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Haplotype variation not only involves SNPs but also insertions and
deletions, in particular gene copy number variations. However,
comparisons of individual genomes have been difficult because
traditional sequencing methods give too short reads to unambig-
uously reconstruct chromosomal regions containing repetitive DNA
sequences. An example of such a case is the protein gene family in
maize that acts as a sink for reduced nitrogen in the seed. Previously,
41-48 gene copies of the alpha zein gene family that spread over six
loci spanning between 30- and 500-kb chromosomal regions have
been described in two lowa Stiff Stalk (SS) inbreds. Analyses of those
regions were possible because of overlapping BAC clones, generated
by an expensive and labor-intensive approach. Here we used single-
molecule real-time (Pacific Biosciences) shotgun sequencing to assem-
ble the six chromosomal regions from the Non-Stiff Stalk maize in-
bred W22 from a single DNA sequence dataset. To validate the
reconstructed regions, we developed an optical map (BioNano ge-
nome map; BioNano Genomics) of W22 and found agreement be-
tween the two datasets. Using the sequences of full-length cDNAs
from W22, we found that the error rate of PacBio sequencing seemed
to be less than 0.1% after autocorrection and assembly. Expressed
genes, some with premature stop codons, are interspersed with non-
expressed genes, giving rise to genotype-specific expression differ-
ences. Alignment of these regions with those from the previous
analyzed regions of SS lines exhibits in part dramatic differences be-
tween these two heterotic groups.

shotgun DNA sequencing | haplotype variation | gene copy number |
transposable elements | maize genome

Itimately all traits are manifested in the gene content of the

genome. Despite the complex nature of the regulation of
mRNA synthesis and turnover, cDNA sequencing had been used as
an economic approach to determine the gene content of the human
genome (1). However, to achieve a better overview of all genes and
their chromosomal organization, whole-genome sequencing of the
human genome became essential (2). Still, the identification of all
genes and their order in chromosomes of eukaryotic species has
been hampered by the presence of repetitive DNA in large-size
genomes. The portion of repetitive DNA in genomes is not only
composed of transposable elements but also of gene families, which
can vary in copy number even within the same species, generating
haplotypes with changes in gene expression (3, 4).

It also has become clear that the distribution of genes and
transposable elements is intermixed and one cannot sequence
one or the other separately; they are contiguous in nature. This
has been overcome by the construction of genomic libraries in
the form of yeast and bacterial artificial chromosomes used to
make physical maps before sequencing them individually (5, 6).
An advantage was that such clone collections could be sequenced
by large consortiums and organized as community efforts (7). A
disadvantage was the lack of completion and the enormous cost.
Because of the bias of restriction sites a significant portion of the
genome could not be covered, and countless numbers of DNA
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preparations were needed, albeit use of robots comprised the
bulk of the expenditures.

To reduce the cost and time to sequence a genome, the con-
cept of whole-genome shotgun DNA sequencing had already
been implemented 35 y ago and used for the sequencing of the
first bacterial genome 20 y ago and the human genome 15 y ago
(2, 7-9). The idea behind whole-genome shotgun DNA sequencing
was that DNA fragments could be sequenced at random and then
contiguous sequence information obtained by aligning overlapping
sequence information (10). A critical aspect of the implementation
was originally a cloning system for purification, which is now
replaced by single-molecule sequencing (11). Although sequencing
an entire viral genome based on restriction fragments was possible
because of the lack of repetitive DNA, the original cloning system
was already designed for sequencing sheared DNA instead of re-
striction fragments (10). Moreover, paired-end sequencing with
oligonucleotide primers to overcome the presence of repetitive
DNA also became available at the same time (12).

Despite the development of fluorescent capillary and, later,
array solid-phase sequencing (13, 14), the length of sequencing
reads became the major roadblock for resolving contiguous se-
quence information by overlaps. However, the recent develop-
ment of the Pacific Biosciences (PacBio) single-molecule real-time
(SMRT) technology permitting the generation of very long
sequencing reads suggests a possible solution to this problem
(15). Indeed, the human genome has been sequenced using this
technology, facilitating the closure of still-existing gaps (15).

