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ABSTRACT

As an ancient segmental tetraploid, the maize (Zea mays L.) genome contains large numbers of paralogs
that are expected to have diverged by a minimum of 10% over time. Nearly identical paralogs (NIPs) are
defined as paralogous genes that exhibit =98% identity. Sequence analyses of the “gene space” of the
maize inbred line B73 genome, coupled with wet lab validation, have revealed that, conservatively, at least
~1% of maize genes have a NIP, a rate substantially higher than that in Arabidopsis. In most instances,
both members of maize NIP pairs are expressed and are therefore at least potentially functional. Of
evolutionary significance, members of many NIP families also exhibit differential expression. The finding
that some families of maize NIPs are closely linked genetically while others are genetically unlinked is
consistent with multiple modes of origin. NIPs provide a mechanism for the maize genome to circumvent
the inherent limitation that diploid genomes can carry at most two “alleles” per “locus.” As such, NIPs
may have played important roles during the evolution and domestication of maize and may contribute to
the success of long-term selection experiments in this important crop species.

HE grasses (Poaceae) are a highly adaptable family
of monocotyledonous plants that have been inde-
pendently domesticated by several human civilizations.
Maize (Zea mays L.) is a hypothesized ancient segmental
tetraploid, and it is estimated that nearly one-third of
all modern maize genes have a paralogous sequence
(BLanc and Worre 2004). More recently, the expected
divergence of the segmental allotetraploid event has
been revised from the original 15-30% (GauT and
DoEBLEY 1997) to 10-20% (Branc and WoLre 2004)
on the basis of maize ESTs.

Genomewide duplications are generally believed to
provide raw material for evolutionary innovation (OHNO
1970) and as such they have played important roles in
the evolution of both plants and vertebrates (reviewed
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by DurRAND 2003; MOORE and PURUGGANAN 2005). In
contrast to the diverged paralogs produced via ancient
duplications, detailed analyses of the human genome
have identified nearly identical sequences that were
inadvertently collapsed, or condensed into a single con-
tiguous region, during genome assembly (BAILEY et al.
2002; CHEUNG et al. 2003; SHE et al. 2004).

Tandem duplications are common among plant
species (ZHANG and Gaut 2003). Indeed, MESSING
et al. (2004) have estimated that approximately one-
third of maize genes are tandemly duplicated. Few of
these tandem duplications are similar enough that they
would collapse during genome assembly. Several tan-
dem duplications of maize have been well characterized,
including, R+ (ROBBINS et al. 1991), Rpl (RICHTER et al.
1995), PI (ZHANG and PETERsoN 2005), and Al-b
(YANDEAU-NELSON et al. 2006). Such duplications can
be generated via unequal recombination (RICHTER et al.
1995; YANDEAU-NELSON et al. 2006). In contrast, the trans-
position of Muwlike transposons in rice (Pack-MULES;
JIANG et al. 2004; JUureTIC et al. 2005) and Helitrons
in maize (LAL et al. 2003; BRUNNER et al. 2005; LAT et al.
2005; LAL and HANNAH 2005; MORGANTE et al. 2005),
which have incorporated fragments of unrelated genes,
can generate dispersed genic duplications. Although as
many as 11% of all maize gene fragments are unique to a
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specific inbred line (MORGANTE et al. 2005), the extent
to which these gene duplications are functional is not
known.

Because the maize inbred line B73 is homozygous at
essentially all loci and its “gene space” has been exten-
sively sequenced, it is an ideal candidate for beginning
to study the extent, causes, and evolutionary signifi-
cance of recent duplications in this complex genome.
Toward this end, assemblies of B73 ESTs and gene-
enriched Genome Survey Sequences (GSSs) were exam-
ined for the appearance of “polymorphic” nucleotide
positions, which we term candidate paramorphisms
(CPs; EMRICH et al. 2004; Fu et al. 2004). If a specific
CP site is not due to a sequencing error or residual het-
erozygosity, we term this site a paramorphism (PM; Fu
et al. 2004). A paramorphism provides evidence of the
existence of highly similar genomic loci and is strong
evidence of a recent duplication without respect to the
underlying duplication mechanism. We have termed a
subset of such regions nearly identical paralogs (NIPs) if
they exhibit =98% identity, are genic, and are not trans-
posons or other repetitive sequences.

