-absent expression variation may be attributed to genome structural diversity 

among maize inbreds. In addition, further characterization of genes with PA expression 

differences can provide deeper insight into the causal bases of heterosis and high levels of 

phenotypic diversity observed in this important crop plant.                   

    The first goal of this project was to determine the frequency of present-absent (PA) 

expression patterns in maize inbred lines.  We next sought to determine the types of 

genes affected and potential causes of this phenomenon. To accomplish these goals, we 

analyzed 17K Affymetrix microarray data to identify and characterize genes exhibiting 

present-absent expression patterns in five different tissue types, focusing our analysis on 

two maize inbred lines, B73 and Mo17. We chose these two domestic lines because B73 

and Mo17 are the parents for a widely used mapping population and the B73 genome has 

http://www.maizesequence.org/
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been fully sequenced (Schnable et al. 2009). This analysis identified 570 genes (out of 

17,000) with PA expression patterns in at least one tissue type. Many of the PA genes are 

maize-specific sequences that do not have orthologues in other plant species and the 

majority of the remaining PA genes are members of gene families. Existing aCGH and 

eQTL data were then used to assess the potential contribution of cis-regulatory variation, 

trans-regulatory variation and structural variation to the observed PA patterns.  
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Materials and methods 

Identification of genes with present-absent expression patterns in maize inbred lines: 

    Previously obtained 17K Affymetrix microarray data for multiple tissues from maize 

genotypes B73 and Mo17 were used for the identification of PA genes. The tissues 

included 11-day old seedlings, immature ear, embryo and endosperm tissues isolated at 

13 and 19 days after pollination (DAP) (GEO: GSE8174, GSE8176, GSE8179; Stupar 

and Springer 2006, Stupar et al. 2007). Hybridization data from the same platform was 

also available for seedling aerial tissues from 8 maize inbred lines (B14, B37, B73, B84, 

Mo17, Oh43, W22 and Wf9; GEO: GSE10237, Stupar et al. 2008). We used this second 

set of expression data for comparative purposes. The maize Affymetrix array contains 

17,622 probe sets that are designed to detect the expression of 13,495 genes. Some genes 

are represented by multiple probe sets designed to detect sense and antisense expression 

or the expression of alternative transcripts. The Affymetrix array likely represents 

approximately one-third of the maize genes, including genes with low expression states. 

The signal data from the microarrays were processed using two different methods: 

GCRMA and MAS5.0. The Affymetrix MAS5.0 algorithm provides a call of P (present), 

A (absent) or M (marginal) for the detection of each transcript based upon comparisons 

of the perfect match and mismatch probe signal values.  

Data analysis:  

    To identify genes with PA expression patterns, we applied a series of filtering criteria 

based on both MAS5.0 and GC-RMA processed signal data. This is because, although 

MAS5.0 is an established algorithm for determining presence-absence calls, a recent 
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study has indicated that the GC-RMA algorithm provides more robust estimates of 

expression level (Kroll et al. 2008). To be identified as a PA gene, a probeset had to meet 

the following criteria: i) exhibit at least one genotype with MAS5.0 “absent” calls in all 

three biological replicates and exhibit a genotype with MAS5.0 “present” calls in all three 

biological replicates, ii) exhibit a GC-RMA signal of at least 40 units in the highest 

expressing genotype, iii) have a minimum of a 5 fold change (FC) difference between the 

highest and the lowest-expressing genotypes.  These filtering criteria were employed to 

obtain a robust list of genes with PA expression patterns. 

Annotation of genes with present-absent expression variation: 

    To characterize the PA genes with respect to their homology to sequences from 

different plant species, sequences represented on the maize Affymetrix microarray were 

used for BLASTX queries against Arabidopsis thaliana, rice and Sorghum protein 

sequences. The percentage of genes with significant homology to Arabidopsis thaliana, 

rice and Sorghum sequences (e-values < 1E-25) were calculated for the following 4 

different gene lists: i) all genes on the maize Affymetrix array; ii) PA genes in multiple 

tissue types from B73 and Mo17; iii) genes exhibiting constitutively absent expression 

patterns in B73 or Mo17; iv) genes exhibiting tissue specific absent expression patterns. 

    To further analyze the functional roles of PA genes, each of the maize Affymetrix 

array features was used to search for a putative Arabidopsis orthologue. The GO 

annotations for each of the Arabidopsis genes were extracted from TAIR 

(www.arabidopsis.org) and used to annotate the maize genes. The GO annotations were 

analyzed for biological processes, cellular components and molecular function for all 



 

 10 

genes represented on the maize Affymetrix array, as well as for PA genes from multiple 

tissues from B73 and Mo17. 

Characterization of gene families for PA genes:   

    To examine whether the PA genes are mostly members of gene families or occur as 

single copy genes, the sequences represented by the actual probesets were mapped to the 

full “working set” of genes predicted by MGSP (www.maizesequence.org). The genes 

that exhibited constitutively absent expression pattern in B73 (i.e. present expression in 

Mo17 but never detected in any tissues from B73: MpBnd ; see Figure 2) were used 

because of the availability of the fully sequenced B73 genome. In addition, the genes that 

are detected in some tissues of B73 (MpBd; see Figure 2) and random genes on the array 

(non-PA) were used as control sets. The gene models to which the probesets exhibited 

more than 90% sequence identity and coverage and also that could be annotated were 

used to perform BLAST searches against B73 BAC sequences (www.ncbi.nlm.nih.gov). 

The gene sequences that exhibited >85% coverage and sequence similarity with B73 

BAC sequences were used to determine if they had a single copy or multiple copies in the 

B73 genome.  

Validation of PA expression variation in B73 and Mo17 by PCR and RT-PCR: 

     A subset of 104 PA genes (out of 570) that were also represented in a previously 

generated PCR and RT-PCR data were selected for validation of present-absent 

expression patterns. The primers for these genes were
 
designed using primer 3 software 

(Rozen and Skaletsky 2000).
  