Significance

Gene copy humber variation plays an important role in genome
evolution and the penetrance of phenotype variations within a
species. We have applied new sequencing and physical map-
ping strategies to obtain long chromosomal regions from a
single DNA preparation in each method that comprise tandem
repeated gene copies interspersed with transposable elements
that comprise about 85% of the genome. This approach should
reduce the time and cost to study haplotype variation of com-
plex genomes like those from mammalian and plant species.
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Furthermore, full-length cDNAs of gene families, smaller ge-
nomes such as bacterial genomes, and a small plant genome have
been sequenced this way (16-18). Real test cases, however, are
those genomes that contain a very high percentage of repetitive
DNA—even higher than the human genome (50%) (19)—such as
that of maize (85%) (20). Although maize is smaller in total length
[2.3 gigabases (Gb)] than the human genome (2.9 Gb), it has a
higher proportion of retrotransposons, which are longer than the
retroelements in the human genome. Indeed, the current refer-
ence genome for maize, which was based on three BAC libraries
that were fingerprinted to develop a physical map (21), has a total
length of pseudomolecules of 2.3 Gb and many incompletely se-
quenced BAC clones (20). In particular, it was difficult to se-
quence chromosomal regions with tandem gene clusters, which
required the isolation of overlapping BAC clones different from
the minimum tiling path and sequence them to a greater depth
than was done for the entire genome. The single most critical
parameter is the length of each sequence read to establish over-
laps without the need of genomic clone libraries. Therefore, we
tested the new SMRT technology to determine whether we could
assemble chromosomal regions from one shotgun DNA se-
quencing dataset that would comprise large tandem gene copies.

An example of such chromosomal regions are the alpha zein
genes that comprise the majority of seed storage proteins in
maize endosperm (22). We have previously sequenced these
regions in two maize inbreds, B73 and BSSS53, using over-
lapping BAC clones (23-25). Although we already know that
maize inbreds are quite diverse, we thought that it might be quite
useful to compare chromosomal regions between two different
heterotic groups. Heterosis has been a major factor in increasing
the yield of maize worldwide and contributed significantly to
feeding the ever-increasing world population. When two maize
inbreds from different heterotic groups are crossed, the hybrid
produces a vigor superior to that of the two inbred parents. B73
and BSSS53 are inbreds belonging to the Iowa Stiff Stalk (SS)
collection, whereas the Non-Stiff Stalk (NSS) represents a dif-
ferent heterotic subgroup (26). Therefore, we selected maize
inbred W22, which belongs to the NSS subgroup and has been
used for many genetic studies, for our analysis. In particular,
many gene knockout collections have been generated in this
genetic background, which will be critical for functional geno-
mics studies of maize (27-29).

Genomic DNA from W22 was subjected to PacBio sequencing
to a depth of about 40x. Because PacBio sequencing has a high
but random error rate, they were corrected by alignment to yield
consensus reads. After elimination of low-quality reads the cor-
rected dataset still had genome coverage of 25x. Based on this
high-quality single shotgun DNA sequencing dataset, we were
able to use zein gene sequences as digital probes to assemble the
entire collection of orthologous regions from W22. Furthermore,
alignment with traditionally full-length sequenced cDNA resulted
in 0.1% sequence deviation between the two datasets, indicating
that autocorrection has worked sufficiently well to allow com-
parative genomic studies. To validate and improve the PacBio
sequence assembly, we constructed a BioNano genome (BNG)
map of maize inbred W22 using the BioNano Irys platform.
Comparison of these chromosomal regions with the previously
determined sequences indicates a greater degree of divergence
due to retrotransposition and allelic variations between different
inbred lines than expected, which provides us with new insights
into the dynamic structure of the maize genome.

Results

Construction of a Genome Map and Whole-Genome Shotgun DNA
Sequencing of Maize Inbred W22. Care was taken to select inbred
W22 genomic DNA because even maize inbred designations could
be based on diverse genotypes. However, a common source for
maize genetics has been the inbred W22 from Wisconsin that we
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obtained from the laboratory of Hugo Dooner, Rutgers, The State
University of New Jersey, so that any whole-genome restriction
map would provide a unique utility for genetic research. Using the
high-molecular-weight (HMW) genomic DNA of maize inbred
W22, a total of 366 Gb of data (>100 kb) were obtained from 34
runs (398 unique scans), in which 726,362 raw molecules (>180 kb)
corresponding to 207 Gb, representing 90x genome equivalent with
an N50 length of 280 kb were used to de novo assemble a BNG
map. These raw molecules were assembled into 705 BNG contigs,
with N50 length of 4.43 megabases (Mb) and maximum BNG contig
length of 16.2 Mb. The total BNG map assembly length is 2.1 Gb.
Considering the nature of the BNG map assembly pipeline, similar
repetitive regions of molecules always collapse together and pro-
duce an underestimated genome total length. We, therefore,
normalized the coverage of BNX molecules to estimate the ac-
tual size of repetitive regions at a whole-genome scale (Materials
and Methods). After normalization, the estimation of the BNG
map total length reaches 2.2 Gb, which is about 96% coverage of
a 2.3-Gb genome. This size is based on the estimate for the ref-
erence genome B73 (20). Although the BNG map relies, like BAC
libraries, on the occurrence of specific oligonucleotide sequences in
the genomic DNA, the coverage is surprisingly high and the contig
length impressive, probably because it contains long stretches of
retrotransposon blocks lacking such a sequence. Validation of a
correct assembly should then become possible when contigs of
shotgun DNA sequencing of chromosomal regions corroborate
contigs of the BNG map because they constitute independent
methods (discussed below) (16, 30).