On the basis of highly conservative criteria, we es-
timate that ~1% of genes in the B73 maize genome have
at least one NIP, and nearly all of these exhibit >99%
identity. In addition, we determined that many of these
highly similar loci in the maize genome are genetically
linked. Because Muelements do not preferentially move
to linked sites (LiscH et al. 1995), this result implies
either that Helitrons preferentially insert into neighbor-
ing locations or that other mechanisms were involved
in the origins of these genetically linked NIPs. The ob-
served frequency of NIPs is substantially higher in maize
than in the model dicotyledon, Arabidopsis thaliana, sug-
gesting that this phenomenon is not universal in plants.
Most importantly, we also report that members of many
NIP families are differentially expressed. We hypothe-
size that the high frequency of NIPs in combination
with their diverse expression patterns may have pro-
vided a selective advantage during the domestication
and the genetic improvement of maize by classical plant
breeders and may play a fundamental role in the suc-
cess of long-term selection experiments (e.g., LAURIE
et al. 2004).

MATERIALS AND METHODS

Locating and validating NIPs in collections of maize ESTs
and GSSs: EST sequences were generated from three B73
cDNA libraries constructed by Fang Qiu (Iowa State Univer-
sity) with the advice of the Bento Soares laboratory (University
of Towa). A total of 32,229 EST sequences and their corre-
sponding trace files were deposited in GenBank after re-
moving short inserts and other irregularities. These B73 EST
sequences were first assembled with CAP3 (HuaNG and
MapAN 1999) using >98% similarity in detected overlaps, a
minimum overlap size of 50 bp, and 60 bp as the clipping
parameter. Potential NIPs were then identified by detecting
contigs with CPs composed of at least two different nucleo-

tides, each of which is supported by two independent EST
reads, within CAP3 multiple sequence alignments.

We later endeavored to locate NIPs within “gene-enriched”
maize genomic data (PALMER e/ al. 2003; WHITELAW el al.
2003) using an updated version of our maize assembled
genomic #slands (MAGIs; EMRICH et al. 2004; Fu et al. 2005).
We use the same CP-detection heuristic described above for
EST NIPs, but we restricted these analyses to only methyl-
filtered (MF) clones because ~40% of current high-Cy¢
clones contain cloning artifacts (Fu et al. 2004). In addition,
we required that each CP variant be supported by at least
two independent MF clones. On the basis of the criteria used
to assemble the MAGIs (Fu et al. 2005), only CP-competent
intervals that exhibit =98% identity are recovered.

Even with the conservative criteria described above, it was
possible that some CPs resulted from sequencing errors.
Primer3 (RozeEN and SKALETSKY 2000) was used to design
primers ~250 bp from each side of targeted CP sites. Genomic
DNA was isolated from B73 seedling leaves using the protocol
of DIETRICH et al. (2002) and was PCR amplified using these
CP-flanking primers. The resulting PCR products were ana-
lyzed via agarose gel electrophoresis. Single-band PCR prod-
ucts were then subjected to direct sequencing using the same
CP-flanking PCR primers or were subcloned using a TOPO TA
cloning kit (Invitrogen, Carlsbad, CA) followed by sequencing
with the T7 and T3 primers.

Annotation of NIPs: GBrowse (V1.61) was downloaded
from the Generic Model Organism Database website and
installed using a MySQL database at its core. The CAP3
assembly output files, CP-competent intervals, CP sites, pri-
mers used to validate CPs, GeneSeqer alignments (at least one
exon of similarity of =95% identity, =50 bp length),
FGENESH predictions, and BLASTX hits (PIR-PSD v.79.00;
FE-value =1e10) were converted into GFF files using PERL and
AWK scripts for display on the MAGI website (http:/magi.
plantgenomics.iastate.edu/). CP-competent intervals were
deemed genic if the MAGI contained a nonrepetitive gene
model within 500 bp of the CP prediction. Repetitive models
were excluded on the basis of protein matches to well-
characterized transposons in GenBank.

NIP expression assays: Forty-six validated MAGI-NIPs with
at least one predicted exon were analyzed; 42 yielded a single
genomic PCR band with the expected size. These were then
subjected to touchdown RT-PCR using the pooled inbred line
B73 cDNA, very similar to that described previously (Fu et al.
2005). In addition, RNA samples were also isolated from
various tissues, organs, and developmental stages of the B73
inbred line similar to those described by Qiu et al. (2003).
Reactions that yielded single bands that were not larger than
the genomic PCR product were sequenced. If the sequence of
a RT-PCR product had a double peak at the paramorphic site,
we concluded that both members of the NIP family are ex-
pressed. If in a given source of RNA only a single peak was
observed at a paramorphic site, we concluded that only that
member was expressed in that sample. Only if identical results
were obtained from two independent biological replications
did we conclude that the two members of a NIP family were
differentially expressed. In almost all instances, the results
from the two replications were consistent.

