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conservation. In combination, these lines of evidence suggest that many of the genes affected by SNH-

derived CNV are probably functional.

To test whether changes in gene complement caused by SNH-derived CNV have phenotypic
consequences, we collected data on a number of phenotypic traits from the ~300 IBM RILs discussed
above. Each of the 14 assayed cases of SNH-derived CNV fully or partially overlaps at least one of the high-
confidence genes in the FGS. We then compared the average phenotypic trait values of RILs that did or did
not experience gene loss via SNH. After controlling for multiple testing (Methods), losses of two of the 14
tested chromosomal intervals were significantly associated with phenotypic variation. Chromosomal
interval M0022_seg30 is significantly associated with reduced cob diameter (adjusted p-value=0.03) and
kernel row number (adjusted p-value=0.01). Similarly chromosomal interval
MO0022_seg15/M0023_seg22 (which includes a putative peptidyl-prolyl cis-trans isomerase gene) is

associated with increased tiller number (adjusted p-value=0.01) (Table S7).

Discussion

De novo CNV has been hypothesized to arise via transposon-, recombination- and replication-
mediated mechanisms (Conrad, et al. 2010, Hastings et al. 2009, Innan and Kondrashov 2010, Mills, et al.
2011, Springer, et al. 2009, Stankiewicz and Lupski 2010). The association between the distributions of
gains and losses of apparently de novo CNV observed in this study and the parental origins of the
surrounding chromosomal segments (Figure 1) is inconsistent with transposon-mediated mechanisms
acting during the several generations required to produce the RILs. Further, the high rates of recurrence
of apparently de novo CNV are inconsistent with recombination- and replication-driven mechanisms
because these mechanisms are reported to generate losses and amplifications at much lower rates
(Lupski 2007, Turner et al. 2008, van Ommen 2005, Yandeau-Nelson et al. 2006). In contrast, SNH-
derived CNV is not the result of active rearrangements of DNA but is instead the result of meiotic
segregation acting upon transposed gene copies and in some cases, fractionation events following the
whole genome duplication. Collectively, our observations suggest that SNH results in CNV for hundreds of

maize loci.

The maize genome is a product of an ancient tetraploidization event and now consists of two
“subgenomes” (Schnable et al. 2011) having different properties, including gene expression levels. Intra-

chromosomal recombination events can result in the loss of the copy of a pair of homologs from one
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Figures

Figure 1. Distribution of putative de novo CNV on chromosome 1. The physical chromosomal
position of each aCGH probe is plotted versus the log2 ratio of its hybridization signals in RIL M0023 and
the appropriate parent (i.e., B73 or Mo17, (log2(RIL/B|M) see Methods). Probes that did or did not
exhibit statistically significant signal losses or gains relative to both parents are highlighted in red and
grey, respectively. Above the X-Y plot, the chromosomal regions from RIL M0023 that were derived from
B73 and Mo17 based on genotyping experiments are color-coded in blue and green, respectively. These
marker-based assignments of parental origin of chromosomal regions were inferred via segmentation of
all aCGH probes that could be reliably classified as having B73-like or Mo17-like signals. Subsequently, a
second segmentation was conducted to identify putative de novo CNV segments that are indicated in red.
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Figure 2

Figure 2. Analysis of two apparently de novo CNV segments via aCGH and exome-Seq. (A)
Coding regions of three genes from two genomic regions are illustrated by green boxes. (B) The log2 of
the ratios of normalized probe signals between different genotypes from aCGH are plotted versus probe’s
physical positions. Probes that did or did not exhibit statistically significant signal losses or gains relative
to both parents are highlighted in red and grey, respectively. Probes in red represent putative de novo CNV
probes. Comparisons were conducted between the RILs and the parent that contributed the relevant
chromosomal segment. (C) Read counts from the exome capture experiment at each nucleotide position
were normalized to reads per million reads (RPM) for each genotype.
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Figure 3. The SNH Model for the origin of recurrent apparently de novo CNV. Identical or
nearly identical DNA sequences are located on different chromosomes in the B73 and Mo17 genomes
(non-allelic homologs). B73- and Mol7-derived chromosomes are indicated by blue and green,
respectively. Filled boxes and open boxes containing a red “X” designate the presence and absence of a
non-allelic homolog, respectively. This model is consistent with our finding that most recurrent
apparently de novo CNVs exhibit losses in ~25% (2 loci) or ~12.5% (3 loci) of the RILs. It is also
consistent with our finding that all of the 165 losses are embedded in Mo17-derived segments and that
almost all (19/20) of the copy number gains are embedded in B73-derived segments (Figure 1). This
model predicts that copy number losses and gain should occur at equal frequencies. We hypothesize that
losses exceed gains due to ascertainment bias (i.e., copy number losses are more easily detected than
copy number gains).
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Figure 4. Determination of the allelic statusin the B73 and Mol17 genomes of sequences