The W22 genomic DNA was used for whole-genome se-
quencing using 128 SMRT cells on the PacBio RS II platform.
We obtained 17.52 million reads with N50 length of 7.7 kb or a
total of 93.47 billion bases, amounting to a depth of 40.7%, with a
maximum read length of 47,824 bases. The raw reads were error-
corrected using the hierarchical genome assembly process (31),
resulting in a total of 58.93 billion consensus bases. Because of a
large percentage of low-quality reads the N50 length dropped to
6.6 kb with a maximum read length of 46,632 bases. Still, this
average read length is 26 times longer than Illumina and 8 times
longer than ABI3730, providing us with significantly more con-
tiguous information for shotgun DNA sequence assemblies.

Assembly of Chromosomal Regions Comprising Tandem Gene Copies.
To test whether the self-corrected dataset with an N50 length of
6.6 kb is sufficient to achieve positional information of individual
highly conserved gene copies interspersed with retrotransposons,
we assembled overlapping sequences from the whole-genome
shotgun DNA sequence dataset using specific gene sequences as
baits. In maize, there are six loci of alpha zeins, each representing
a subfamily, distributed over three chromosomes (23) (Fig. 1). We
aligned the consensus PacBio reads to the known alpha zein loci
sequences from both B73 and BSSS53 inbreds (23-25) using
BLASTN. The mapped PacBio reads were separated using an
empirical combination of percent identity and alignment length
(Fig. S1). For the length of 3 kb, we chose 97% identity, for 2 kb
98%, and for 1 kb 99% because these three combinations led to
coverage of around 20x-100x, which was close to the whole-
genome coverage of ~25x. Based on these collections, we formed
sequence libraries that were locus-specific, reducing the compu-
tational footprint and time for the assembly of sequences. Cel-
era Assembler 8.2 was applied to assemble individual zein gene
clusters from the selected self-corrected PacBio reads as described
in Materials and Methods.

Then, we assembled six long scaffolds comprising the larger
zein gene clusters zIA1, z1A2, z1B, zIC1, zIC2, and zID ranging
from 143 kb to 601 kb in size (Fig. 2 and Fig. S2). The assembly
strategies are shown in the flowchart of Fig. S3. More than
20,000 contigs can be mapped onto the zein-targeted BNG
contigs, when using loose RefAlinger parameters. However, we
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Fig. 1. Genomic distribution of alpha zein loci in three maize inbred lines. Zein gene copies at each locus in the genome are presented as yellow diamonds on
a blue (19-kDa clusters) or red (22-kDa clusters) background. When copy number differs between three inbreds the zeins are numbered accordingly. Vertical
bars represent maize chromosomes, from left to right, chromosome 1, chromosome 4, and chromosome 7.

only selected three to six supporting contigs. The criteria we used
to select supporting contigs were as follows: (i) contigs containing
zein or flanking genes or conserved retrotransposition events were
given priority, (if) contigs had to meet a confidence score of 4, and
(iii)) contigs were also selected to fill gaps (Fig. 3). The confidence
scores of all mapped contigs are shown in boxplots, and supporting
contigs are highlighted in red (Fig. S4). The corroboration of the
genome map with our larger PacBio scaffolds is only possible if
overlapping sequence information of shotgun reads is accurate
enough for the assembly to work.

Gene Copy Number Variation Between W22 (NSS) and B73/BSSS53
(SS). Based on the assembly and on conserved flanking nonzein
genes or conserved transposable elements in all three inbreds, we
can account for all alpha zein gene copies in the NSS inbred
‘W22. On maize chromosome 4S there are the z/A41 and z142 19-kDa

Dong et al.

zein loci, on chromosome 7S the zI/B 19-kDa zein locus, on
chromosome 48 the zICI and zIC2 22-kDa loci, and on chromo-
some 1S the zID 19-kDa locus (Fig. 1). The z141 scaffold is 337 kb
long and collinear with the BNG map (Figs. 24 and 3). It contains
eight copies of the 19-kDa zein genes. Inbred BSSS53 has the same
copy number as W22 in this region, but B73 has one more copy. It
was noted before that in B73 the z1A41-5 gene copy duplicated 0.5
Mya to produce a new copy, zIA1-6 (23). This duplication is
missing in both BSSS53 and W22. The z1A2 scaffold is 187 kb long
and collinear with the BNG map (Fig. S2 and Fig. 3). All three
inbred lines have three gene copies at the z1A42 location (Fig. S2).

