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Candidate-gene cloning and targeted marker
enrichment of wheat chromosomal regions using
RNA fingerprinting - differential display

Kulvinder S. Gill and Devinder Sandhu

Abstract: The usefulness of the RNA fingerprinting — differential display technique in gene cloning and targeted
marker enrichment in wheat is demonstrated. A small region of chromosome 5BL was targeted that ¢rtams
chromosome-pairing regulator gene. The cultivar Chinese Spring (CS) and rphtAnare almost identical except for
chromosome 5BL, which, in the mutant line, carries an interstitial deletion encompassifitrgene. Poly(Aj RNA

of the two lines from anthers at developmental stages ranging from pre-meiotic mitosis to anaphase Il was PCR-
amplified using 38 pairwise combinations of 19 primers. FP@-labeled amplified products were size-separated en de
naturing polyacrylamide—urea gels. A total of 3154 fragment bands were observed, of which 43 were present in CS but
absent in thgohlb mutant. These 43 fragment bands were eluted, re-amplified, and used as probes in gel-blot DNA
analyses of wheat group 5 nullisomic—tetrasomic lines andptiih mutant. Twenty-four of these 43 probes were-sin

gle- or few-copy sequences. Eight of the 24 probes mapped to wheat group 5 and five mapped to the deletion of the
phlb mutant. Three of these five probes were further localized to the submicroscopic region containiRiglthene,

by using two deletion lines flanking the region. Northern-blot analysis revealed that the gene corresponding to one of
these three probes expresses mainly during meiosis and is from the B genome.

Key words RNA fingerprinting — differential display, wheat, gene cloning, marker enrichnfeini, gene.

Résumé: Lutilité de I'approche combinant les empreintes d’ARN et I'affichage différentiel (« RNA fingerprinting —
differential display ») pour des fins de clonage et d’identification sélective de marqueurs est illustrée ici. Une petite ré-
gion du chromosome 5BL contenant le gePiel, un régulateur de I'appariement chromosomique, a été ciblée. Le cul-
tivar Chinese Spring (CS) et un mutgpilb sont pratiquement identiques a I'exception du chromosome 5BL, le

mutant ayant une délétion qui comprend le g&hel L'ARN poly(A)* des deux lignées a été extrait des anthéres a di-
vers stades allant de la mitose pré-méiotique a I'anaphase Il et amplifié par PCR a 'aide de 38 combinaisons de 19
amorces. Les produits d’amplification marqués®88 ont été séparés sur gels dénaturants de polyacrylamide—urée. Au
total, 3154 bandes ont été observées dont 43 qui étaient présentes chez CS mais absepleihdBeg 43 fragments

ont été élués, réamplifiés et employés comme sonde dans des analyses Southern sur des lignées nullisomigues—tétraso
miques pour les chromosomes du groupe 5 et sur le mpfatiy Vingt-quatre de ces 43 sondes détectaient des sé
guences présentes en une ou quelques copies seulement. Huit des 24 sondes ont été cartographiées sur les
chromosomes du groupe 5 et cinq des sondes provenaient de régions délétées chez Iphhitdndis de ces cing

sondes ont de plus été assignées a une région submicroscopique contenantRégénautilisant deux lignées ayant

des délétions bordant cette région. Des analyses Northern ont révélé que le géne correspondant a I'une de ces trois
sondes s’exprime principalement lors de la méiose et en provenance du génome B.

Mots clés: empreintes d’ARN — affichage différentiel, blé, clonage de génes, enrichissement pour des marques, géne
Phl

[Traduit par la Rédaction]

Introduction tered growing conditions (Liang and Pardee 1992). The key
element of this technique is to use a set of oligonucleotide

RNA fingerprinting — differential display (RNAF-DD) is primers, comprising one primer that anchors to the poly
a powerful technique for identifying and isolating genes thatadenylated tail of a subset of mRNAs and another that is
are differentially expressed in different tissues or under alshort and arbitrary in sequence so that it anneals at a differ
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ent position relative to the first primer. RNA fingerprinting (FL) of the retained 5BL chromosome arm of 5BL-1 is 0.55,

by arbitrarily primed PCR and its variants has been suecesgompared with 0.59 for 5BL-11 (FL is the fraction given by

fully used to isolate differentially expressed genes in a largehe chromosome length in the mitotic root tip compared with

number of experimental systems (Liang et al. 1993;that in normal CS). The breakpoint of deletion 5BL-1 maps