that give rise to apparently de novo CNV.

(A) Mo17 mate-pair reads with 5-kb of insertion were mapped separately to the B73 reference
genome. Pairs with at least one read uniquely mapped to the apparently de novo CNV segments (red
horizontal bars) and the other read were uniquely mapped to the reference genome were categorized to
two types, locally mapped mate-pair (green horizontal bars) and distally mapped mate-pair (purple
horizontal bars). Locally mapped mate-pair linked by a green line represents mate-pair reads that were
mapped within 1Mb, while distally mapped mate-pair linked by a purple line represents mate-pair reads
that were mapped at >1Mb distance or on different chromosomes. These rules were applied to draw
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figures in the panels B, C, D, and E. (B-E) Mate-pair reads associated with the apparently de novo CNV
segments and control segments from the indicated genotypes are color-coded as shown in panel A. Each
line connects mapped locations of two Mo17 reads of each mate-pair at least one of which was uniquely
mapped to the apparently de novo CNV segments of M0022 (B) and the apparently de novo CNV
segments of M0023 (C), randomly selected segments simulating M0022 apparently de novo CNV
segments (D) and randomly selected segments simulating M0023 apparently de novo CNV segments (E).
The number of read pairs clustered was intensity-coded as shown in panel (A). The transparency factor
for each line is 0.05. In panels B and C, the homoeologous sites of duplicated blocks derived from the
ancestral whole genome duplication in the B73 reference genome are shown in grey.
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CHAPTER 5. GENERAL CONCLUSIONS AND PROSPECTS OF POPULATION LEVEL ANALYSES OF
STRUCTURAL VARIATION IN ZEA

Maize (Zea mays L. ssp. mays) is both an important crop and a model for genetic and genomic
studies. The maize genome is highly repetitive and structurally diverse due at least in part to the
presence of transposable elements that comprise >85% of its length (Fu & Dooner, 2002; P. S. Schnable et
al,, 2009). Prior to the array-CGH analyses described in this dissertation our knowledge about the
Structural Variation(SV) of non-repetitive regions and the gene space of maize was quite limited. Our
results demonstrate that even in non-repetitive regions, maize exhibits high levels of SV, including
hundreds of Copy Number Variations (CNVs) and thousands of Presence-Absence variation (PAVs).
Similar results were subsequently reported by other groups surveying additional inbred lines (Bel6 et al.,
2010; Swanson-Wagner et al,, 2010) or using different technologies such as Whole Genome Shotgun
(WGS) re-sequencing (Chia et al., 2012) and RNA-seq (Hansey et al., 2012). In addition to CNVs and PAVs,
our analyses and those of others identified Highly Conserved Regions (HCRs). CNVs, PAVs and HCRs are

not evenly distributed in the genome.

We identified both SV (such as the ~2.6 Mb loss from chromosome 6 of Mo17 relative to B73)
and conserved regions (such as a >10Mb HCR on chromosome 8 and the regions surrounding the tb1 and
y1 genes). This mosaic structure may be the result of the combined effects of maize’s mating system and
breeding practices. Open pollination can quickly spread SV throughout a population while breeding
practice either artificially select certain loci (and nearby regions), such that in elite germplam certain
genomic regions are actually inherited from a single ancestor (identity by descent, IBD) or a very limited

number of ancestors.