The W22 zIB scaffold is 444 kb long and is also collinear with
the BNG map (Figs. 2B and 3). It contains nine copies of 19-kDa
zein genes (Fig. 2B). There is no copy number variation (CNV)
of zIB genes between these three inbreds. Allelic zIB gene copies
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Fig.3. Alignment of BioNano contigs with assembled PacBio scaffolds. BNG
contigs are used as reference (blue bar), with which the scaffolds (green
bars) are aligned. The black lines inside green and blues bars are the
GCTCTTC sequences recognized by nickase Nt.BspQl. The colored lines on
green bars represent supporting contigs for the assemblies. Junctions be-
tween colored bars can introduce shifts in the alignments because of gaps in
the scaffolds. Contigs are chosen by an empirical confidence score cutoff. For
instance, the cyan and yellow contigs contain z71B zein gene copies (third
row). Because these contigs are rather short, each of them has a rather low
score, and the threshold has been set as 4. However, they are contiguous
because both contigs contain z7B zein gene copies in the right order.
Therefore, the score of the scaffolds is much higher.

in B73 and BSSS53 are 100% identical with only two intact copies,
zIB-4 and zIB-6. However, in W22 there are three more intact
copies besides the two copies found in the SS inbreds (Table S1).
The difference is based on premature stop codons in B73, not
found in W22. It should be noted that zein genes have a pre-
ponderance of glutamine codons, which can become stop codons
with single C-to-T transitions.

The W22 zIC1 scaffold is 376 kb long and is also collinear with
the BNG map (Figs. 2C and 3). It contains 18 copies of zein
genes that encode slightly larger proteins, 22 kDa versus 19 kDa,
with an internal repeat of a block of 32 aa residues (32). In-
terestingly, the W22 zIC1 locus seems to have undergone re-
combination between the other two haplotypes. The 5’ terminal
region of the W22 zIC1 locus is similar to that of BSSS53, having
four more copies of zICI genes than B73. The 3’ terminal of
W22 z1C1I locus is similar to that of B73, missing the z/C1-9 gene
copy that is present in BSSS53. There was also a recent segmental
duplication of 20 kb at the 3’ terminal region of the zICI locus in
BSSS53 about 1 Mya, leading to an increase of three copies of
zICI genes in BSSS53, but not in B73 and W22. Besides the CNV,
insertions also make a difference. There is a 697-bp insertion in
the BSSS53 zICI1-7 allele, resulting in a premature stop codon.
Furthermore, the zICI-2 allele in B73 is interrupted with an
11-kb-long fragmented retrotransposon, XILON1, absent in W22
and BSSS53. The W22 zIC2 scaffold is 143 kb long and is also
collinear with the BNG map (Fig. S2 and Fig. 3). All three inbreds
have a single gene copy at the zIC2 location (Fig. S2).

It has been proposed that the younger ones arose through
dispersed amplification (33). The zID locus is the oldest alpha
zein locus in maize. To illustrate the chronology of amplification
at each locus, phylogenetic trees were constructed (Fig. S5). The
W22 zID represents the longest scaffold with 601 kb in our

Dong et al.

collection and is also supported by the BNG map (Figs. 2D and 3).
All three inbreds have five copies of z1D genes (Fig. 2D). The
W22 zID-3 is truncated and is only 269 bp long, whereas this
allele in B73 has a normal length of 723 bp with a premature stop
codon. Furthermore, the B73 zID-5 allele is interrupted with
Gypsy188 and Gypsyl167 elements in B73, but not in W22 and
BSSS53. The five copies of zID in W22 are clustered in a region
about 50 kb long, but to link them to flanking nonzein genes we
assembled a 12-fold larger scaffold. These flanking genes are not
present in the previously sequenced BAC clones and separated
from the zein cluster by large intergenic regions. In B73 and
BSSS53, there are only three zein copies clustered together,
whereas the other two members are dispersed over a larger region
of about 200 kb. Because the W22 chromosomal region differed
so strongly from B73 and BSSS53, we used suitable primer pairs to
selectively amplify W22 fragments to validate their sizes by gel
electrophoresis (Fig. S6 and Table S2), confirming contiguity of
the W22 assembled zI1D locus. Clearly this region has undergone
the most dramatic changes and represents the most divergent
haplotypes between SS and NSS inbreds.

Genotype-Specific Gene Expression. Previously, normalized full-
length cDNAs of W22 have been sequenced with capillary elec-
trophoresis (34). Because alpha zein gene copies do not have
introns and each copy is sufficiently diverged from the others, we
can directly align full-length cDNAs with the gene copies they are
derived from. These alignments can provide us with an opportu-
nity to calculate the error rates of PacBio consensus sequences at
the single-nucleotide resolution. In total, there are 17 1-bp gaps
and 12 mismatches found in all coding regions of the expressed
alpha zein genes (Table S1). Thus, there is only about 0.1% single
nucleotide difference between sequenced cDNAs and the genes
from assemblies with autocorrected PacBio read sequences.
Moreover, genomic sequences that differ from their corre-
sponding full-length cDNA sequence can be easily corrected
manually.