Diachenko et al. 1996). A major complication with this pro just proximal to C-band 5BL2.1. The deletions in the-mu

cedure is the appearance of false positives that are normaltants phlb and phlc are also proximal to C-band 5BL2.1.

differentiated from the real positives either by Northern-blotTherefore, thePh1 gene is present in the chromosomal re

hybridization or by quantitative reverse-transcriptase (RT)gion distal to the breakpoint of deletion line 5BL-1 but prox

PCR (Liang and Pardee 1992). This problem is bigger foimal to C-band 5BL2.1 (FL 0.51). This chromosome region

genes with rare transcripts. Furthermore, Northern-bloet hyis very small and cannot be resolved by light microscopy.

bridization or RT-PCR based methods will only confirm-dif The distal breakpoints of the two mutantsh(b and ph19

ferential expression of genes and will not reveal theirare present in this region, as the breakpoinplibis distal

location in the genome. The precise inter- and (or) intrato that ofphlc(Fig. 1). The precise location of tHeh1lgene

chromosomal map locations of many agronomically impor is, therefore, between the breakpoints of 5BL-1 and the dis

tant traits are known. Therefore, mapping-based identificatal breakpoint of the interstitial deletion phlc This region

tion of the real positives will be more accurate thanwill be referred to as thePhl-gene region”. Based on long-

identification based on expression analysis alone. range mapping, the region was estimated to be smaller than
Because of its unique structural and functional organiza550 kb (Gill et al. 1996).

tion and the availability of various aneuploid stocks, wheat The objectives of this study were to clone and character

is an ideal system for gene cloning and marker enrichmenze cDNAs from thePhl-gene region.

via the RNAF-DD technique. Most wheat genes are present

in clusters that encompass physically small chromosomal r :

gions (Gill et al. 1996, 1996; Sandhu 2000). On average,emate"als and methods

there are four to six major “gene-rich” regions per wheatp|gnt material

chromosome. Most of the major gene-rich regions of wheat ThepPh1gene mutant linghlband its wild-type counterpart CS

have been identified and bracketed by the breakpoints ofere used for RNAF-DD. Wheat homoeologous group 5

single-break deletion lines (Gill et al. 19861996; Boyko  nullisomic—tetrasomic lines along with C®hlh phlg and the

et al. 1999; Faris et al. 2000; Sandhu 2000). Most of the usefuiivo deletion lines 5BL-1 and 5BL-11 were used for gel-blot DNA

segments of the genome can, therefore, be targeted for geh)gbrid_ization analysis of the putative positive _CDNAS. The plant

cloning and marker enrichment by the RNAF-DD technique. Mmaterial was obtained from the Wheat Genetic Resource Center,
The precise physical location of any single- or few-copyManhattan’ Kans.

DNA—-RNA fragment can be revealed in wheat using a vari- . . .

ety of aneuploid stocks. The chromosomal location of mosPOY(A)" RNA isolation

fragments can be determined by mapping on nullisomic— Because of its involvement in chromosome pairing, el

tet ic i h ir of ch . ..~ gene is expected to be expressing during or just before prophase |
etrasomic lines (where a pair of chromosomes is mISSIng§: meiosis. With that assumption, inflorescence spikes at develop

the loss of which is compensated for by a double dose ofental stages ranging from pre-meiotic mitosis to metaphase—
one of its two homoeologous chromosomes) (Sears 1954xnaphase Il were selected. Developmental stage was determined by
Sub-arm localization is then accomplished using singlemicroscopic observations of anthers squashed in 1% acetocarmine
break deletion lines that are available for all wheat chromosolution. Total RNA ofphlb and CS was isolated from whole
somes. Essentially all fragments can be mapped, because thigikes, using the guanidinium thiocyanate — cesium chloride
procedure is less dependent upon the level of polymorphismnethod (Sambrook et al. 1989), with the following modifications.
The principal gene regulating chromosome pairing in! "€ tissue was ground to a fine powder in liquid nitrogen and sus
polyploid wheatPh1, maps in a gene-rich region present on pended in guanidinium thiocyanate buffer containing 1% merca

. ethanol and 0.5% sodium lauryl sarcosinate. Cell debris was
the long arm of chromosome 5B (Sears 1977; Jampates arﬁ) moved by centrifuging the slurry at 10 000 rpm for 15 min. The

