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Summary

Most higher plants have complex genomes containing
large quantities of repetitive DNA interspersed with low-
copy-number sequences. Many of these repetitive DNAs
are mobile and have homology to RNAs in various cell
types. This can make it difficult to identify the genes in a
long chromosomal continuum. It was decided to use genic
sequence conservation and grass genome co-linearity as
tools for gene identification. A bacterial artificial chromo-
some (BAC) clone containing sorghum genomic DNA was
selected using a maize Adh17 probe. The 165 kb sorghum
BAC was tested for hybridization to a set of clones repres-
enting the contiguous 280 kb of DNA flanking maize Adh1.
None of the repetitive maize DNAs hybridized, but most of
the low-copy-number sequences did. A low-copy-number
sequence that did cross-hybridize was found to be a gene,
while one that did not was found to be a low-copy-number
retrotransposon that was named Reina. Regions of cross-
hybridization were co-linear between the two genomes,
but closer together in the smaller sorghum genome. These
results indicate that local genomic cross-referencing by
hybridization of orthologous clones can be an efficient
and rapid technique for gene identification and studies of
genome organization.

Introduction

Higher plant genomes are composed of interspersed DNAs
of various reiteration frequencies (Flavell et al., 1974), but
neither the composition nor the arrangement of these
sequences is well understood. In a 280 kb region sur-
rounding the Adhl gene of maize, over 80% of the
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sequences are repetitive DNAs that fall into at least 37
classes, as determined by cross-hybridization (Springer
et al., 1994). This pattern is observed generally in the maize
genome, where short (2-20 kb) blocks of low-copy-number
and unmethylated DNA alternate with long (up to 200 kb)
blocks of intermixed repetitive and methylated DNA
(Bennetzen et al., 1994). The different classes of repeats
were considered to be randomly scrambled with no appar-
ent pattern (Springer et al., 1994). Recent studies, however,
have indicated that the mosaic of mixed dispersed repetit-
ive elements has originated primarily from the insertion of
retrotransposons into one another (SanMiguel et al., 1996).
Our goal now is to develop tools for the identification of
genes and other functionally important elements within
such a complex chromosomal continuum.

Our initial attempts to localize genes were based on the
common approaches for identification of coding
sequences. However, Northern and reverse Northern ana-
lyses, as a well as cDNA cloning techniques, indicated that
most of the repetitive elements surrounding the Adh7gene
were homologous to transcripts (Avramova et al., 1995).
Hence, in maize, a transcriptional criterion will often enrich
for sequences that are not standard Mendelian genes.

A second approach utilized diagnostic DNA sequencing
of low-copy-number regions within the contiguous region.
However, most of the results failed to uncover significant
homology with sequences in the standard data bases
(GenBank, EMBL), nor were other obvious features of
genes identified {(unpublished). In fact, a low-copy-number
region 3' to the gene was found to be a retroelement,
arguing that copy number alone is a not a reliable indicator
of the presence of a gene.

Recombinational mapping of numerous grass genomes
with common DNA markers has indicated extensive conser-
vation of both gene content and gene map order (Ahn
et al., 1993; Bennetzen and Freeling, 1993; Hulbert et al.,
1990; Moore et al., 1995). In contrast, the interspersed
highly repetitive DNAs in different grass species usually do
not cross-hybridize detectably, due to differential presence
and/or a more rapid evolution (Hulbert et al., 1990). Recent
studies have shown that between-species conservation of
gene content and order is also present at the level of single
large-insert clones (Chen et al., 1996; Dunford et al., 1995;
Kilian et al., 1995).

A possible one-step approach for the identification of
functionally important features in large genomic con-
tinuums is based on the idea that genes, regulatory
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sequences, structurally important elements, etc. will be
more conserved in evolution than will other sequences.
The similarity of gene content and order (synteny) of the
maize and sorghum genomes and the almost complete
lack of similarity among their respective highly repeated
DNAs (Hulbert et al., 1990), suggested that microsynteny
could be employed as a tool for gene identification in the
two species.

Hence, we cloned the region orthologous to maize Adh1
from sorghum on a bacterial artificial chromosome (BAC).
We found that cross-hybridization between the regions
flanking the Adh1 orthologs of maize and sorghum spe-
cifically identified genes. This very simple and rapid
approach uses genomic microsynteny and the power of
natural selection to identify islands of conserved genetic
function in a sea of repetitive DNA, and should be applic-
able to any syntenous species that contain divergent repet-
itive DNAs.