The PCR reactions were performed in a 15 µl total volume 

containing
 

25 ng of DNA, 2 pmol of each primer, 0.4 units of HotStar Taq
 
polymerase 

http://www.maizesequence.org/
http://www.ncbi.nlm.nih.gov/
http://www.genetics.org/cgi/content/full/173/4/2199#BIB21
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(Eppendorf), 1.56 µl of 10x reaction buffer,
 
and 0.2 µl of 25 mM dNTPs. Conditions of 

the PCR were
 
as follows: 94° for 15 min, 35 cycles of 94° for 30

 
sec, 60° for 30 sec, 72° 

for 2 min, followed by 72°
 
for 7 min. Amplified products were separated in a 1% agarose

 

TBE gel and visualized by ethidium bromide staining. Validation
 
of expression patterns 

for 78 genes where the primers amplified a fragment from genomic DNA of both inbreds 

was performed using cDNA derived from B73 and Mo17 ear or seedling tissue using
 
the 

same PCR protocols. 

Analysis of regulatory variants: 

    A recently published eQTL dataset, obtained from seedling tissue of B73×Mo17 

recombinant inbred lines (Swanson-Wagner et al. 2009), was used to evaluate the 

prevalence of cis and trans regulatory variation in tissue specific absent and 

constitutively absent expression patterns. Swanson-Wagner and colleagues defined an 

eQTL as acting in cis if a gene and the regulating marker were within 5cM of each other. 

An eQTL was defined as acting in trans if a gene and the regulating marker were on 

different chromosomes. In addition, eQTL loci more than 5cM away but on the same 

chromosome as the target gene were classified as “others” by Swanson-Wagner et al. 

(2009); however, these loci were classified as trans regulators for our analysis. It is 

important to note that while the eQTL study used a cDNA microarray platform, the PA 

genes in the present study were identified from an Affymetrix microarray data. 

Data analysis:  

    The PA probesets from each of the four categories (classified based on the PA 

expression patterns during development: Table1; also see Figure 2) were mapped to the 
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full “working set” of genes predicted by MGSP (www.maizesequence.org). It should be 

noted that only the Affymetrix probesets that exhibited PA expression patterns in 

seedling tissue from B73 and Mo17 were used for the analysis. Subsequently, each gene 

model was queried by the eQTL data to determine if it was cis or trans-regulated in the 

Swanson-Wagner et al. (2009) study. Table 1 shows how the genes from each of the four 

different subsets were filtered for the analysis.  

Table 1: Data analysis for evaluating the prevalence of cis and trans regulatory 

variants 

 

Expression pattern
a
 # of PA 

probesets  
in 

seedling
b
 

# of 

probesets 

linked to 
gene IDs

c
 

# of gene 

IDs present 

on arrayd 

 

# of 

genes 

with   
eQTL

 e 

 
 BpMnd 

 
106 

 
87 

 

        46 

 
20 

BpMd 27 22 12 6 

MpBnd 70  53 26 5 

MpBd 22 20 7        3 

a 
Four subsets classified based on the PA expression patterns during development. (See

 
Figure 2). 

b
 Number of Affymetrix probesets that exhibited PA expression patterns in seedling tissue (i.e. 

the genes are expressed in B73 seedling tissue in the BpMnd and BpMd subsets, and the genes are 

expressed in Mo17 seedling tissue in the MpBnd and MpBd subsets). 
c
Number of Affymetrix probesets that could be linked to the gene models predicted by 

MGSP(Maize Genome Sequencing Project). 
d 
Number of genes that were present on the array used by Swanson-Wagner et al. (2009). 

e
 Number of genes that were present on the array and had an eQTL.  

 

Analysis of structural variants: 

    An existing whole genome array-based comparative genome hybridization (aCGH) 

data set was used to obtain information on different classes of chromosomal segments 

representing DNA sequence polymorphisms, altered copy number and presence-absence 

http://www.maizesequence.org/
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variations in B73 and Mo17 (Springer et al. 2009). This aCGH data was used to evaluate 

the role of genome structural changes in constitutively absent expression patterns. 

Data analysis:  

    Each of the 196 probesets exhibiting constitutively absent expression patterns in Mo17 

(BpMnd) were mapped to the full “working set” of genes predicted by MGSP 

(www.maizesequence.org). The gene models to which the probesets exhibited more than 

90% sequence identity and coverage (95/196) were further aligned to chromosomal 

segments, obtained from the above aCGH dataset. In order to classify a gene within a 

CGH-segment we required that 70% of the gene sequence be within the segment 

sequence. The 63 genes that could be assigned to the chromosomal segments, identified 

by Springer et al. (2009), were retained for further analysis.  

    Similarly, the above criteria was used to identify which of the 114 probesets that 

exhibited constitutively absent expression in B73 (MpBnd) could be analyzed by the 

aCGH dataset.  This resulted in the identification of 40 probesets that could be mapped to 

genes predicted by MGSP (>90% ID). Finally, 31/40 genes could be assigned to the 

previously defined chromosomal segment classes. However, since the array design for 

the aCGH experiment was based on B73 genomic sequence, a second method was used 

to assess whether the 114 MpBnd probesets are present in the B73 genome.  The 

consensus sequences of these 114 probesets were searched against the B73 genome using 

BLAST (www.maizesequence.org). 

 

 

http://www.maizesequence.org/
http://www.maizesequence.org/
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Results 

Many genes exhibit present-absent expression patterns in B73 and Mo17:  

    We initially focused on identifying  and characterizing genes that exhibit present-

absent (PA) expression patterns in multiple tissues of B73 and Mo17.  The availability of 

expression data from multiple tissues in these two genotypes allows for characterization 

of the PA expression patterns across development (Table 2).  In addition, the availability 

of genomic sequences and eQTL data allows for further evaluation of differences in these 

two genotypes.  Genes that are present in the transcriptome of one genotype and absent in 

the other were identified using MAS5.0 presence-absence calls as well as minimum 

expression and fold change criteria (see Materials and Methods).  Each of the five tissue 

types exhibited 228-238 genes with PA expression patterns (Table 2).  By combining all 

PA genes across the five tissue types, we identified 570 non-redundant genes that exhibit 

PA expression patterns in B73 and Mo17.  Several examples of these genes with PA 

expression variation between inbred genotypes are shown in Figure 1. 
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Table2: Number of probesets with PA expression patterns  

Tissue type Number of probesets 

exhibiting PA pattern 
GEO Accession number

b 

11-day old seedling (B73 

and Mo17) 
228 GSE8174  

Ear (B73 and Mo17) 227 GSE8176  

Embryo (B73 and Mo17) 226 GSE8179  

 Endosperm (13 DAP) 

(B73 and Mo17) 
238 GSE8275 

Endosperm (19 DAP) 

(B73 and Mo17) 
233 GSE8278  

All tissues (Non-

redundant genes in B73 

and Mo17)  

570 ----- 

11-day old seedling 

(among 8 inbreds)
a  

                782 GSE10237  

PA genes were identified using MAS5.0 presence-absence calls as well as minimum expression 

and fold change criteria. 
a
 11-day seedling tissue obtained from 8 maize lines: B14, B37, B73, B84, Mo17, Oh43, 

W22,Wf9. 
b 
GEO accession number of Affymetrix data for different tissue types  (www.ncbi.nlm.nih.gov).  