Dvorak 1986; Gill et al. 1993). Fine mapping of tihl supernatant was layered on 5.7 M cesium chloride — 0.01 M EDTA
gene relative to the breakpoints of various deletion and muspjution in an ultracentrifuge tube and centrifuged in a swinging

tant lines is shown in Fig. 1. Two mutant lines have beerpucket rotor at 40 000 rpm for 16—24 h. The RNA pellet was
isolated for thePh1 gene. Thegghlbmutant was generated in  washed with 70% ethanol and resuspended in TE (1x TE: 10 mM
the hexaploid wheat cultivar Chinese Spring (CS) (Seargris-HCI, 1 mM EDTA, pH 8.0) containing 0.1% SDS. Poly(A)
1977), and the mutarghlcwas generated in the tetraploid RNA was isolated following the standard protocol (Sambrook et al.
wheat cultivar Cappelli (Jampates and B&o 1986). Both ~ 1989).

mutants resulted from interstitial deletions encompassing the

gene-containing chromosomal region (Gill and Gill 1991; RNAF-DD _ _ _

Gill et al. 1993) (Fig. 1). The size of the deletionphlcis . The RNAF—DD reactions were carrled.out using the Delta RNA
about 0.89um and is smaller than that iphlh which is fingerprinting kit (CLONTECH Laboratories, Inc.). The manufac

1.05um in length (Gill et al. 1993). Two single-break termi turer’s recommended protocols were used, except that the isotope

ce .~ 355 was used instead ofP. First-strand cDNA was synthesized
nal deletion Ilnes,_SBL-l ar_1d SBL-11, have also been isog ., poly(A)* RNAs of the phib line and CS, using Moloney
lated, the breakpoints of which bracket about QuB2of the  \yrine ~Leukemia  Virus  (MMLV) reverse transcriptase

chromosomal region around tfith1 gene (Gill et al. 1993; (CLONTECH Laboratories, Inc). A total of 19 primers were used
Endo and Gill 1996). Thé€hlgene is absent in the deletion for the experiment, of which 10 were “P” primers and nine were

line 5BL-1 but is present in 5BL-11. The fraction length “T” primers (Table 1). Thirty-eight different primer combinations,

© 2001 NRC Canada
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Fig. 1. C-banding pattern (left) and ideogram (center) of chromosome 5B of wheat (Gill et al. 1991). The diagram on the right repre
sents the indicated portion of the long arm magnified to show the segments deleted in the npitab&n@ ph1lg and the deletion
breakpoints of the 5BL-1 and 5BL-11 lines. Part of the information presented is from Gill et al. (1993Rhlkgene region is

marked.
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Table 1. DNA sequences of the P and T primers used in RNA fingerprinting — differential display reactions.

P-primer sequences T-primer sequences
5-ATTAACCCTCACTAAATGCTGGGGA-3 5-CATTATGCTGAGTGATATCTTTTTTTTTAA-3
5-ATTAACCCTCACTAAATCGGTCATAG-3 5-CATTATGCTGAGTGATATCTTTTTTTTTAC-3
5-ATTAACCCTCACTAAATGCTGGTGG-3 5-CATTATGCTGAGTGATATCTTTTTTTTTAG-3
5-ATTAACCCTCACTAAATGCTGGTAG-3 5-CATTATGCTGAGTGATATCTTTTTTTTTCA-3
5-ATTAACCCTCACTAAAGATCTGACTG-3 5-CATTATGCTGAGTGATATCTTTTTTTTTCC-3
5-ATTAACCCTCACTAAATGCTGGGTG-3 5-CATTATGCTGAGTGATATCTTTTTTTTTCG-3
5-ATTAACCCTCACTAAATGCTGTATG-3 5-CATTATGCTGAGTGATATCTTTTTTTTTGA-3
5-ATTAACCCTCACTAAATGGAGCTGG-3 5-CATTATGCTGAGTGATATCTTTTTTTTTGC-3
5-ATTAACCCTCACTAAATGTGGCAGG-3 5-CATTATGCTGAGTGATATCTTTTTTTTTGG-3

5-ATTAACCCTCACTAAAGCACCGTCC-3

each havig a P and a T primer, were used. The T primers have asequences of the P primers were selected based on commonly
common 19-bp sequence at theefd followed by nine thymidine occurring sequence motifs in the coding regions of eukaryotic
bases. The two bases at tHeeBd were variable and were present mRNAs.