Genetic mapping of NIPs: NIPs were genetically mapped
using 91 recombinant inbreds (RIs) of the intermated B73 X
Mo17 (IBM) mapping population (LEE ¢t al. 2002). CP valida-
tion primers that amplified B73 but not Mo17 DNA templates
(i.e., plus/minus markers) were identified via gel electropho-
resis. If a pair of NIPs is tightly linked genetically, the Rls will
segregate 1:1 for the presence and absence of the B73-derived
PCR product; conversely, if a pair of NIPs is unlinked genet-
ically, the RIs will segregate 3:1 for the presence and absence of
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the B73-derived PCR product. NIPs with segregation ratios
that fall between 1:1 and 3:1 were deemed to be loosely linked
genetically. To position the tightly linked NIPs on the genetic
map, the RI genotype scores for each NIP-derived marker were
directly compared to the RI scores of all of the ~3500 genetic
markers on a genetic map developed by us (IBM_IDP+
MMPmap4; Fu et al. 2006).

Locating NIPs within Arabidopsis: A total of 190,978
A. thaliana ESTs were downloaded from dbEST (GenBank)
in June 2004, and 50 bp were trimmed from each end to
reduce false positives associated with low-quality sequences.
These ESTs were then clustered using PaCE (KALYANARAMAN
et al. 2003) under default parameters, and contigs were
generated using CAP3 from each resulting cluster as pre-
viously described. Polymorphic sites with representation in
=25% of participating ESTs, which also violated random
expectation for sequencing errors (P < 0.01), were selected;
28 primer pairs were designed to flank the 24 previously
unreported duplications using Primer3. Successful reactions,
which yielded a single band (N= 25), were sequenced and the
corresponding trace files were analyzed.

In addition, all 68 low-copy Arabidopsis gene pairs that have
rates of synonymous substitution (K;) <2% (LyNcH and
CoNERY 2000; MooRE and PURUGGANAN 2003) were analyzed.
Using the 02/28/2004 Arabidopsis gene annotation from The
Arabidopsis Information Resource (http:/www.arabidopsis.
org), each potential NIP pair was checked to ensure that both
members were genic and were annotated as distinct loci. Pairs
that met these initial criteria were then compared using
BLAST; candidates without a highly similar (>98% identity)
continuous alignment were manually aligned and validated
where possible. The genetic distances between members of
a NIP family were determined by multiplying the physical
distance that separates them by the centimorgan/megabase
values reported by ZHANG and GauT (2003).

RESULTS

In silico detection of maize NIPs: Nearly identical
sequences are subject to being erroneously “collapsed”
into single sequences during genome assembly. Col-
lapsed segmental duplications within the human
genome assembly were identified by virtue of their over-
representation among randomly generated sequences
(BATLEY ¢t al. 2002), and it has been estimated that >8%
of public human single nucleotide polymorphisms
(SNPs) are potentially paramorphisms rather than ac-
tual SNPs (CHEUNG et al. 2003).

Evidence for the existence of NIPs in the inbred
maize B73 genome was first sought in EST data. A total
of 32,229 3’ EST sequences generated by us from the
B73 inbred line were assembled into 3975 contigs and
6804 singleton ESTs. To be considered a CP, each of
the two nucleotides must be supported by at least two
independent sequence reads. Because this conservative
heuristic qualifies only a subset of an assembly for
locating putative NIPs, we term such regions “CP com-
petent.” Of the 3975 EST contigs generated by CAP3
(HuaNG and Mapan 1999), 1659 were CP competent.
To further analyze the correctness of these CP predic-
tions, all 1659 candidates were manually inspected and
the respective trace files were analyzed; following these
analyses, 78 contigs were deemed promising.

Experimental validation of EST-based CP sites:
In silico predicted CP sites could arise erroneously due
to sequencing errors. We therefore endeavored to ex-
perimentally validate many of the putative NIPs. A total
of 75 primer pairs flanking predicted CP sites were de-
signed from the 78 EST contigs; 54 of these primer pairs
amplified a single band from B73 genomic DNA. These
PCR products were sequenced. Only those CP sites that
exhibited overlapping sequence trace peaks were con-
sidered to be “validated.” Overlapping trace peaks were
mostly of equal intensity, although in a few instances
the relative intensities were consistent with differential
NIP copy number in the maize genome. Of the 54 se-
quenced EST contigs that contained putative CPs, 9
could be validated in this manner.