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/
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Figure 1. Examples of present-absent expression variation between inbred genotypes.  

BpMnd: B73 present – Mo17 never detected in any tissues (A); BpMd: B73 present – Mo17 

detected in some tissues (B); MpBnd: Mo17 present – B73 never detected in any tissues (C); MpBd: 

Mo17 present – B73 detected in some tissues (D). (Also see Figure 2). 

 

Characterization of present-absent expression patterns during development: 

    The 570 genes that exhibit PA expression patterns in B73 and Mo17 were classified  

according to which genotype they are expressed in and according to whether the genes 

exhibit constitutive absence (exhibits present expression for one of the genotypes in at 

least one tissue and absent expression in the other genotype for all tissues) or tissue 

specific absence (exhibits present-absent expression in some tissues and present-present 

expression in at least one of the other tissues). Over 55% of the PA genes exhibit 
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constitutively absent expression in Mo17 (BpMnd: present in B73 and never detected in 

any tissues from Mo17) or B73 (MpBnd: present in Mo17 and never detected in any 

tissues from B73) genotypes. The remaining PA genes exhibit tissue specific absent 

expression patterns, such that the genes exhibit PA patterns in some tissues but are 

expressed in both genotypes in other tissues.  This set of genes can be classified as 

follows:- BpMd: where B73 is present and Mo17 is detected in some tissues; MpBd: where 

Mo17 is present and B73 is detected in some tissues (Figure 1 and Figure 2). 
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Figure 2: Characterization of present-absent expression patterns during development.  
a
14/570 genes exhibited different present-absent calls in different tissues.  

b
Number of Affymetrix probesets that could be linked to gene models predicted by MGSP(>90% 

ID). These genes were used for the characterization of gene families for PA genes (Figure 6). 

Boxes shaded blue indicate gene subsets used for evaluating the role of genome structural 

changes in PA pattern (Table 5 and Figure 7).  

     

        There were slightly more B73 expressed genes than Mo17 expressed genes.  This is 

likely a result of a slight bias towards incorporation of B73 transcripts in the array design. 

The distinction between constitutively absent and tissue specific absent patterns is 

important because it has implications about the potential causes of the expression 

variation.  Genes that exhibit tissue specific absence are likely intact within the genome 

of both inbred lines but have differences in their regulation.  Genes that are constitutively 

absent may reflect regulatory differences or structural genomic differences (Table 3).   

All PA genes in 5 
tissues of B73 and 

Mo17 (570)

Expressed in B73 

(322)a

Absent in all 
tissues  in Mo17 

(BpMnd:196)

# linked to gene 
IDs:

95 b

Mo17 is 
expressed in 

some tissues and 
absent in others 

(BpMd: 126)

# linked to gene 
IDs:

87 b

Expressed in Mo17

(234)a

Absent in all tissues  
in B73 (MpBnd:114)

# linked to gene 
IDs:

40 b

B73 is expressed in 
some tissues and 
absent in others 

(MpBd: 120)

# linked to gene 
IDs:

79 b
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Table 3: Present-absent expression patterns across different tissue types from B73 and 

Mo17 

 

All PA genes Constitutively absent 

pattern 
Tissue specific absent 

pattern 

(556)
 a
  (310)

b  (246)
c  

PA in 5 tissues  67 0 

PA in 4 tissues  46 7 

PA in 3 tissues  36 8 

PA in 2 tissues  57 50 

PA in 1 tissues  104 181 

a
 non-redundant genes that exhibit present-absent expression patterns in 5 tissue types from B73 

and Mo17. 14/570 genes exhibited different present-absent calls in different tissues. 
b
 PA genes from sets BpMnd and MpBnd (see Figure 2). 

c
 PA genes from sets BpMd and MpBd  (see Figure 2). 

 

PA expression patterns in seedling tissue of eight inbreds: 

    The discovery of PA expression patterns in B73 relative to Mo17 may reflect rare 

alleles present in one of these lines or could reflect haplotype variation extant in multiple 

maize inbred lines.  The data from Stupar et al. (2008) was used to assess the prevalence 

of PA patterns in multiple inbred lines.  In addition to B73 and Mo17, the 8 inbred lines 

included B14, B37, B84, Oh43, W22 and Wf9.  Using the same criteria outlined above 

(see Materials and Methods), we identified 782 genes that show PA expression patterns 

among these inbred lines (Table 2). The availability of data from multiple lines allowed 

us to assess the frequency of presence and absence for each of the transcripts (Figure 3).  

A relatively high percentage (~22%) of the PA genes exhibited absent expression in only 

one of the eight inbred lines tested (Figure 3).  A relatively low percentage (~5%) of the 

PA genes exhibited present expression in only one of the eight inbreds (Figure 3).  The 

majority of the present-absent expression patterns are absent in 2-6 of the eight genotypes 
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(Figure 3), suggesting that most of these PA expression patterns represent alleles that are 

present in multiple maize lines. 

 
 

Figure 3: Distribution of the number of inbred genotypes with expression absent. The 782 

genes with present-absent expression variation among 8 maize inbred lines were analyzed to 

determine the number of inbred genotypes with expression absent for each gene.  Genes exhibited 

absent expression in one to seven genotypes.  

 

Validation of PA expression patterns: 

    PA expression patterns were validated using an independent set of expression data for 

B73 and Mo17 seedling tissues (Stupar et al. 2008). By comparing Affymetrix expression 

profiles of completely separate biological replicates of B73 and Mo17 (grown in different 

seasons) we were able to confirm the PA expression patterns for 197 out of 228 genes 

identified as PA in seedling tissue. Many of the remaining 31 genes exhibited differential 

expression levels but the differences in expression levels and/or fold-change were not 

high enough to meet our stringent criteria to be called a PA gene.  