in all possible pairwise combinations of A, C, and G. The P prim  The PCR conditions used were 1 cycle of 94°C for 5 min, 40°C
ers shared a common sequence of 16 bases at #red5but con  for 5 min, and 68°C for 5 min; 2 cycles of 94°C for 2 min, 40°C
tained a variable sequence of 9-10 bases at'tead The variable for 5 min, and 68°C for 5 min; followed by 25 cycles of 94°C for

© 2001 NRC Canada
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Fig. 2. Autoradiogram of an RNAF-DD gel. Lanes 1 and 2 pres |dentification of the positive clones

ent an RNAF pattern of CS and lanes 3 and 4 present an RNAF To identify the cDNA clones mapping to the interstitial deletion

pattern of thephlb mutant: lane 1, 4.5 ng of CS template; lane of the phlbmutant, the positive fragment bands were tested by gel-
2, 20 ng of CS template; lane 3, 4.5 ng milbtemplate; lane blot DNA hybridization. The re-amplified DNA was used as probe
4, 20 ng ofphlbtemplate. The arrow indicates a fragment band ©n blots containing 1@g of restriction enzyme digested genomic

present in CS but missing iphlh The arrowhead indicates a DNA of CS, the phlb and phlc mutants, the wheat group 5

. P nullisomic—tetrasomic lines, and the two single-break deletion lines
fragment band present jph1bbut missing in CS. (A) The upper (5BL-1 and 5BL-11). Theophlcmutant and the deletion lines 5BL-
half of the gel. (B) The lower half of the gel.

1 and 5BL-11 were included to identify cDNA clones mapping in

A B the Phl-gene region, which is much smaller than the deleted re
gion in thephlbmutant. For the genomic DNA digestion, two-re

1234 1234 striction enzymesDral and Hindlll, were used for the analysis of
; i each positive fragment band. The gel-blot DNA hybridization-pro
cedure was as previously described (Gill et al. 1993).

DNA cloning

The pGEMP-T Easy Vector System | (Promega) was used to
clone fragments mapping in thEhl gene region. Inserts from
three to six white colonies for each positive fragment were again
tested by the gel-blot DNA hybridization technique on the blots de
scribed earlier, to identify individual fragments mapping in the tar
get region.

Northern-blot analysis

Approximately 2ug of poly(A)* RNA of CS and thePhl mu-
tant, from the same developmental stage as was used for the
RNAF-DD, was size-separated in a 1% agarose gel containing
formaldehyde, following Sambrook et al. (1989). RNA was trans-
ferred to MSI membrane (Micron) following the manufacturer’s
recommendations. The blots were hybridized witfP-labeled
DNA of the positive clones (as described earlier).

Results

The RNAF-DD technique worked well and produced con-
sistently reproducible fragment bands (Fig. 2). Three
independent reactions were performed for each primer com-
bination and the replicated lanes were identical (data not
shown). To check the template-concentration dependence of
the reaction, duplicate RNAF-DD reactions with different
concentrations were performed for five primer combinations.
Lanes 1 and 2 in Fig. 2 show RNA fingerprinting patterns of
CS; the reaction in lane 1 was performed with 4.5 ng of-tem
plate cDNA and that in lane 2 with 20 ng. The lanes with
cont... different template concentrations usually showed identical
band patterns, although band intensities were often higher in
lanes with a higher template concentration. Since template
was then incubated at 68°C for an additional 7 min before cooIinggcr)]Incemr""t.Ion ra'rely changed the fragment-band patterns,
to 4°C. y reactions W_|th 20 ng c_Jf tgmplate cDNA were run for

The amplified products were size-separated in a 0.4-mm thick€ rémaining primer combinations.
denaturing 5% polyacrylamé— 8 Murea gel, following standard A total of 38 primer combinations were used for the
sequencing gel protocol (Sambrook et al. 1989). Only about oneRNAF-DD reactions. For each primer combination, amplifi
fifth of the amplification product was loaded on the gel, which was cation products of CS and thgh1bmutant were run side by
pre-run for 30 min at a constant current of 33 mA. The gel was runside and the band patterns were compared. On average, 83
at 70 W for 3—4 h, rinsed in TE buffer for about 5 min, and blotted fragment bands were amplified from CS with each primer
onto Whatman 3MM paper. The gel side of the paper was coveregompination. The fragment-band patterns in CS were almost

with plastic wrap and dried using a model 583 gel dryer (Bio-Rad)isemicm to those irph1h except for a few bands. Of a total