Another important use of the cDNA information is the de-
termination of which zein gene copy is transcribed. Our results
show that the different inbreds not only exhibit CNV but also
genotype-specific expression patterns. In B73, there are seven
zIB genes expressed, zIB-1, -2, -3, -4, -5, -6, and -9 (23, 35). In
W22, the number of expressed z/B genes is the same. However,
zIB-5 is not expressed in W22, whereas zIB-8 is. The BSSS53
zIC1-22/6 and zIC1-22/D87 gene copies are expressed even in
the absence of Opaque2, whereas in B73 and in W22 all 22-kDa
alpha zeins are blocked in the 02 background (24).

It was reported that older copies became damaged and new
copies account for the majority of the expression of zein genes
(23). The older copies at the W22 z/A1 locus (i.e., zIAI-1, -8,
and -9) are not expressed because of a premature stop codon
(z1A1-1), a missing A at the start codon (zI1A4I-8), or severely
truncated 3’ end (z1A41-9 is only 340 bp long) in three inbred
lines. Still, in some cases, we can find transcripts with a pre-
mature stop codon such as B73 zIB-1, -3, and -9 (23), although
their expression is lower than the intact genes. Interestingly, the
zIC2 locus is the only locus with a single copy gene, which is
expressed in all three inbreds and also known for its allele of the
semidominant floury2 mutation (24).

Transposable Elements. Tandem amplification of zein gene copies
at each locus was followed by the insertion of transposable ele-
ments, resulting in the divergence of each locus (23). The per-
centage of retrotransposon at the BSSS53 z1A41 locus is 70%,
whereas the percentage of transposon or retrotransposon space
in B73 is similar to that of W22 (55%) (Table 1). However,
transposon types and insertion patterns at the zIAI locus are
different between W22 and BSSS53 (Fig. 24). The RTE2 ret-
rotransposon is inserted between the zI/A41-7 and z141-8 gene
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Table 1. Haplotype variability at the a-zein gene loci

Gene cluster Inbred REs, % TEs, % Genic, % Conserved,* %

z1A1 B73 55 13 6 B73vsW22 94 86
w22 55 13 6 W22vsBSSS53 69 67
BSSS53 70 8 5
z1A2 B73 73 2 2 W22vsB73 93 67
w22 63 2 7 B73vsBSSS53 94 96
BSSS53 69 1 3
z1B w22 81 3 4 W22vsB73 61 40
B73 79 4 3 B73vsBSSS53 99 94
BSSS53 78 5 3
zic1 B73 67 2 10 B73vsW22 55 42
w22 56 16 12 W22vsBSSS53 51 55
BSSS53 63 10 10
z1C2 w22 68 12 2 W22vsB73 13 13
B73 83 2 3 B73vsBSSS53 96 99
BSSS53 70 2 8
z1D w22 73 4 7 W22vsB73 36 39
B73 79 3 1 B73vsBSSS53 51 58
BSSS53 73 9 1

*“Conserved” means the proportion of conserved sequence in its corre-
sponding region.

copies in W22 but not in BSSS53. There are also unique inser-
tions of Gypsy198 retrotransposon between z/A41-3 and z1A41-4
genes and of XILONI retrotransposon between zI4I1-4 and
z1AI-5 genes in BSSS53. The insertions of transposable elements
at zIA2 locus are quite similar between all three inbreds, except
that there are several unique insertions in B73 compared with
W22 (Fig. S2). Gypsyl68 is the oldest insertion present in all
three inbreds, dating back about 70 Mya (Table S3).

The z1B locus in the W22 inbred differs from that in the other
two SS inbreds, whereas the latter two inbreds are quite similar.
Although the percentages of retrotransposon and transposon are
similar among all three inbreds (Table 1), the contents are quite
different between W22 and B73 or BSSS53 (Fig. 2B). A major
difference of B73 and BSSS53 z/B locus is a recent insertion of
Copia64 retrotransposon in BSSS53 0.39 Mya (Table S3). How-
ever, there are a lot of unique insertions of transposons and
retrotransposons between W22 and B73 (Table S3). Most of the
differences are produced less than 3.5 Mya, later than the allo-
tetraploidization of maize 4.8 Mya (36).

The W22 zICI locus represents the recombination of the other
two haplotypes (Fig. 2C). The percentage of retrotransposon in
the zICI locus is higher in B73 (67%) and BSSS53 (63%) com-
pared with that in W22 (56%), but that of transposons is much
higher in W22 (16%) than in the other two inbreds (Table 1). The
W22 2z1C2 locus is quite different from the SS group with a number
of unique insertions (Fig. S2).