    While the majority of genes identified as PA likely exhibit differential expression in 

B73 and Mo17, it is possible that many of these genes are not actually absent in one 
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genotype but are simply expressed at very low levels.  RT-PCR was used to assess the 

proportion of genes classified as PA that were not detected in one line. RT-PCR analysis 

was performed for 78 genes where the primers had previously amplified a fragment from 

genomic DNA of both inbreds.  The PA patterns were validated for 56 of these 78 

(~72%) genes even after 35 cycles of PCR (Table 4).  This suggests that these 56 genes 

truly exhibit PA expression patterns. The other 22 genes yielded RT-PCR products in 

both lines after 35 cycles of PCR, out of which 17 exhibited equal intensity in both lines 

and only a few (5/22) showed evidence of differential expression between lines. 

Additionally, 14 primer sets from PA genes amplified genomic DNA only from one 

genotype, indicating that these may be structural variants.  The PA expression for these 

14 genes was also validated by RT-PCR. 
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Table 4: Validation of present-absent expression variation in B73 and Mo17 by PCR and 

RT-PCR 

 

 
 

Amplicon from 

genomic DNA of 

both inbreds  

Amplicon from 

genomic DNA of one 

inbred  

PA validated 
(Amplicon from cDNA of 

1 inbred)  56 14 

 
PA not validated 
 
PP (equal intensity) 17 0 

PP(quantitative difference) 5 0 

   

Total 78 14 
 

 

Characterization of genes with present-absent expression variation:  

    The PA genes were characterized based on their homology to sequences from different 

plant species, putative functions and inclusion in gene families. Sequences represented on 

the maize Affymetrix microarray were used for BLASTX queries against Arabidopsis 

thaliana, rice and Sorghum protein sequences. Genes with constitutively absent 

expression patterns were enriched for having no homology to Arabidopsis, rice and 

Sorghum sequences (Figure 4). This suggests that genes exhibiting constitutively absent 

expression pattern in maize inbreds are less conserved than the genes exhibiting tissue 

specific absent expression pattern across different plant species.  

    We further proceeded to investigate the functional roles of 202 PA genes (~35% of 570 

PA genes) that were found to be significantly homologous to Arabidopsis sequences. 

Gene Ontology (GO) analyses revealed a similar distribution of GO classes among the 
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PA gene subset and the full set of microarray features (Figure 5). However, there were 

several functional categories that show slight enrichment or depletions of genes with PA 

expression variation. For example, genes with involvement in stress response, hydrolase 

activity and plasma membrane were more frequently found in the PA subset than would 

be expected at random.  Genes involved in protein and nucleotide binding were found 

less frequently in the PA subset than would be expected at random. 

 

Figure 4: Proportion of genes with no detectable homologue in Arabidopsis, rice and 

Sorghum (e-value: >1E-25). All sequences represented on the Affymetrix 17K microarray were 

used for BLASTX queries against Arabidopsis, rice and Sorghum protein sequences. The 

proportion of genes with no detectable homologue in the above three plant species was 

determined for i) all genes present on the array, ii) PA genes in multiple tissues from B73 and 

Mo17, iii) genes with constitutively absent expression and iv) genes with tissue specific absent 

expression.  

n = number of genes analyzed. 

Categories that are significantly different (χ
2 
< .05) than expected are marked with an *. 
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Figure 5.  Annotation of PA genes.  Each of the maize Affymetrix array features was used to 

search for putative Arabidopsis orthologues. GO annotations for each of the Arabidopsis genes 

were extracted from TAIR (www.arabidopsis.org) and used to annotate the maize genes. GO 

annotations for biological process (A), molecular function (B) and cellular component (C) were 

performed.  The percent of genes within each category was determined for two different gene 

lists: (i) All genes on the array; (ii) PA genes in 5 tissue types from B73 and Mo17. 

n= number of genes analyzed. 
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        It is possible that constitutively absent genes that are conserved in other plant 

species are members of gene families and may be partially compensated for by duplicate 

copies located elsewhere in the genome (Fu and Dooner, 2002). To test this, the 29 genes 

with annotation that exhibited constitutively absent expression patterns in B73 (out of 40 

MpBnd genes that had MGSP gene IDs) were used to perform BLAST searches against 

B73 BAC sequences (www.ncbi.nlm.nih.gov). The results provided a trend similar to the 

expected as the majority of the 29 genes (~66%) were found to be members of gene 

families, occurring as tandem duplicates and/or dispersed gene families. We blasted a 

random sample of 52 non-PA genes and found that 29 were members of gene families.  

We performed a chi-square test using the observed rate of PA gene family members 

(19/29) versus the expected proportion of the random 52 non-PA genes (29/52).  The 

comparison was not statistically significant (p = 0.29), indicating that the PA gene list is 

not significantly enriched for gene families members. 

 

Figure 6: Proportion of genes existing as single copy and member of gene family. 

MpBnd: Mo17 present – B73 never detected in any tissues; MpBd: Mo17 present – B73 detected in 

some tissues; Random features: non-PA genes on the maize array. n= number of genes analyzed. 
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Causes of PA expression patterns: 

     The 570 PA genes were classified as constitutively absent or tissue specific absent 

based on the behavior of the genotype that lacked expression. The distinction between 

constitutively absent and tissue specific absent patterns has important implications on the 

potential causes of the expression variation. Genes that exhibit tissue specific absence are 

likely intact within the genome of both inbreds and their PA pattern may be explained by 

regulatory differences.  In contrast, constitutively absent expression patterns could be the 

result of either genome structural variants and/or regulatory variants.  We used 

expression QTL (eQTL) data from seedling tissue of B73×Mo17 recombinant inbred 

lines (Swanson-Wagner et al. 2009) as well as whole genome array-based comparative 

genome hybridization (aCGH) data (Springer et al. 2009) to evaluate the role of 

regulatory changes and genome structural changes in either tissue specific or constitutive 

PA expression patterns in B73 and Mo17. 