Results and Discussion

Identification and cloning of an Adh1 ortholog from
sorghum

A prerequisite for employing local genomic cross-referen-
cing is to have cloned orthologous genomic regions from
two species. We chose sorghum to assist in maize genome
analysis because it has an approximately 3.5-fold smaller
genome, and shares more than 90% homology with maize
low-copy-number number sequences and little, if any, with
most maize repeats (Hulbert et al., 1990).

A fragment of the maize Adh7 gene was used as a
probe to screen a recombinant cosmid library containing
sorghum genomic DNA. One Adh7-homologous cosmid
was isolated and a 1.7 kb Hindlll fragment from this clone
was sequenced. The results (Figure 1) confirmed that this
sorghum clone was highly similar to the maize Adh1. Over
a distance of 1700 sequenced nucleotides, the maize Adh?

(b)

gene and the sorghum Adh1 homolog were 90% identical
with a predicted 97% amino acid identity {Figure 1).

The 1.7 kb Hindlll fragment of this sorghum Adh7-
homolog was used as a probe to screen a BAC library
containing large inserts of sorghum DNA (Woo et al., 1994).
Out of 14 112 clones screened, four clones with homology
to maize Adh1 were identified. Limited DNA sequencing
of the Adh1-homologous regions of these BACs clones
indicated that three of them contained other members of
the Adh1 family, while one of them (No. 110K5), carried
the gene that was orthologous to maize Adh1.

Cross-hybridization of maize and sorghum DNAs flanking
Adh1

The whole BAC No. 110K5, containing a 165 kb insert
of sorghum DNA, was labeled and used as a probe in
hybridization to a contiguous series (contig) of lambda
clones containing the maize Adh7 region (Springer et al.,
1994). Only about 11% of the sequences in the 280 kb
maize contig cross-hybridized to the sorghum probe. In
most cases, the positive bands corresponded to the low-
copy-number regions on the contig (Figure 2).

Sorghum BAC No. 110K5 was restriction mapped and
fragments of various lengths were subcloned and used as
hybridization probes to the maize contig. These individual
fragments cross-hybridized with sequences in the same
linear order in each chromosomal region, indicating extens-
ive microsynteny (Figure 2). In general agreement with the
3.5-fold smaller size of the sorghum genome (Arumugana-
than and Earle, 1991), the contiguous 120 kb region of maize
(fragments 39-93) cross-hybridized with a contiguous 62 kb
region of sorghum.

The region 5’ to Adh7 from the maize contig, composed
exclusively of repetitive DNAs, did not share detected
homology to the region 5’ to the sorghum Adh. A low-
copy-number sorghum sequence (fragment B), located
about 15 kb 5’ to the sorghum Adh gene, was recombina-

sadh AAAWEAGK RLSIEEVEVA PPQAMEVRVK ILFTCLCHTD VYFWEAKGQT 48
60

madhl MATAGKVIKC KA-V------ Pommmmm e

______________ - T

sadh PVFPRIFGHE AGGIIESVGE GVTDVAPGDH VLPVFTGECK ECAHCRSAES NMCDLLRINT 108

madhl ~e----=ces cmeecmc——e memc—eeeao

--------------- K-==e —-m—m=wemm 120

sadh DRGVMIGDGK SRFSINGKPI YHEFVGTSTFS EYTVMHVGCV AKINPEAPLD KVCVLSCGIS 168

madhl  ~-------em mmmmemmmem e

sadh TGLGASINVA KPPKGSTVAI FGLGAVGLAA
madhl -~--------- s V o~

--------------- Q-=w- —==-----—- 180

198
210

Figure 1. Comparison of the sequences of maize Adh1 and a sorghum Adh1 homolog.

(a) Nucleotide comparisons, starting with the ATG in maize that signals initiation of translation in maize Adh7 (Dennis et al., 1984). Underlining indicates
introns {IVS, intervening sequence). Only differences from the sorghum sequence are shown for the maize sequence. sadh, sorghum Adh; madh1, maize Adh1.
{b) Predicted amino acid comparisons, starting with the initiator methionine of maize Adh7? (Dennis et al., 1984). Only differences from the sorghum sequence

are shown for the maize sequence. sadh, sorghum Adh; madh1, maize Adh1.
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Figure 2. Conserved sequences identified in a microsyntenous region of the maize and sorghum genomes.