Many PAVs that are present in one haplotype but absent from another contain intact, expressed,
single-copy genes. Due to technological limitations, our CGH analyses could only discover those genes
that exist in the reference genome but absent in other inbred lines. To overcome this limitation, Whole
Genome Shotgun(WGS) sequencing, RNA-seq and Seq-capture were used to demonstrate that most maize
inbred lines contain hundreds of "intact, expressed, single-copy genes" that are not present in the
reference genome (Lai et al., 2010; Rustenholz, Ying and Schnable, unpublished data). Over 70% of the
CNVs and PAVs were shared among multiple lines. The majority of these shared CNVs and PAVs were
observed in both maize and teosinte, suggesting that these variants existed before domestication and that
there is no strong selection acting against them (Rustenholz, Ying and Schnable, unpublished data). Some
of those common PAV genes co-segregate with major heterotic groups (Hansey et al.,, 2012), which is at

least consistent with the hypothesis that they may contribute to heterosis. A large scale association study
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showed that SVs are enriched at loci associated with important traits (Chia et al., 2012), suggesting that

some of these SVs may actually be the causative effect of the diversity of those traits.

Although array-CGH based CNV/PAV detection achieved great success in the past 10 years as
compared to karyotyping methods, the information that array-CGH can reveal is still limited. The probes
of microarray are designed based on known sequence. The array-CGH strategy therefore is not suitable
for de novo discovery of PAVs. Also, the complex relationship between the copy number and
hybridization signals makes it impossible to determine absolute copy number. In this respect Next
Generation Sequencing (NGS) technologies has advantages for detecting and characterizing SV(Alkan,
Coe, & Eichler, 2011; Medvedev, Fiume, Dzamba, Smith, & Brudno, 2010). It can not only detect SNPs and
small INDELs, but it also has the potential to detect other genomic aberration such as CNVs and PAVs (Xie
& Tammi, 2009) and even more complex genomic rearrangements (Chen et al., 2009). For NGS-based SV
discovery, genomic DNA is sheared into fragments, which are then partially sequenced (36-100 bp) from
one end or more typically both ends. DNA sequences are mapped back to the reference genome or de-
novo assembled into contigs. Different types of sequence information such as read depth (RD),
“polymorphisms” among paralogs (“paramorphisms”)(Emrich et al., 2007), pair end/mate pair length
and aligned reads with extra large gap (split reads) are retrieved and combined with
computational/statistical models to identify SVs(Rong Shen, 2012). Unlike array-CGH, which can only
allow us to approximately define the region of SV, NGS-based methods can determine the exact
boundaries of SV ("breakpoints"). With the relatively higher signal-to-noise ratio of NGS-based methods,
attempts have been made to estimate absolute copy number of CNV in each sample and reconstruct the

structure of each copy rather than only relative gain or loss(Medvedev et al., 2010).

In combination with recent advances in characterizing maize genome diversity, we estimate that
the maize B73 reference genome may be missing thousands of genes relative to the entire gene space of
Zea. Systematic surveys should be performed on non-reference inbreds to identify genes that are missing
from the reference genome. The “Zeanome”, a near-complete set of genes present in Zea, is being defined
using existing genomic sequences and newly discovered gene sequence data(P. S. ;Bren. B. N. L. Schnable,

2011).

It was recently demonstrated in humans that as a consequence of a lack of linkage disequilibrium
(LD) many CNVs cannot be tagged well by nearby SNPs (Conrad et al., 2010). Highly efficient and cost
saving genotyping methods must be developed for high throughput genotyping of these newly found
genes in large populations such as the maize Nested Association Mapping (NAM) panel. The array-CGH
based genotyping platform we used in chapter 3 is one candidate. But newly developed sequence based

genotyping methods such as genotyping by sequencing (GBS) (Elshire et al., 2011), restriction-site-
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associated DNA sequencing (RAD-seq)(Baird et al., 2008) and reduced-representation libraries(RRLs)
(Tassell et al.,, 2008)may be better choices (for review see Davey et al., 2011). With accurate, high-
throughput genotyping methods, SVs can be genotyped and over the next few years used to test the

hypothesis that SV contributes to variation in phenotypic traits.

The underlying mechanisms for the origin of most SVs are not clear yet. In the human genome
most CNV formation is mediated by non-allelic homologous recombination (NAHR), or the corresponding
expansion or extraction of variable numbers of tandem repeats (VNTR). But transposable elements such

as helitrons may play a more important role in the maize genome (Lai, Li, Messing, & Dooner, 2005).
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