2 min, 60°C for 1 min, and 68°C for 2 min. The reaction mixture

The plastic wrap was removed and an X-ray film was then place : : ;
on the dried gel and exposed for 3-7 days. The fragment ban f 3154 fragment bands amplified by 38 primer combina

present in the CS lane but absent in the lane withpth&b mutant lons, 43_ were not ampl_lfled from thehlb mutant (see ar
were identified and cut out of the gel. DNA from these gel pieces’®W in Fig. 2). An additional 35 fragment bands were also
was eluted by boiling in 50 mL of TE for 10 min. The eluted DNA different between CS and thghlb mutant; they were pres
was re-amplified, using the same set of P and T primers that werént in thephlb mutant but absent in CS (see arrowhead in
used for the RNAF-DD reaction. Fig. 2). These fragment bands were not characterized further.

© 2001 NRC Canada
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Fig. 3. Gel-blot DNA hybridization of probe UNL2 on genomic  Fig. 4. Northern-blot analysis of CS and thgh1lb mutant line

DNA of chromosome group 5 aneuploid stocks il mutant with UNL2 as probe. The left-hand panel is an ethidium bromide
lines: lane 1, Nulli 5A — Tetra 5B; lane 2, Nulli 5B — Tetra 5D; stained gel containing poly(A)RNA (the developmental stage is
lane 3, Nulli 5D — Tetra 5A; lane 4, thphlb mutant; lane 5, the described in Materials and methods) of CS (lane 1) andptitb
phlcmutant; lane 6, the 5BL-1 deletion line; and lane 7, the mutant (lane 2). The right-hand panel is a Northern-blot hybrid

5BL-11 deletion line. ization, using UNL2 as a probe on the blot made from the gel
1 2 3 4 5 6 7 shown in the left-hand panel: lane 3, CS (lane 1 in the left-hand
e panel); lane 4, thehlb mutant (lane 2 in the left-hand panel).
1 2 3 4

six of the cloned inserts corresponding to each fragment

were again tested by gel-blot DNA analysis, to identify the

true positives. Clones from two of the gel-purified fragments
~ The 43 fragment bands that were differentially expressedetected two types of patterns, indicating a mixture of at
in CS were eluted from the polyacrylamide gel and re-|east two different types of fragments. All three clones from
amplified. The amplified DNA fragments were used asthe third fragment showed only one hybridization pattern.
probes for gel-blot DNA hybridization analysis of group 5 The cloned fragments usually showed a cleaner hybridiza-
nullisomic—tetrasomic lines and tiEhlbmutant, to identify  tion pattern than the gel-purified fragments. The cDNA frag-
fragments mapping in thphlb deletion (Fig. 3). Nineteen ments mapping in th@hl-gene region were identified for
of the 43 fragments detected numerous bands each, indicaii| three clones and were named UNL1, UNL2, and UNLS3;
ing that many copies are present in the wheat genome for th@ese fragments were ca. 420, 500, and 550 bp, respectively,
corresponding genes. The remaining 24 fragments feprey the 3 ends of the corresponding genes.
sented single- or few-copy genes, as the number of detected Northern-blot analysis was performed on poly(ARNA
fragments ranged from 3 to 15. Eight of the 24 fragmentof CS andphlh using UNL1, UNL2, and UNL3 as probes.
bands mapped to wheat homoeologous group 5, as missingply(A)* RNA for the Northern-blot analysis was from 4-
fragment band(s) were detected in one or more of the groueek-old leaves, and immature anthers as used for the RNA-
5 nullisomic—tetrasomic lines (Fig. 3). Five of these eightppD reaction. All three probes detected differences in gene
probes mapped in the interstitial deletion of thelb mu-  expression between CS apH1b The results of the Northern-
tant, because the corresponding 5B-specific fragment bandsiot analysis using UNL2 as probe are shown in Fig. 4. The
were absent in the mutant line. The remaining three probegene Corresponding to the probe UNL2 expresses during
mapped outside the interstitial-deletion region, as the 5Bmeiosis but not in 4-week-old leaves (data not shown). The
specific fragment bands were detected in felb mutant  genes corresponding to the other two probes, UNL1 and

line also. . _ _ UNL3, were equally expressed during the two developmen
The Phl gene is present in the region bracketed by €deleta| stages tested.