Those CP sites that were validated via sequencing
provide evidence in B73 of either residual heterozygosity
or NIPs. The strategy outlined in Figure 1 was employed
to distinguish between these possibilities. All nine vali-
dated EST contigs were analyzed in 20 individual selfed
progeny from their B73 parent plant and in a pool of 20
individual progeny from 4 additional B73 parent plants
(a total of 80 plants). If the validated CPs arose via the
presence of residual heterozygosity, overlapping and
nonoverlapping sequence trace peaks should segregate
among the selfed progeny. No evidence of residual
heterozygosity was detected. We therefore conclude that
B73 exhibits a very low level of residual heterozygosity.
We further conclude that 0.5% (9/1659) of the analyzed
EST contigs is derived from NIPs.

NIPs discovered within a partial maize genome assem-
bly: For purposes of NIP detection, ESTs are valuable
because they are expressed and therefore inherently
meet one of the criteria for classifying a duplicated se-
quence as a NIP (i.e, expression). On the other hand, be-
cause introns may be more diverged than ESTs, genomic
regions from which these cDNAs are transcribed may
not exhibit sufficient nucleotide identity (>98%) to be
classified as NIPs. In addition, CPs can be identified only
in genes for which at least four ESTs have been captured.

To address these limitations and to identify more
NIPs in the maize genome, we endeavored to locate CPs
within version 3.1 of our MAGIs (Fu et al. 2005), which
consists of 114,173 contigs. Because MAGIs include
introns, the selection of MAGI-derived NIPs is even
more stringent than for EST-based NIPs. A total of
15,375 MAGIs contain at least four overlapping clones
and are therefore CP competent; 289 of these compe-
tent contigs exhibit at least one CP.

Primer pairs that flank CP sites for 280 of the 289
candidate MAGIs were designed, of which 231 ampli-
fied a single band from B73 genomic DNA. Sequence
analyses of these amplicons validated a total of 258
paramorphisms (PMs) in 116 PM-containing MAGIs
(Figure 2; see also supplemental Figure 1 at http://
www.genetics.org/supplemental/) via a strategy identi-
cal to that used to validate NIPs identified from EST
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FiGure 1.—Strategy used for determining
whether a CP is indicative of residual heterozy-
gosity or the existence of a NIP. Because alleles
segregate during meiosis, CPs associated with re-
sidual heterozygosity are expected to segregate in
a 1:2:1 ratio among selfed progeny. In contrast,
NIPs would not be expected to segregate among
the selfed progeny of an inbred line.

contigs. In several cases, primer pairs appeared to am-
plify multiple amplicons as evidenced by numerous
multiple peaks in the sequence trace files. This suggests
that a somewhat more distant paralog was also being
amplified. Although at least one CP site was confirmed
in these cases, to be conservative, these MAGIs were not
included in subsequent analyses and calculations.

Expression of NIPs: Evidence for the expression of
each of the 116 PM-containing MAGIs was sought via
EST alignments, FGENESH predictions, and BLASTX
results (MATERIALS AND METHODS; Figure 2). The 84
PM-containing MAGIs for which evidence of gene
expression was obtained were deemed to be NIPs (see
supplemental Table 1 at http:/www.genetics.org/
supplemental/). These 84 NIPs contain a total of 170
validated paramorphic sites, which are located in both
coding and noncoding regions.

Of the 44 NIPs that could be assigned functions via
significant BLASTX matches, 10 are predicted kinases
and 3 are predicted transcription factors and/or con-
tain a zinc-finger domain. The remaining 31 NIPs are
involved in a wide variety of biochemical pathways (e.g.,
metabolism, nitrogen utilization, and DNA methyla-
tion). We therefore conclude that NIPs are not re-
stricted to a limited number of biological functions.

Frequency of NIPs: The experiments described
above identified 84 genic MAGIs that contain one or
more paramorphisms and are therefore classified as
NIPs. Of the 15,375 CP-competent MAGIs, 12,012
appear to be genes on the basis of their lack of similarity
to transposons and evidence of expression. The CP-
competent intervals associated with the 84 validated
NIPs exhibit =98% nucleotide identity, include both
coding and noncoding sequences, and can be as long as
2.6 kb (supplemental Figure 2 at http:/www.genetics.
org/supplemental/). Because <80% (231/289) of the
CP-containing MAGIs were analyzed, we conservatively

estimate that 0.9% [84/(12,012 X 0.8)] of the genes in
this assembly have a NIP.