Evaluating the prevalence of cis and trans regulatory variation in tissue specific  

absent expression pattern: 

    The genes described as “tissue specific absent” exhibit present-present expression in at 

least one of the tissue types from B73 and Mo17. Therefore, it is likely that these genes 

are intact in the genomes of both the lines and therefore, their expression pattern may be 

explained by regulatory differences rather than by genic content differences. To assess 

the relative contribution of cis- and trans-regulatory variation, we used the subset of these 

PA genes that were also represented in a recently published eQTL analysis (Swanson-

Wagner et al. 2009).  We were able to define the source of regulatory variation for 9 
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genes; the majority (~78%) of these PA genes was found to be subject to trans-regulatory 

variation (Table 5). In addition, multiple genes mapped to the same trans-eQTL located 

on chromosome 6 (45cM) [Supplementary table 1]. This suggests that a single trans-

factor may regulate the PA patterns of multiple target genes.  Although we found more 

trans-variants, the distribution of cis and trans-regulated genes was not significantly 

different (p = ~0.7) than that observed for all genes tested by Swanson-Wagner et al. 

(2009). However, the sample size may be very small to find a significant difference in the 

distribution. 

 

Table 5: Distribution of regulatory variants (cis / trans) among PA genes exhibiting tissue 

specific absent expression in B73 and Mo17 

 

  BpMd  MpBd Total  

N
a  6 3 9 

Trans  4 3 7 

Cis  1 0 1 

Unknown
b  1 0 1 

        
BpMd: B73 present – Mo17 detected in some tissues; MpBd: Mo17 present – B73 detected 

in some tissues.
 

a
N = Number of PA genes from seedling tissue that could be mapped by existing eQTL data.

 

b
Unknown

 
: the regulated gene position in the genome is unknown. (Swanson-Wagner et al. 

2009).  

 

 Evaluating the role of genome structural changes and regulatory changes in 

constitutively absent expression pattern: 

    Previous research in maize has documented wide-spread variation among inbred lines 

for the presence-absence of gene fragments in the genome. In addition, the RT-PCR 
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analysis that was used to validate PA expression patterns (Table 4) indicated the 

presence-absence of genomic DNA in B73 and Mo17. We identified 14 PA genes that 

amplified genomic DNA only from one of the two inbred lines, B73 or Mo17 (Table 4); 

12 of these genes exhibited constitutively absent expression patterns. Therefore, it is 

possible that some of the genes that exhibit constitutive absence may be missing from the 

genome in that genotype. To test this we assessed whether the 196 genes that are 

constitutively absent in Mo17 exhibit structural variation in aCGH analyses (Springer et 

al. 2009).  We applied fairly strict criteria (at least 70% of the gene sequence had to be 

within a previously defined CGH segment) to identify which of the 196 genes could be 

analyzed by aCGH.  This resulted in the identification of 63 genes that could be assigned 

to the chromosomal segment classes as defined by Springer et al. (2009) (Table: 6A). The 

majority of the genes (51/63) were found to be located within the B73≈Mo17 segment 

class, which represents DNA sequences without structural variation (Table 6A; Figure 7). 

However, 12 of the 63 genes are present within B73>Mo17 segment class, which may 

represent sequences that are present in B73 and absent in Mo17. Although not all the 

BpMnd genes mapped to the B73>Mo17 class, there were significantly more of this type 

within this set of genes (BpMnd) than would have been expected (χ
2
< 0.05) based on the 

“All array” results. 
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Figure 7: Distribution of chromosomal segment classes among genes exhibiting 

constitutively absent expression pattern in B73 and Mo17. BpMnd: B73 present – Mo17 never 

detected in any tissues; MpBnd: Mo17 present – B73 never detected in any tissues; All array: all 

maize genes of high quality annotations predicted by the MGSP;  

B73≈Mo17: Chromosomal segment class representing DNA sequences that are present at the 

same copy number in B73 and Mo17 (i.e. no structural variation); B73>Mo17: Chromosomal 

segment class representing DNA sequences that are variable between B73 and Mo17 (Springer et 

al. 2009). 

Categories that are significantly different than expected are marked with an *. 

 

Table 6: Distribution of structural variants (A) and regulatory variants (B) among genes 

exhibiting constitutively absent expression pattern in B73 and Mo17 

 

  BpMnd MpBnd  Total  

 
  BpMnd MpBnd Total  

n
*  63 31 94 

 
N 

**  20 5 25 

B73≈Mo17 51 31 82 

 
Trans  13 5 18 

B73>Mo17  12 0 12 

 
Cis   7 0  7 

Mo17>B73  0 0 0 

     BpMnd: B73 present – Mo17 never detected in any tissues;  

MpBnd: Mo17 present – B73 never detected in any tissues; 

B73≈Mo17: Chromosomal segment class representing DNA sequences that are present at the 

same copy number in B73 and Mo17 (i.e. no structural variation); B73>Mo17 and Mo17>B73: 

Chromosomal segment classes representing DNA sequences that are variable between B73 and 

Mo17 (Springer et al. 2009). 
*
 n = Number of PA genes from multiple tissue types that could be mapped by existing aCGH 

data (Springer et al. 2009).  
**

N = Number of PA genes from seedling tissue that could be mapped by existing eQTL 

data.(Swanson-Wagner et al. 2009). 
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        We used the same criteria (at least 70% of the gene sequence had to be within a 

previously defined CGH segment) to analyze the distribution of structural variants among 

the genes exhibiting constitutively absent expression in the B73 transcriptome (MpBnd). 

This resulted in the identification of 31 genes that could be assigned to the chromosomal 

segment classes as defined by Springer et al. (2009) (Table: 6A). All the 31 genes were 

found to be located within the B73≈Mo17 segment class, which represents DNA 

sequences without structural variation (Table 6A; Figure 7). However, because the array 

design for the aCGH experiment was based on B73 genomic sequence, we used a second 

method to assess whether the 114 MpBnd genes are present in the B73 genome.   These 

114 sequences were used as BLAST queries against the B73 reference genome sequence 

(Schnable et al. 2009).  We found that 24 of these genes are absent in the B73 genome 

(data not shown). This suggests that while some (~20%) of the constitutively absent 

genes are likely the result of structural variation, the majority of the constitutive PA 

genes represent expression diversity that is due to differential regulation.  eQTL analysis 

of 25 genes that are present in both inbreds but exhibit constitutively absent expression 

patterns indicated a prevalence of trans-regulatory variants (Table 6B).   However, the 

distribution is significantly different than that observed for all genes tested by Swanson-

Wagner et al. (2009). In particular, there are significantly more cis-regulated genes 

among the BpMnd genes than would have been expected based on the results of Swanson-

Wagner et al. (2009)(χ
2
<0.05). 