The upper bar represents a 290 kb segment of the maize genome. The fili indicates the copy number of various sequence blocks, as previously determined
(Springer et al., 1994). Open fill indicates copy numbers less than 100, dotted fill designates copy numbers in the hundreds, and dark fill indicates copy
numbers in the thousands. The lines above the maize bar indicate areas with homology to transcripts found in maize roots, leaves and/or tassels (Avramova
et al., 1995). The arrows above the bar indicate two transcripts; those encoded by the maize Adh? gene and a gene (u22) with homology to a rice seedling
cDNA. The double arrows indicate a novel retrotransposon which we have named Reina. The numbers within the bar are fragment numbers from the
contiguous series generated in Springer et al. {(1994) and further refined in Avramova et al. (1995). The central boxes indicate the placement and size of
cross-hybridizing fragments on the maize Adh? contig. Lines connect these boxes to the probe fragments from sorghum BAC No. 110K5 (lowest bar). Letters
within the lowest bar present consecutive designations that we have arbitrarily applied to these fragments. The arrow below this bar indicates the position
and orientation of the sorghum homolog of maize Adh1. The dotted lines from sorghum fragment B indicate that this fragment is not homologous to

sequences on the maize YAC, but does co-segregate with maize Adh7 in recombinational mapping (see text}.

tionally mapped on a set of maize recombinant inbred
lines (Burr et al., 1988) and found to co-segregate 100%
with Adh1 (data not shown). Hence, a homolog of this
sorghum fragment is present in maize, presumably at a
site 5’ to the maize contig that we have cloned. The
advantage of using a smaller genome for the study of a
larger and more complex genome is illustrated by this
example where a region of approximately 15 kb in sorghum
spans a region of more than 90 kb in maize, thus facilitating
chromosome walks and studies of genome structure, func-
tion and evolution.

Characterization of cross-hybridizing and non-cross-
hybridizing fragments

Most of the maize fragments that cross-hybridized with
the sorghum BAC were low-copy-number DNAs. To further
determine the nature of low-copy number sequences that
did, or did not, cross-hybridize between maize and sor-
ghum, we subcloned and sequenced fragments 93 and 95.
A portion of the sequence of cross-hybridizing fragment
93 (Figure 3) showed homology with a clone from a rice
cDNA library made with BNA from etiolated seedling
shoots (DDBJ accession No. RICS1659a). A key difference
between the two sequences is that the maize genomic
sequence contains apparent introns relative to the rice
cDNA (Figure 3).

The adjacent low-copy number region (fragment 95) did
not cross-hybridize with the sorghum BAC. Its complete

sequence, and that of adjacent fragments (GenBank acces-
sion No. U69258) indicated the presence of a novel low-
copy-number retroelement that we have named Reina
(retroelement inserted near Adh) (Figure 4). Hence, in the
two cases investigated, we have illustrated the power
of local genomic cross-referencing: the low-copy-number
region that cross-hybridized between the two species is a
gene, while the non-hybridizing low-copy-number
sequence is a mobile DNA. These results emphasize the
degree to which this cross-hybridization process is superior
to copy-number determinations for the identification of
genes.

A highly repetitive fragment from the maize contig that
cross-hybridized to sorghum

An apparent exception to the general observation that only
low-copy-number DNAs cross-hybridized between the two
species was seen: a 5.9 kb maize DNA fragment (number
56), carrying at least three different classes of dispersed
repeats (San Miguel et al., 1996; Springer et al., 1994), was
found to hybridize to the sorghum clone. However, detailed
mapping and hybridization studies of this fragment identi-
fied an internal 450 bp sequence which proved to be
low-copy-number in subsequent Southern analysis
(unpublished observations). Hence, local genomic cross-
referencing allowed the identification of a small, conserved,
low-copy-number DNA buried in a large block of highly
reiterated sequences that could have been overlooked in
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GCCATGAGGC TAACATCTGA GACTTGGTGT TTTCAGATTA TCTCCGGAAA ATCATAGTGC AGGGAAGGTC TTCCAAGTCA ACTAAGGTTG GCGACATCAT GACTGAAGAG| GTATTACCCC
TA cCTCaGGAAA ATCATAGTGC AGGGAcGAaTC TTCCAAGTCA ACTARAGTTG GaGACATCAT GACTGAAGAG) ..........
1

121
CACTAATCTT TTTTGTGTGT GTGGTTTGCA AGATAAGCTA GAACATGATT AGCATAAGAC CAGTACCTGG TGACGATATG ACCTATATAA GTGCCGAAAG ATGCTTGGAC ACAACTTAAC

241

CGTGAACCGT TATGATGCCA GRACAAACTG ATCACAGTGA ATCCCGACAC CAAGGTCCTG CAGGCAATGC AGCTCATGAC A AACCTG GTTGCCCGTG TTCTTCTGTC AGARAAATAC
.PACCAgCTG ATCACgGTGA AgCCtGAtAC CAgaGTCCTG CAaGCAATGC AGCTgATGAC AJ.