Both members of many NIP families are expressed:
Forty-six NIPs that contained at least one exon or puta-
tive exon (MATERIALS AND METHODS) were selected for
analysis. Touchdown PCR was performed using both
genomic DNA and pooled cDNA isolated from various
tissues and organs of the inbred line B73. A total of 29
NIPs yielded a single band from both PCR reactions, of
which 25 could be confirmed to be derived from the
target NIP via sequencing. As shown in Table 1, these
sequencing experiments provided evidence that both
members of 20 NIP families (80%; 20/25) are ex-
pressed (MATERIALS AND METHODS). For the remaining
5 NIPs (20%; 5/25), only one copy could be shown to
be expressed. This is, however, a highly conservative
assay for the expression because only a portion of the
transcriptome was sampled. We conclude that both
members of at least four-fifths of NIP families are
expressed.

Members of many NIP families exhibit differential
expression: Ten NIP families in which both members
were expressed were further analyzed using RNA sam-
ples extracted from 16 different developmental stages
of various tissues and organs. Members of 8 (80%) of
these 10 NIP families were differentially expressed in at
least one RNA sample (Table 2). We conclude that the
members of many expressed NIP families are differen-
tially expressed.

Genomic organization of maize NIPs: To begin to de-
fine the molecular events that give rise to NIPs, it would
be useful to know the relative positions of members of
NIP families within the maize genome. These experi-
ments were conducted by using PCR primers that flank
paramorphisms to amplify genomic DNA from the in-
breds B73 and Mo17 and the IBM RIs derived from a
cross between B73 and Mo17.
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TABLE 1
NIP pairs for which RT-PCR validated expression of both members

Paramorphisms
MAGI ID Annotation” Position Haplotype”
A. NIPs with EST support
33361 Class III peroxidase 70 precursor 2571, 2586 g (€
43016 Putative proteosome subunit 825 8
53926 Putative cytochrome P450 2594, 2635 ré ’ g’
58637 Putative membrane related 651 %
65202 Hypothetical protein 3315 i
80184 Receptor-like kinase-like 1442 ;1:
86866 Putative acyltransferase 1669 g
89568 NA 1085 %
97955 Putative nitrate reductase apoenzyme 1684 (C;
100946 Putative trehalose-6-phosphate synthase/phosphatase 715 é
B. NIPs with only FGENESH support
21152 Putative strictosidi th 904, 909, 975, 999 GooA A
& utative strictosidine synthase , , , A 6 . c G

36788 NA 1176 (T
45574 Protein kinase 1448 %

. . T...G..G
67751 Putative S-receptor kinase 1048, 1087, 1122 C A C
85672 NA 330 é
89009 Pentatricopeptide repeat-containing 862 %

. C...T...A
98934 Putative cytochrome P450 652, 660, 785 G..C..T
95980 AKIN Bl-like protein 2126 g
101406 Terpene syntase 5 related 1263 i

“BLASTX search against UniRef protein database using ¢ '° as [~value cutoff.
"The presence of . ..” between paramorphisms indicates that sites are not adjacent.

Most of the 84 NIP primer pairs could amplify both
B73 and Mo17 and the resulting amplicons from these
two inbreds were the same size at the resolution
afforded by gel electrophoresis. However, B73 genomic
DNA but not Mo17 was amplified when 14 of the primer
pairs were used in PCR. This indicates either that the
corresponding Mo17 NIPs exhibit a high degree of se-
quence or structural polymorphism relative to the B73
NIPs from which the PCR primers were designed or that
the Mo17 genome does not contain the corresponding

NIP, a result that would extend the violations of geno-
mic colinearity among maize inbreds initially observed
by Fu and DooNER (2002) and extended by others
(BRUNNER et al. 2005; LAI et al. 2005; LAL and HANNAH
2005). Using the PCR primers that amplify B73 NIPs but
not Mol7 to genotype the IBM RIs, it was possible
to determine the positions of the members of all 14
NIP families relative to each other (MATERIALS AND
METHODS). The members of 7 and 2 NIP families were
tightlyand looselylinked, respectively (see supplemental
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TABLE 2