     Collectively, the analyses support our hypothesis that regulatory differences largely 

contribute to tissue specific PA expression patterns. The constitutively absent expression 
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patterns in maize inbred lines are attributable to both regulatory and genome structural 

changes, although the latter has a relatively infrequent contribution to the phenomenon.  

eQTL analysis indicated that variation in trans-acting factors may contribute to 

differences in transcriptional regulation of PA genes.  
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Discussion 

    We have analyzed Affymetrix gene expression data from multiple tissues in two maize 

inbred lines B73 and Mo17 to identify and characterize the genes with present-absent 

expression patterns. Approximately 3% of the genes represented on the maize array 

exhibit PA patterns. The PA expression patterns were confirmed from the RT-PCR 

results for most genes (Table 4), indicating that these are not simply instances of 

differential expression in which the transcript abundance of one genotype is very low but 

still present. In addition, many of the PA genes exhibit constitutively absent expression, 

while others exhibit tissue specific absent expression.   

Many of the PA genes are maize-specific sequences and the majority of the remaining 

PA genes are members of gene families:  

    We found that majority of the constitutively absent genes are enriched for having no 

homology to Arabidopsis, rice and Sorghum sequences (Figure 4). Most of these genes 

that are specific to maize may not be bona fide protein-coding genes but only gene 

fragments, mainly generated by transposition events (Lai et al. 2005). These gene 

fragments derived from different genes often occur as clusters that might produce 

transcripts in some inbreds and not others (Morgante et al. 2005), thereby exhibiting PA 

expression patterns. However, our results do not rule out the possibility that some 

constitutively absent genes may be true protein-encoding genes with important functional 

roles, as several of them did show significant homology to sequences from Arabidopsis, 

rice and/or Sorghum. For example, ~20% of the constitutively absent genes showed 



 

 33 

significant homology to Arabidopsis sequences and therefore, these genes are likely to 

have important functional roles.  

    The question arises: how can an inbred line tolerate the constitutive absent expression 

pattern of genes that have important functional roles? There are a large number of gene 

families in the maize genome (Schnable et al. 2009) and it has been estimated that 

approximately 70% of the maize genes (out of 32540 predicted by MGSP) are members 

of gene families (unpublished data, Joshua Stein and Doreen Ware). Gene families are 

characterized by duplications and often partitioning of ancestral functions (Yu et al. 

2003). Maize has evolved from a tetraploid that arose about 4.8 million years ago and as 

a result, has extensive duplicated regions within its genome (Gaut 2001, Bruggmann et 

al. 2006, Li et al. 2010).  Therefore, it is possible that constitutively absent genes that are 

conserved in other plant species are members of gene families and may be partially 

compensated for by duplicate copies located elsewhere in the maize genome (Fu and 

Dooner 2002). BLAST searches of the annotated genes that exhibited constitutively 

absent expression patterns in B73 provided a trend similar to the expected as the majority 

of these genes are found to be members of gene families (Figure 6), occurring as tandem 

duplicates and/or dispersed gene families. The rest of the annotated PA genes with 

constitutively absent expression patterns that occur as single copy genes may be 

functionally irrelevant or at least not essential for viability.  

PA expression differences are likely caused by differential regulation rather than by 

differences in gene content: 
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    We found that the constitutively absent expression patterns can be attributed to both 

regulatory and genome structural changes, although the latter has a minor contribution to 

the phenomenon. Recent comparative genome hybridization studies have revealed 

unprecedented levels of genome structural diversity between maize inbred lines (Springer 

et al. 2009, Belo et al. 2010). The data provided evidence for several thousand sequences 

that are present in one genome and entirely missing in the other genome. Given the 

abundance of structural variants in different maize lines, we expected that most of the 

genes with constitutively absent expression patterns would be missing in the genome of 

the inbred line that exhibits the absent expression in all of its tissue types. Surprisingly, 

there is little evidence of genome structural variations among the genes exhibiting 

constitutively absent expression patterns. Approximately 80% of the PA genes (from set 

BpMnd) that could be mapped to CGH segments were within segments with no or very 

low structural differences (B73≈Mo17 segment class) suggesting that the majority of the 

constitutive PA genes represent expression diversity that is due to differential regulation.  

    In this context, it is worth noting that although the majority of the genes mapped to the 

B73≈Mo17 segment class, there were significantly more of the B73>Mo17 segment class 

within the BpMnd set of genes than would have been expected (χ
2
< 0.05) based on the 

“All array” results (Figure 7). This underestimation of structural variants among the 

constitutively absent genes could be due to a set of stringent criteria that was applied to: 

i) align the PA probesets to the gene models predicted by MGSP (>90% sequence 

identity and coverage) and ii) map the PA genes to aCGH-chromosomal segment classes 

(>70% of the gene sequence should be contained within the CGH segments). Relaxing 
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these criteria may have increased the number of PA genes with structural variation. 

Therefore, these are very conservative estimates of the number of structural variants that 

may influence the PA expression pattern of the constitutively absent genes in B73 and 

Mo17. 

Contributions and prevalence of trans-acting variation:  

    We further assessed the differences in the regulation of the PA genes and noted that the 

majority of the tissue specific and constitutively absent genes are differentially regulated 

in trans. We also noted that multiple genes mapped to the same trans-eQTL 

(Supplementary table 1), which indicates that a small number of trans-regulators may 

account for many of these PA patterns.   It is possible that a trans-factor required for a 

gene’s or multiple genes’ expression may have a variation in one of the two inbred lines 

which is responsible for the PA expression pattern of the target gene(s) in B73 and Mo17. 

Previous studies have provided examples (such as the maize anthocyanin biosynthesis 

pathway) in which changes in trans-acting factors can have major effects on the 

expression level of the target genes (Dooner et al. 1991). In addition, alterations in a 

single transcription factor can affect the expression levels of a large number of genes. 