73

361
TACTAGAATC GTGAGAGCAC TGGAAAATTG GTTATGATGC CGCTGTACCA ATCGTCTGCG CAf CCG CGTCAGACAC ATCCCGGTGA TCGACGGCAC CGGGATGCT. GGGATGGTCT
............................................................... gARGCG CaTCAGQCAC ATCCCGGTGA TCGACGGCAC gGGCATGYGTL GGGATGGTCT

133

480 538
.CATCGGCGA CGTCGTGCGC GCGGTGGTGG CCGCGCAA.G GGAGGAGCTG AACCGGCTC
cCATELGGNGA CaTtGTcCGC GCeGTGGTca gCGaGCAccG GGAaGAGCTG AACCGGCTC

251

Figure 3. Comparisons of the sequence of a rice cDNA with the sequence of a region near maize Adh1 that cross-hybridizes with the orthologous region
from the sorghum genome.

The sequence of the cross-hybridizing region of fragment 93 is shown on the upper line. The lower line is a homologous sequence of a rice seedling cDNA
clone found in DDBJ (accession No. RICS1659a). Lower case letters indicate sequence differences between the rice cDONA and the maize genomic DNA,

Boxes indicate proposed exons and the vertical lines mark the intron/exon junctions present in the maize genomic sequence.

Reina

PBS

PPT

protease

|:>| 9ag

RT RNaseH

integrase @

Figure 4. Schematic representation of the Reina retrotransposon.

——— 10—

The non-hybridizing low-copy-number regions from the maize contig overlapping fragments 93-95 were sequenced {accession number) and found to belong
to a 5.4 kb retrotransposon. Sequences, corresponding to the LTRs, primer binding site (PBS), and polypurine/polypyrimidine tracks (PPT) were identified,

enabling us to place the 5 and 3 LTRs, respectively. Internal

sequences showed extensive homologies to the gag and po/

(RT/RNase H) genes. The location of the integrase coding potential at a position 3’ to po/ indicates that Reina is a Ty3/gypsy-class retrotransposon.

other types of analyses. Sequencing of the 450 bp fragment
did not reveal similarity to other known sequences, but
the fact of its conservation in the two species suggests
that it may be functionally important.

Local genomic cross-referencing

The process of local genomic cross-referencing, which
uses genic sequence conservation and genomic microsyn-
teny as tools to identify important genetic features, will be
of value in any syntenous species. Indeed, the power of
microsynteny in gene identification has been demonstrated
in a few cases, using rodent and human genomes (Koop,
1995). However, these studies were based on sequencing
and computer sequence comparisons of enormous
(megabase) genomic regions of the two species. In our
investigation, conserved regions were identified with a
simple, time- and cost-effective cross-hybridization
analysis of large syntenous regions. To confirm and extend
our studies, we mapped the sorghum BAC and performed
additional hybridizations with the individual fragments.
What is important, however, is that the identification of
the conserved sequences on the maize contig was accomp-
lished completely in one step, with the first hybridization

to the whole BAC clone. Genes hidden in blocks of repetitive
DNA can be uncovered, while low-copy number sequences
that are not conserved genes can be eliminated from the
genome search, whether or not they are transcribed. A
particularly exciting potential value of this approach witl be
its use in identifying conserved features other than genes.

Experimental procedures

Cosmid and BAC library screenings

The sorghum cosmid library (constructed as a Sau3Al partial
digest of Tx430 DNA in a derivative of pHC79 (Hohn and Collins,
1980), generously provided by S. Hulbert, Kansas State University),
was screened with the 2.3 kb Hindlll fragment that is central to
the maize Adh1-S gene (Dennis et al, 1984). A 1.7 kb Hindlll
fragment of a sorghum cosmid clone that was homologous to
maize Adh1 was used as a hybridization probe to screen a
sorghum BAC library by the techniques previously described (Woo
et al., 1994).

Gel blot hybridizations

Cross-hybridization between sorghum and maize fragments was
determined using gel-purified restriction fragments of sorghum
BAC No. 110K5 as probes. Fragments were labeled by the tech-



1168 Zoya Avramova et al.

nique of Feinberg and Vogelstein (1984) and hybridized to gel
blot replicas of restriction-digested lambda clones containing an
overlapping contig series of fragments from the maize Adh7
region (Springer et al., 1994). Hybridization, washing and exposure
conditions were as previously described (Jin and Bennetzen, 1994).

DNA sequencing

DNAs were sequenced as previously described {(Jin and Bennetzen,
1994) or from the ends of Tn1000 insertions generated in subcloned
fragments (Strathmann et al., 1991). Some sequencing reactions
were analyzed in an ALF express automated sequencer
(Pharmacia).
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