Expression patterns of NIPs in the B73 inbred line

c¢DNA sample no.”
MAGI ID  Paramorphism sites 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
21152 G...A..T...A +" ND' + + + + + ND + + + + + ' + + +
A..G...C...G + ND + 4+ + + 4+ ND + + - — + + + + +
43016 G + + + 4+ 4+ + ND + 4+ + + + + 4+ 4+ + ND
C + + + 4+ 4+ + ND + + + + + + 4+ 4+ + ND
53926 T...G + + - - - — + -  + + ND — - - + + =
C...A + + - - - - 4+ — 4+ 4+ ND - + — + + +
6590 G + - - 4+ 4+ + — 4+ 4+ + ND + ND + ND + —
202 A + + - 4+ 4+ + + + 4+ + ND + ND + ND + +
67751 T...G...G + - - = = - - - - 4+ 4+ — T
C...A...C e = e S —
80184 T + + + + + o+ + o+ o+ -+ o+ o+ 4+ o+ o+ o+
G + + + 4+ + o+ o+ o+ 4+ -+ o+ o+ o+ o+ o+ o+
86866 C + + - - + - - - 4+ 4+ + 4+ ND - + + +
T + + - - + - - - 4 - - - ND - - - +
89568 C + - - - - — + - - = + — e
T + - - - - - - - - - - - - - - - -
97955 C + + + + + o+ + o+ + o+ o+ o+ o+ 4+ o+ o+ o+
G + 0+ - + + + 4+ + + + + 4+ - o+ o+ o+ 4+
100946 G + + —-— — ND ND + - + - + ND - - + + +
A + - — — ND ND - - + - - ND - - - + -

“cDNA samples: 1, pooled ¢cDNA; 2, 14DAPL shoot; 3, 59DAPL root; 4, 59DAPL husk; 5, 65DAPL husk; 6, 79DAPL husk; 7,
59DAPL unpollinated ear; 8, 65DAPL unpollinated ear; 9, 79DAPL unpollinated ear; 10, 59DAPL tassel; 11, 65DAPL tassel;
12, 79DAPL unpollinated silk; 13, 1 DAP silk; 14, 1IDAP kernel; 15, 5DAP kernel; 16, 15DAP kernel; 17, mature pollen. (DAPL,

days after planting; DAP, days after pollination.)

’+, RT-PCR product present; —, RT-PCR product not present.

“ND, no data for sequencing result.

Table 1 at http:/www.genetics.org/supplemental/). The
members of an additional 5 NIP families were unlinked
genetically.

Arabidopsis NIPs: Although Arabidopsis has a much
smaller genome than maize, it is also thought to have
undergone an ancient polyploidization event (VISION
et al. 2000). To compare the relative rates of NIPs in
these two model plants, we sought EST-based NIPs in
Arabidopsis using the Columbia ecotype. Of the 33
initial EST clusters analyzed that contained at least one
statistically significant CP, 7 were found to have already
been reported to be transcribed from two or more cop-
iesin the Arabidopsis genome; however, the inclusion of
introns for all seven of these genes results in <98%
identity. A total of 117 CPs were tested in 24 of the 26
novel Arabidopsis NIPs using primer pairs that success-
fully amplified a single band of DNA from Columbia
genomic template (25 primer pairs total); 100 were
definitively established as false positives. The remaining
17 putative CP sites could not be verified as negative
due to low-quality sequence reads. Hence, there is no
evidence that any of the Arabidopsis EST clusters sur-
veyed here represent novel collapsed paralogs.

To confirm this observation, we located NIPs among
all 68 low-copy Arabidopsis gene pairs that have rates of

synonymous substitution (K;) that are <2% (Ly~NcH
and CoNERY 2000; MooRrE and PurucGaNaNnN 2003).
Only 39 pairs meet the NIP criteria and are annotated as
distinct loci (MATERIALS AND METHODS), which is
consistent with the EST result. Of these NIP families,
28 are located <10 cM apart (MATERIALS AND METH-
ops). Of the remaining 11 NIP families, 9 of these are
located on different chromosomes.

DISCUSSION

The maize genome contains a high frequency of
NIPs: Plant genomes contain large numbers of paral-
ogs, many of which are tandemly arrayed (SuN et al.
2001; YUAN et al. 2002; MESSING et al. 2004). In addition,
maize contains a substantial degree of intraspecies diver-
sity for gene content (Fu and DOONER 2002). At least
some of the intraspecific violations of genetic colinearity
are due to “hitchhiking” gene fragments that have been
duplicated by active transposons (BRUNNER et al. 2005;
LAt et al. 2005; LAaL and HANNAH 2005; MORGANTE et al.
2005). Potentially, these duplications of genic sequen-
ces have significant evolutionary implications. The ex-
tent to which these duplications are functional is,
however, under debate (JURETIC et al. 2005).