Trans-acting variants may provide a basis for natural or artificial selection as they may be 

responsible for greater phenotypic changes due to the effects on multiple target genes 

(Doebley and Lukens 1998; West et al. 2007). At the same time, trans-eQTL with large 

effects may be rare as they are capable of regulating many genes or entire pathways that 

could be detrimental if substantially over-expressed or under-expressed (Aury et al. 2006, 

Hansen et al. 2008). Alternatively, regulatory networks might exhibit a high degree of 
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redundancy and robustness such that alterations in a single component only result in 

minor changes. 

    The prevalence of trans-acting factors detected in our analyses (using the eQTL data) 

is somewhat in contrast to several studies, both in maize and in other model organisms. 

Previous studies suggested that intraspecific variation in gene expression levels is largely 

due to cis-regulatory variation in maize (Stupar and Springer 2006, Springer and Stupar 

2007, Guo et al. 2008). This overrepresentation of cis-regulated genes in the previous 

studies may be due to sampling bias because only the genes possessing single nucleotide 

polymorphisms between the parental inbred genotypes were studied in the allele-specific 

expression assays. Conversely, eQTL approaches are capable of studying both 

polymorphic and non-polymorphic genes. It is possible that the polymorphic genes that 

can be analyzed by ASE may be enriched for genetically-linked polymorphisms that 

result in cis-acting regulatory variation. The non-polymorphic genes may not contain 

such high rates of polymorphisms in their cis-linked regulatory regions, and some of 

these genes, which cannot be monitored by ASE analyses, are likely to exhibit trans-

acting variation. Therefore, the ASE approach may overestimate the proportion of cis-

regulated genes and underestimate the proportion of trans-regulated genes (Springer and 

Stupar 2007). In addition, eQTL studies are capable of detecting epistatic interactions and 

transgressive segregation, both of which can be related at least in part to trans-acting 

variation. In general, the use of a larger population size, higher statistical power and more 

precise measurement techniques favors the discovery of trans-acting eQTL. Therefore, 

the experimental design can have a major effect on the frequency of cis and trans-acting 
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regulatory variation that is detected. The eQTL data (Swanson-Wagner et al. 2009) that 

we used in our analyses included an experimental design with much higher statistical 

power and, therefore, the ability to detect even small fold-change differences, favoring 

the discovery of trans-effects. Collectively, the above reasons may largely explain the 

different interpretations of the relative influence of cis and trans-effects across the maize 

studies and the prevalence of trans-acting variation in our present analyses.           

 Potential impact of PA genes on heterosis and evolution:       

    The genes with present-absent expression variation may contribute to heterosis 

observed in certain hybrids of maize. Heterosis refers to the superior performance of F1 

hybrid progeny relative to their inbred parents. Previous analyses of gene expression in 

B73, Mo17 and the F1 hybrid revealed high levels of transcriptional variation in the two 

inbreds (Stupar and Springer 2006).  The same study provided initial evidence of genes 

that are expressed in one parent but not in another. Interestingly, all of these genes were 

expressed in the hybrid leading to a larger number of transcripts in hybrids than in the 

inbred parents. Our analyses indicated that the PA genes represent expression diversity 

that is largely due to differential regulation and are primarily subjected to trans-

regulatory differences among genotypes. Novel interactions between the trans-variants in 

the F1 hybrids may provide opportunities for gene expression similar to the high-parent 

(high-parent dominance) or the low-parent (low-parent dominance) (Zhang et al. 2008) 

leading to non-additive expression levels. The present-absent expression differences in 

B73 and Mo17 observed in our study may also be considered from the perspective of 

complementation. The inbred alleles can have different regulatory expression patterns, 
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some of which may acquire deleterious expression levels due to over-expression or 

absent-expression in a specific tissue type. These alleles with deleterious expression 

states may be complemented in the hybrids by the expression state of the homologous 

allele (Springer and Stupar 2007). Therefore, this complementation of the alleles may 

provide a more complete suite of transcripts within each tissue type, collectively 

contributing to whole-plant heterosis. The combinations of alleles in the hybrids have 

important implications on crop improvement as it may contribute to an improved 

response to environmental stresses (Guo et al. 2004). Hence, further explorations of PA 

genes and the regulatory differences among maize lines may lead to opportunities to 

elucidate the mechanisms of heterosis. 

   The PA expression patterns observed in maize may also contribute to the high levels of 

phenotypic diversity observed in this important crop. Several studies have pointed out 

that the differential regulation of transcription can lead to transcriptome content variation 

between genotypes, and can be a critical factor for evolution and adaptation to 

environmental conditions. For example, adaptation of Saccharomyces cerevisiae to 

glucose limitation was accompanied by twofold or greater changes in the abundance of 

transcripts from nearly 10% of all genes (Ferea et al. 1999). Also in Candida albicans, 

the evolution of drug resistance was correlated with over-expression patterns of the four 

known resistance genes (Cowen et al. 2000). Two rice cultivars showed significant 

phenotypic variation in their stress responses and this difference was largely attributed to 

differential gene expression patterns of several genes including stress responsive and 

plant defense genes (Liu et al. 2010). Differential expression of teosinte branched 1(tb1) 
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genes in maize and its probable ancestor teosinte has contributed to the evolution of 

apical dominance which is often associated with domestication of crop plants (Doebley et 

al. 1997).  

    In the present study we have characterized the genes that exhibit present-absent 

expression patterns between two maize domestic lines B73 and Mo17 and evaluated the 

underlying causes of the PA patterns. To understand the evolutionary origins of this 

severe form of expression variation, we need to determine whether these PA genes are 

present and transcribed in ancestral lines.  Resolving this question will lend insight into 

whether the PA genes are being functionally gained or lost in the different domesticated 

lineages. 
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Supplementary table 1: PA genes-marker association detected in eQTL analysis (Swanson-

Wagner et al. 2009)  

Significant cross-type: 3 crosstypes (B: B73xRIL, M: Mo17xRIL, R: RIL) in which the eQTL 

analysis was performed;  

Significant eQTL marker chr : the chromosome on which the significant eQTL marker resides; 

Significant eQTL marker cM: the cM position on the chromosome where the marker resides; 

Mapped gene chr: the chromosome number of the gene that is regulated; 

Mapped gene cM: Chromosome location of the gene that is regulated; 

Regulatory Mode: Cis (the gene and regulating marker are within 5cM of each other); trans (the 

gene and regulating marker are on different chromosomes); Other (the gene and regulating 

marker are on the same chromosome, but not close enough to be classified as 'cis'); UM: the 

regulated gene position in the genome is unknown and hence cannot be classified as 

cis/trans/other. 