Compared with the compactly clustered W22 z1D locus, there
are many insertions in the intergenic regions in B73 and BSSS53
zID loci (Fig. 2D). The percentage of retrotransposon in zID
locus is the highest in B73 (79%) and that of transposons is the
highest in BSSS53 (9%) (Table 1). There are also some nested
insertions that determine each haplotype (Table S3). For example,
in BSSS53, retrotransposon PREM2 was inserted in a Gypsy66
retrotransposon 0.85 Mya, which was inserted in a Gypsy70 retro-
transposon 2.54 Mya. This Gypsy70 retrotransposon was inserted in
another retrotransposon, Copia29, 7.54 Mya; Copia29 was inserted
into the maize genome 7.92 Mya. However, B73 does not have the
two recent insertions that arose after allotetraploidization (36).

Besides the tandem insertions, duplication is another source of
differences in orthologous regions. For example, in BSSS53, the
recent duplication of the 20-kb segment at the 3’ terminal of
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zIC1 locus also introduced another copy of Copial3 and LTR1
retrotransposons about 1 Mya (Fig. 2C).

Discussion

Genome Analysis Strategies. Maize is one of the most important
crops worldwide, but it has been difficult to study the diversity of
the species because of the dynamic structure of the genome.
There have been two approaches to study its diversity. Survey
short-read sequencing has been performed on a large number of
inbred lines to achieve a global overview of genome structural
variation (37). BAC libraries have been constructed and DNA
fingerprinting has been used to reconstruct chromosomal regions
with overlaps so that the sequences of these regions could be
obtained from sequencing these BAC clones (21, 38). The latter
approach leads to a more complete assembled product than the
first one, but it carries a higher cost and more time.

Although the association of phenotypic variation among maize
inbred lines with sequenced tagged markers has immense value
in genome-wide association studies, the approach cannot replace
the in-depth analysis of the chromosomal organization of traits
like protein quality. Furthermore, analyses of haplotype variations
of interwoven gene and repeat elements require the placement of
repeated sequences in a location-specific manner. Here, we have
taken the approach to analyze chromosomal regions of the maize
genome with a focus on seed protein composition, which affects
the nutritional quality of about 100 million tons of protein per
year in worldwide production.

Reconstruction of Chromosomal Regions. We have used the new
PacBio platform to sequence the maize inbred W22 by a single
shotgun sequencing experiment because of its long read capa-
bilities. To prove the value of this approach, we needed an in-
dependent method to test the assembly of overlapping sequence
information. Here, we were able to take advantage of a new
whole-genome restriction mapping method (39). The construc-
tion of a BNG map requires the isolation of HMW genomic
DNA so that highly uniform linearization of DNA in nano-
channels can be achieved (39). These molecules are then treated
with the enzyme Nt.BspQI, which introduces nicks into the
double-stranded DNA at the sequence GCTCTTC. These nicks
are then repaired with a fluorescent tag. This nanochannel-based
genome mapping technology, commercialized as the Irys plat-
form, automatically images fluorescently labeled DNA molecules
in this massively parallel nanochannel array. Distances between
tags represent the equivalent of restriction fragments of defined
sizes. The resulting restriction fragment patterns then allow us to
reconstruct overlapping information and extend DNA molecules
to their larger sizes. Moreover, in contrast to the DNA finger-
printing of BACs, only one DNA preparation is required, saving
enormous costs in reagents and time. One limitation of this
method is that it does not provide high-density information and
therefore does not apply to rather small contigs. Furthermore,
alignment shifts can occur when gap sizes of sequence contigs are
unknown during scaffold building. Besides alignment shifts, a few
restriction sites could be missing either due to incomplete di-
gestion or the low sequencing error rate left after autocorrection.
However, the larger scaffolds of PacBio assembled sequences
and the genome map align very well as shown in Fig. 3. Such
alignments would not work if either sequencing errors or lower
stringency in the assembly algorithm would join DNA sequence
reads incorrectly. Such a concern is based on the high error rate
inherent in the PacBio sequencing system.

To correct the random errors, each base had to be sequenced
multiple times to distinguish related sequences differing by SNP
from random errors. Here, we used a redundancy of about 40-
fold of the predicted genome size, which is a compromise be-
tween sequence depth and computing time that required up to
30 times 32 cores, equivalent to running over 900 processes for
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almost 1 mo, totaling 192,522,542.21 central processing unit
hours. Greater redundancy of sequence reads could be critical
for total genome assembly but in our case was sufficient for the
assembly of all chromosomal regions that were investigated. The
resulting consensus sequences proved to be of high quality, al-
though the redundancy dropped considerably to 25-fold genome
coverage. Still, we were able to achieve assemblies of a gene-
poor region such as the zID locus on chromosome 1S with over
600 kb that could be validated by the BNG map, indicating that
the depth could overcome the abundance of retrotransposon
elements in the genome to concatenate the PacBio reads in a
robust fashion. Moreover, we could use the alignments of
orthologous regions from two other inbred lines, B73 and
BSSS53, and the full-length cDNA sequences from W22 to
validate the autocorrection of PacBio sequences. Therefore,
the current PacBio platform should prove to be an advanced
approach for the study of contiguous chromosomal regions of
complex genomes.