436

~———

Linked gene
duplication

o

Duplication
mechanisms

€« —=

S. J. Emrich et al.

i. Transposon-mediated

&)Y = e

ii. Unequal pairing and recombination between flanking repeats

— L g T
X
® -

iii. Break-induced replication (BIR) at site of microhomology

.

B
] —o—mm—

I e—
Duplication
mechanisms «

I —e—I———

I
Unlinked gene

duplication

I e—{/—

Large-scale

gene duplication

—

I

g i. Transposon-mediated

Ie—

Duplication

=,
e P

ii. Result of allotetraploid event

Chromosome
divergence

—

/ — Duplication

I I I I

FIGURE 3.—Mechanisms of gene duplication for (A) genetically linked (i-iii) and (B) genetically unlinked (i-iii) NIPs. Un-
equal pairing between flanking repeats (A, ii) can occur between homologs or sister chromatids, but probably at a lower rate.
Transposon-mediated duplication can generate genetically tightly linked (A, i) and unlinked (B, i) NIPs. Unlinked NIPs could
reside on separate chromosomes as depicted in (B, i) or could be at least 50 ¢M apart on the same chromosome. (B) Genetically
unlinked NIPs are shown on two separate chromosomes (I and II). Unlinked NIPs can result from duplications of entire chro-
mosomes (B, ii) or large segments of chromosomes that subsequently diverge (i.e., chromosomal rearrangements and gene loss or
gain). Unlinked NIPs might also be generated by chromosomal rearrangements between duplicates that were originally genet-
ically linked. Both linked and unlinked gene duplications might also occur by currently uncharacterized mechanisms. Boxes, thick
lines, and solid circles represent genes, nongenic repeats, and centromeres, respectively.

It has previously been reported that several pairs of
NIPs are expressed. These include the genetically un-
linked ciszogl and ciszog2 genes (SWIGONOVA et al. 2005),
the tightly linked pI and p2 genes (ZHANG et al. 2000),
and the locally duplicated zein seed storage protein
gene families that exhibit 98% identity (SoNG et al.
2001). This study demonstrates that most NIPs are ex-
pressed and that individual members of many NIP fam-
ilies exhibit differential expression patterns. Given their
high degree of sequence identity, it likely that these dif-
ferent expression patterns are controlled by sequence
variation outside the NIPs or differing epigenetic states,

including local chromatin structure. Taken together,
this study provides the first conclusive evidence that
substantial numbers of hypomethylated duplications
have successfully diversified their expression profiles
and may therefore have unique functional roles.
Origins of NIPs: Following duplication, gene pairs
would be expected to decay into NIPs. Although trans-
posons can “capture” gene sequences and duplicate
them via transposition, Mu elements do not preferen-
tially insert at genetically linked sites (LIscH et al. 1995).
It is therefore unlikely that Pack-MULEs (JIANG et al.
2004) would be able to generate the large proportion of
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genetically linked NIPs observed in this study. Similarly,
unless Helitrons (LAL et al. 2003; BRUNNER et al. 2005; LAt
et al. 2005; LAaL and HANNAH 2005; MORGANTE et al.
2005) preferentially insertin nearby locations, tandemly
arrayed NIPs are unlikely to have arisen via the action of
Helitrons. We therefore consider several alternative
mechanisms that could generate NIPs.

Unequal recombination between repetitive sequences
that flank genes can generate gene duplications
(BaBCOCK et al. 2003). In humans, such processes are
thought to be responsible for ~30% of the recent
segmental duplications (ZHOU and MisHRrA 2005). Un-
equal recombination occurs between the long termi-
nal repeats of rice retrotransposons (Ma et al. 2004;
Ma and BENNETZEN 2006). Tandem gene duplications
generated via this mechanism would be flanked by
repeats of high identity. An ~10-kb segment of BAC
clone ZMMBBb0483G05 deposited in GenBank (acces-
sion no. AC157776) by the McCombie laboratory con-
tains two pairs of tandemly duplicated NIPs; each pair
of NIPs exhibits >99.5% identity. Significantly, con-
served repeats (as defined by the Iowa State University
MAGI Cereal Repeat Database 3.1; Fu et al. 2005) are
located between and flanking the duplications. The
positioning of these repeats is consistent with duplica-
tion via unequal pairing between the repeats.