[Note: several genes mapped to the same trans-eQTL, for example, an eQTL located on 

chromosome 6 (45cM) ] 

 

 

 

BpMnd 
      

       

PA probeset  

(Gene IDs) 

Significant 

cross  

type 

Significant 

eQTL 

marker chr 

Significant 

eQTL 

marker cM 

Mapped 

gene chr 

Mapped 

gene 

cM 

Regulatory  

Mode 

Zm.14354.3.S1_a_at 

(GRMZM2G060373) M 7 97 6 17 Trans 

 

B 7 98 6 17 Trans 

 

R 7 97 6 17 Trans 

       Zm.162.1.A1_x_at 

(GRMZM2G168651) R 3 143 2 117 Trans 

 

B 3 147 2 117 Trans 

 

R 6 45 2 117 Trans 

       Zm.2417.1.A1_at 

(GRMZM2G016097) R 10 118 10 118 Cis 

       Zm.2773.1.A1_at 

(GRMZM2G377539) R 1 174 3 235 Trans 

 

M 1 174 3 235 Trans 

       Zm.4622.1.A1_at 

(GRMZM2G008263) B 7 156 7 91 Other 

       Zm.6549.1.A1_at 

(GRMZM2G155111) R 9 150 10 137 Trans 
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Zm.7397.1.A1_at 

(GRMZM2G134020) R 6 14 6 24 Other 

 

B 6 14 6 24 Other 

 

M 6 14 6 24 Other 

       Zm.8100.1.A1_at 

(GRMZM2G093514) R 5 91 5 93 Cis 

       Zm.10604.1.A1_at 

(GRMZM2G008864) R 2 129 2 129 Cis 

        Zm.162.1.A1_at 

(GRMZM2G168651) R 3 143 2 117 Trans 

 

B 3 147 2 117 Trans 

 

R 6 45 2 117 Trans 

       Zm.18270.1.A1_at 

(GRMZM2G119761) M 5 132 1 230 Trans 

 

R 5 89 1 230 Trans 

       Zm.6122.1.A1_at 

(GRMZM2G110843) R 4 198 4 203 Cis 

       Zm.9973.1.A1_at 

(GRMZM2G061465) M 4 175 6 30 Trans 

       Zm.9326.1.A1_at 

(GRMZM2G023037) M 6 45 2 26 Trans 

 

R 6 45 2 26 Trans 

       Zm.10130.1.S1_at 

(GRMZM2G013634) R 1 7 1 8 Cis 

 

B 1 7 1 8 Cis 

 

M 1 7 1 8 Cis 

       Zm.4611.1.A1_at 

(GRMZM2G102923) M 8 159 6 24 Trans 

       Zm.6851.1.A1_at 

(GRMZM2G464885) R 1 150 1 149 Cis 

       Zm.16175.1.A1_at 

(GRMZM2G102218) B 2 162 9 151 Trans 

 

R 2 160 9 151 Trans 

       Zm.9358.1.A1_at 

(GRMZM2G065928) M 7 103 7 103 Cis 
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R 7 103 7 103 Cis 

 

B 7 103 7 103 Cis 

       Zm.19009.1.A1_at 

(GRMZM2G177424) B 1 195 7 91 Trans 

 

 

BpMd 

 

      

PA probeset  

(Gene IDs) 

Cross  

type 

Significant 

eQTL 

marker chr 

Significant 

eQTL 

marker cM 

Mapped 

gene chr 

Mapped 

gene 

cM 

Regulatory  

Mode 

Zm.4353.1.A1_s_at 

(GRMZM2G020249) B 10 39 UM UM UM 

 

R 10 43 UM UM UM 

       Zm.1465.1.A1_at 

(GRMZM2G078894) R 6 167 6 76 Other 

       Zm.5322.3.A1_at 

(GRMZM2G137528) B 10 39 5 122 Trans 

       Zm.496.1.S1_at 

(GRMZM2G410710) R 6 45 5 143 Trans 

 

M 8 91 5 143 Trans 

 

B 6 45 5 143 Trans 

       Zm.8827.1.A1_at 

(GRMZM2G074222) R 5 84 5 85 Cis 

       Zm.8365.1.A1_at 

(GRMZM2G051806) B 4 2 6 73 Trans 

       MpBnd  

 

      

PA probeset 

(Gene IDs) 

Cross  

type 

Significant 

eQTL 

marker chr 

Significant 

eQTL 

marker cM 

Mapped 

gene chr 

Mapped 

gene 

cM 

Regulatory  

Mode 

Zm.14497.4.A1_at 

(GRMZM2G141432) B 9 56 2 187 Trans 

       Zm.17309.1.A1_at 

(GRMZM2G160324) B 6 45 1 95 Trans 

 

M 6 45 1 95 Trans 

Zm.17732.1.A1_at 

(GRMZM2G122045) B 2 203 1 374 Trans 
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ZmAffx.64.1.S1_at 

(GRMZM2G016250) B 10 39 6 24 Trans 

 

B 10 98 6 24 Trans 

       Zm.14951.1.S1_x_at 

(GRMZM2G168651) B 3 147 2 117 Trans 

 

R 3 143 2 117 Trans 

 

R 6 45 2 117 Trans 

 

MpBd  

 

      

PA probeset  

(Gene IDs) 

Cross  

type 

Significant 

eQTL 

marker chr 

Significant 

eQTL 

marker cM 

Mapped 

gene chr 

Mapped 

gene 

cM 

Regulatory  

Mode 

Zm.14951.1.S1_a_at 

(GRMZM2G168651) R 6 45 2 117 Trans 

 

R 3 143 2 117 Trans 

 

B 3 147 2 117 Trans 

       Zm.2391.1.A1_at 

(GRMZM2G124918) B 6 48 5 92 Trans 

       Zm.14951.2.S1_x_at 

(GRMZM2G168651) R 6 45 2 117 Trans 

 

B 3 147 2 117 Trans 

 

R 3 143 2 117 Trans 
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