Haplotype Variation. The in-depth comparison of the chromo-
somal regions of three maize inbreds exhibits diversities at each
locus and might provide us with what we can expect from a larger
whole-genome comparison. We should note that we could align
larger regions of W22 with B73 because only a small region from
BSSS53 was sequenced for each locus due to the cost of chro-
mosome walking. The examples investigated here represent re-
gions formed prior and after allotetraploidization. A case of
distinction is the zI/B locus, which is derived from one of the
progenitors, whereas the zID locus is derived from both and can
be considered the one that the z/B locus is derived from. Pre-
viously, it has been reported that homologous regions have been
under pressure to rearrange after polyploidization (38). There-
fore, one might hypothesize that regions not duplicated due to
allotetraploidization could be more stable. This seemed to be the
case, when zIB from the SS lines B73 and BSSS53 was compared
(23). However, comparison with W22 exhibits strong differences
between the SS and the NSS lines mainly due to retro-
transposition events. Although the orthologous regions do not
exhibit any CNV, they differ in the number of genes that are
transcribed between SS and NSS.

The region with most CNVs is the cluster with the 22-kDa alpha
zein genes, the zICI locus, on chromosome 4S. The number in all
three lines is different. There are 14 copies in B73, 22 in BSSS53,
and 18 in W22. The most recent duplicated copies are only pre-
sent in BSSS53 at the 3’ end of the region. Interestingly, these
copies switched their transcriptional regulation. The zICI-22/6
and zIC1-22/D87 gene copies are expressed even in the absence of
Opaque2 (24). Whereas in B73 and in W22 all 22 kDa alpha zeins
are blocked in the 02 background, there is still 22-kDa alpha zein
gene expression in BSSS53, illustrating how CNV can affect the
penetration of a phenotype. The comparison between the three
inbreds also illustrates how recombination can generate new
haplotypes with exchanges of blocks of alleles at the same time.
Another case of recombination illustrates how a single allele can
be duplicated in one haplotype but not the other two, as shown for
the z1A1 locus.

The oldest alpha zein gene cluster is the zID locus on chro-
mosome 1S, which is rather a gene-poor region as illustrated by
the lack of flanking genes in close vicinity. The next upstream
collinear gene was found at a distance of about 95 kb upstream
of zID-1 in W22 and about 158 kb upstream of zID-1 in B73.
The next downstream collinear gene in W22 and B73 is located
about 320 kb away. However, the five gene copies in W22 are
rather closely linked, whereas they are spread far apart in both
B73 and BSSS53.

Dong et al.

Conclusions

In this pilot study we demonstrated an effective method that has
general utility for resolution of large complex repeats or tandem/
dispersed gene family clusters. Here, by reconstructing zein
clusters in maize inbred W22, we showed that the degree of in-
crease in size in intergenic regions is highly variable and that
distances can significantly enlarge in chromosomal regions, even
in regions containing tandem gene clusters, although we did not
observe any clear trend among SS and NSS subgroups because
all three inbreds have unique zein gene cluster haplotypes. It
seems likely that this range variability could be observed in zein
clusters in other inbred lines, and in fact in other regions of the
genome as well. Based on the results presented here, it should be
straightforward to generate a whole-genome assembly of W22
from Pacific Biosciences and BioNano Genomics data given
sufficient computational time and suitable assembly parameters.
Finally, given the effectiveness of this approach in maize, we
anticipate that it will be of general use with any complex genome
including human and, in particular, cancer genomics, where
structural changes can be dramatic.

Materials and Methods

DNA Sample Preparation for BioNano Genome Map Construction. The maize
inbred line W22 was obtained from Hugo Dooner, Rutgers, The State Uni-
versity of New Jersey, and grown and self-crossed during the summer of 2014
in the Waksman Institute field space. HMW DNA was isolated from young
leaves (grown in the dark) of maize inbred line W22 by Amplicon Express. The
nicking endonuclease Nt.BspQ1 (New England BioLabs) was chosen to label
high-quality HMW DNA molecules at specific sequence motifs (GCTCTTC)
based on sequences of the publicly available maize inbred B73 genome (20).
The nicked DNA molecules were then stained according to the instructions
of IrysPrep Reagent Kit (BioNano Genomics).