tion 5BL-1 and the distal breakpoint of the interstitial dele

tion of the phlc mutant Phl-gene region). Therefore, the Discussion

five positive probes were further mapped on gielcmutant

and the two single-break deletion lines 5BL-1 and 5BL-11. Here we demonstrate a successful application of the

Three probes mapped in tHehl-gene region, because the RNAF-DD technique for targeted marker enrichment of a

5BL-specific fragments were missing in the 5BL-1 deletionwheat chromosomal region and, potentially, for gene lon

and thephlc mutant. The other two probes mapped proxi ing. The only difference between CS and thlelb mutant

mal to thePhl-gene region, as the 5BL-specific fragmentslines is in chromosome 5B, which, iphlly contains an in

were present in the 5BL-1 deletion. terstitial deletion encompassing thihl gene. The size of
As each probe represents a band cut out of a sequencirige deleted region was cytogenetically estimated to be

gel, it may be a mixture of different fragments. Therefore,1.05um (Gill et al. 1993). The total length of haploid wheat

the three positive fragment bands were cloned using thenetaphase chromosomes is 288 (Gill et al. 1991). There

pGEM®-T Easy Vector System | (Promega). From three tofore, one out of every 224 random probes should map in the
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deleted region. The observed number of random probegolymorphism. This method of positive-clone identification is
mapping in the deleted region phlbwas 3 out of the total particularly powerful for genes that have dispersed duplicated
of 550 clones that were mapped on Aagilops tauschiF,  copies, because most copies can be physically mapped.
population (Gill et al. 1993; Boyko et al. 1999). In the pres  Most wheat genes have at least three structural copies cor
ent study, however, 5 out of 24 usable probes mapped in theesponding to the A, B, and D genomes. Wheat genes will
interstitial deletion ofphlb The present method, therefore, follow disomic inheritance if only one of these paralogues is
resulted in about a 38-fold enrichment of probes. functional. A complex polyploid inheritance will be ob

The breakpoint of 5BL-1 and the distal breakpoint of theserved if two or all three paralogues are functional. For the
interstitial deletion of theghlcmutant bracket th€hl-gene  Phl gene, only the 5BL copy seems to be functional; be
region (Gill et al. 1993). The region is submicroscopic andcause chromosome pairing in plants nullisomic for chremo
was estimated to be smaller than 550 kb in size (Gill et alsome 5A or 5D appears to be normal (Sears 1977). The
1993, 1996). This 550-kb region of chromosome 5B is phlbmutant was backcrossed several times to its donor par
about 1/29 000 of the wheat genome. If the genes were unent, CS, and, therefore, should be a true isogenic line for CS.
formly distributed throughout the wheat genome, one out oHigh-density RFLP (restriction fragment length polymor
every 29 000 random DNA clones should map in this regionphism) mapping has shown that chromosomes 5A and 5D
Since most of the wheat genes are present in clusters, whidre normal in thephlb mutant. The differential expression
span only about 5-10% of the total wheat genome (Gill ebbetween CS anghlbfor the three gene fragments isolated
al. 1996, 199@), one out of every 1450-2900 random in the present study is most probably due to the absence of
clones should map in thehl-gene region. Previously, only the 5BL copy of the corresponding genes. Therefore, the
1 probe out of 550 random probes was identified for thegenes corresponding to the three fragments identified in this
Phl-gene region (Gill et al. 1993). The present method idenstudy are good candidates for tRé1 gene, because the eor
tified 3 out of 24 usable probes for this region, therebyresponding genes are physically present in the same small
achieving about an 86- to 360-fold enrichment. submicroscopic region to which thi#h1gene maps. Further

Most wheat genes are present in clusters (with from fourmore, the corresponding genes are predominantly expressing
to six gene-rich regions per chromosome), which encompagisom chromosome 5BL and not from its other two
less than 10% of the total wheat genome (Gill et al. 2996 paralogues on chromosomes 5AL or 5DL. One of the three
1996). Many agronomically important genes also map ingene fragments is also meiosis specific, making it a better
these gene-rich regions. Furthermore, only a fraction of eachandidate for thé’h1 gene than the other two.
currently defined gene-rich region is expected to contain
genes, resulting in only about 1% of the total wheat genome.
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