More exotic mechanisms of NIP generation are also
possible. For example, break-induced replication at
stalled replication forks could stimulate the production
of segmental duplications (Figure 3A, iii) and rear-
rangements in regions of genomic instability (KoszuL
et al. 2004; ZHou and MisHRrA 2005). Gene conversion
or similar mechanisms may have also homogenized
diverged paralogs. Because many of the characterized
maize gene conversion events have conversion tracts >1
kb (reviewed by YANDEAU-NELSON et al. 2005), it is
possible that this mechanism could generate NIPs. In
support of this hypothesis, we have recently observed
that the duplicate gl§ genes (gl8aand gl8b), which reside

....................

% 100% § = 98%

.....................

FIGURE 4.—A proposed
mechanism for the evolution
of gene duplications and
the generation of NIPs and
lotally identical paralogs
(TIPs). Genetically linked
(A) and unlinked (B) dupli-
' cation events generate TIPs
that can diverge over time to
produce NIPs. NIPs can be
homogenized back into TIPs
via nonallelic gene conver-
sion or can further diverge.
More diverged paralogs
might also be homogenized
into TIPs, but likely at a lower
rate (dashed line). Shaded
boxes represent genes and
' vertical lines within the boxes

represent paramorphisms.
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on syntenic regions of different chromosomes and
therefore presumably originated during the ancient
allotetraploidization event, exhibit a degree of nucleo-
tide identity (96%; DIETRICH et al. 2005) that is sub-
stantially higher than the 80-90% identity expected for
ancient paralogs (BLANC and WoLre 2004). Because
tandemly arrayed paralogs undergo frequent recombi-
nation (YANDEAU-NELSON et al. 2006), gene conversion
can also maintain a high degree of nucleotide identity
between them (ZHANG and PETERSON 2005).

While it is not currently possible to identify the
mechanism by which a given NIP pair was generated,
itis likely that multiple mechanisms are involved. It may
be possible to decipher these mechanisms once the
maize genome sequence has been completed by locat-
ing the specific sequence signatures that are associated
with each duplication mechanism (Figures 3 and 4).

Why does maize have more NIPs than Arabidopsis?
We conservatively estimate that the maize genome con-
tains at least 500 NIPs. In contrast, we identified <10%
of this number of NIPs in the Arabidopsis genome (N =
39). This is true even though the Arabidopsis genome
contains Helitrons (KaprToNOV and Jurka 2001), which
duplicate genes in maize (BRUNNER et al. 2005; LAt et al.
2005; LAL and HANNAH 2005; MORGANTE e¢f al. 2005).

The frequency of NIPs within a species depends on
the rates of four parameters: the rate and timing of
initial duplication events, the rate at which NIPs decay
(mutation rate), and the rates of gene loss and gene con-
version. Hence, the lower frequency of NIPs in Arabi-
dopsis as compared to maize could be a consequence of
a lower rate of gene duplication. Alternatively, if gene
conversion is a dominant mechanism for gene dupli-
cation, the fact that only ~12.6-16.6% of Arabidopsis
genes are members of tandemly arrayed gene fami-
lies (ZHANG and GAUT 2003) as compared to ~35% of
maize genes (MESSING el al. 2004) may contribute to
the observed differences in NIP content between these
species.
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NIPs and genetic markers: NIPs can complicate the
development of SNP-based genetic markers. This is
because an apparent “SNP” identified via comparisons
of ESTs or shotgun sequences from two inbreds may
represent a paramorphism rather than a true SNP. Un-
like SNPs, paramorphisms will not necessarily exhibit
Mendelian segregation; therefore, it may not be possi-
ble to convert them into informative genetic markers.
Indeed, such an explanation has been invoked to ex-
plain the inability to convert a fraction of human
“SNPs” into genetic markers (FREDMAN et al. 2004).

Evolutionary implications of NIPs: An individual dip-
loid genome can contain at most two alleles of a given
locus. NIPs provide a mechanism for a maize plant to
include more than two “alleles” of a given gene within
its genome and the differential expression of members
within a NIP family can increase the plasticity of the
transcriptome. Hence, the genetic diversity provided by
NIPs may contribute to the environmental stability of
maize. NIPs may also serve as a reservoir of genetic
variability upon which selection can act because recom-
bination between highly similar paralogs can generate
new “alleles” that condition novel phenotypes (ZHANG
and PeTERSON 2005). Finally, the existence of multiple
copies of a given sequence (i.e, NIPs) increases the
probability of recovering rare favorable mutations. As
such, NIPs may have facilitated the domestication of
maize and may contribute to the continuing success
of long-term selection experiments in closed maize
populations (LAURIE et al. 2004) and maize breeding
in general.
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