De Novo BioNano Genome Map Assembly and Analysis. The stained DNA
sample was loaded onto the nanochannel array of IrysChip (BioNano Ge-
nomics) and was automatically imaged by the Irys system (BioNano Geno-
mics). Raw DNA molecules >100 kb were collected and converted into BNX
files by AutoDetect software to obtain basic labeling and DNA length in-
formation. The filtered raw DNA molecules in BNX format were aligned,
clustered, and assembled into the BNG map by using the BioNano Genomics
assembly pipeline as described in previous publications (40, 41). The P value
thresholds used for pairwise assembly, extension/refinement, and final re-
finement stages were 1 x 107%, 1 x 107'°, and 1 x 107'°, respectively. The
initial BNG map was then checked for potential chimeric BNG contigs and
was further refined. To compare the draft sequence assembly with the BNG
map, sequences were digested in silico according to the restriction site of Nt.
BspQ1 by using Knickers (BioNano Genomics). The alignment of sequence
assemblies with the BNG map was computed with RefAligner, and the vi-
sualization of the alignment was performed with snapshot in IrysView.
Software and packages used can be obtained from BioNano Genomics
(bionanogenomics.com/support/software-updates/).

PacBio Sequencing. Maize inbred line W22 seeds were germinated in the
greenhouse and young leaflets were used to prepare HMW genomic DNA for
PacBio sequencing. Around 20 ug of high-quality genomic DNA was used to
prepare the SMRTbell library. To select 20-kb double-stranded DNA frag-
ments Bluepippin was used. The library was sequenced on PacBio RS Il and
processed with instrument software 2.3.

Autocorrection of PacBio Sequences. PacBio raw reads of the sequencing run
were subjected to autocorrection to eliminate random sequencing errors.
Two steps were used to overcome high base call errors in individual PacBio
reads. In the first step, PacBio reads were preprocessed with SMRT portal to
filter reads based on read length (500) and quality (80). In the second step,
the overlapping algorithm reference implementation MHAP from PBcR
v8.2 (wgs-assembler.sourceforge.net/wiki/index.php/PBcR) was used with
“-sensitive” setting recommended for <50x coverage to self-corrected
PacBio reads.

Assembly of Chromosomal Regions. Reference genomes of maize inbred B73

and BSSS53 were used to sort W22 specific zein cluster sequences and one to
three collinear gene sequences flanking the zein cluster based on BLAST
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alignment results. Reads belonging to each cluster are assembled separately
using Celera Assembler 8.2. Assembled contigs containing zein genes and
flanking genes were mapped onto the BNG map using RefAligner. To ac-
curately locate zein gene clusters, stringent parameters of RefAlinger were
chosen as follows: -T 1e-10 -endoutlier 1e-3 -outlier 1e-4 -biaswt 0 -sd 0.1 -res
2.9 -sf 0.2 -stdout -stderr -hashgen 53 2.4 1.50.055.0 1 1 1 -hash -hashdelta 50.

Then, BNG contig targets, <1Mb in length, were selected as reference for
the next step of mapping. Because contigs of PacBio reads assembly are
relatively short with N50 length of about 20 kb, the BNG contig target re-
gions were usually sparsely covered when using stringent mapping param-
eters of RefAligner. Therefore, parameters of RefAligner were relaxed
as follows: -T 1e-2 -endoutlier 0.5 -outlier 0.5 -biaswt 1 -sd 0.4 -res 1.9 -sf
0.5 -stdout -stderr -hashgen 513 2.0 0.1 5.0 2 2 4 -hash -hashdelta 50 -FP
2 -FN 0.3.

After this step of mapping, the contigs were selected, orientated, and
linked. These raw assemblies were then mapped back onto BNG contigs using
stringent RefAligner parameters. Only if then the full sequences could map to
BNG contigs using stringent RefAligner parameters were they considered
robust. Then, these assemblies were further improved, bridging gaps and
merging overlapping regions. Sequences of all chromosomal regions have
been deposited with GenBank under the following accession numbers: z1A1
as KX247647,z1A2 as KX247648, z1B as KX247649, z1C1 as KX247650, z1C2 as
KX247651, and z1D as KX247652.
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Annotation and Alignments of Allelic Regions. The assembled sequences were
analyzed using various open source softwares available online: Repeat-
Masker for transposon (TE) searches (42), ExPASy to translate into protein
(43), and the BLAST suite from the National Center for Biotechnology In-
formation for homology searches and sequence comparison between pairs
of inbred lines. Sequences were then manually annotated, and then hap-
lotypes were aligned in pairwise comparisons. A threshold of 95% homology
was set when comparing each two sequences. The annotation and align-
ment were subjected to an R package, genoPlotR, to graphically display a
comparison alignment (44).

Molecular Clock of Retrotranspositions. To estimate the insertion time for the
retrotransposons (REs), the left and right LTR sequences were aligned first
with ClustalW software (45). To avoid any bias, any indels or sequencing gaps
from the alignment were removed using Unipro UGENE software (46). Then
the alignment was processed with MEGA4 software (47) to calculate the
nucleotide synonymous substitution rates (Ks values). Default settings were
changed to “Distance and Std. Err.,” “Pairwise deletions,” and “Kimura
2-parameter.” The Ks values reported for LTRs were used to calculate the
insertion time (48).
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