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Summary. The sequences of the genes coding for a hy-
droxyproline-rich glycoprotein from two varieties of
maize (Zea mays, Acl503 and W22), a teosinte (Zea
diploperennis) and sorghum (Sorghum vulgare) have
been obtained and compared. Distinct patterns of vari-
ability have been observed along their sequences. The
500 bp region immediately upstream of the TATA box
is highly conserved in the Zea species and contains
stretches of sequences also found in the sorghum gene.
Further upstream, significant rearrangements are ob-
served, even between the two maize varieties. These ob-
servations allow definition of a 5’ region, which is com-
mon to the four genes and is probably essential for their
expression. The 3" end shows variability, mostly due to
small duplications and single nucleotide substitutions.
There is an intron present in this region showing a high
degree of sequence conservation among the four genes
analyzed. The coding region is the most divergent, but
variability arises from duplications of fragments coding
for similar protein blocks and from single nucleotide
substitutions. These results indicate that a number of
distinct mechanisms (probably point mutation, trans-
poson insertion and excision, homologous recombina-
tion and unequal crossing-over) are active in the produc-
tion of sequence variability in maize and related species.
They are revealed in different parts of the gene, probably
as the result of the different types of functional con-
straints acting on them, and of the specific nature of the
sequence in each region.
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* The sequences reported in this paper have been deposited in the
EMBL/GenBank Database (Bolt, Beranek, and Newman Labora-
tories, Cambridge, Mass., and EMBL, Heidelberg), accession nos.
M36635 (maize Acl503), X63134 (maize W22), X64173 (teosinte)
and X56010 (sorghum)

Introduction

Maize is one of the plant species that has been most
extensively manipulated by man and, at present, a large
number of varieties are available. As a result of the
analysis of this variability, the existing information on
maize makes it one of the best known plants from the
genetic point of view. Of particular importance was the
discovery of transposons in maize as a well known source
of genetic instability (McClintock B 1951; see Fedoroff
1989 for a review). For these reasons, maize is an appro-
priate system in which to study the mechanisms produc-
ing genetic variability in eukaryotes.

Hydroxyproline-rich glycoproteins (HRGP) are
structural polypeptides present in plant cell walls. Their
sequence is mostly formed by highly repeated elements.
In dicotyledonous species, the most abundant HRGPs,
the extensins, are encoded by muitigene families (Show-
alter et al. 1985). Their main repetitive sequence element
is SPPPP, where the proline residues are modified to
hydroxyproline. Among monocotyledonous species, in-
formation is now available on HRGPs from maize and
sorghum. In these two species, HRGPs are probably
encoded by single genes (Stiefel et al. 1990; Raz et al.
1991). The maize HRGP sequence, as well as cDNA and
genomic sequences coding for it, has recently been ob-
tained (Stiefel et al. 1988, 1990; Kicliszewski et al. 1990).
These studies have revealed that the main part of the
sequence of this protein has a repetitive structure. The
repeated unit is formed by a hexapeptide (PPTYTP)
followed by either two or three pentapeptides
(SPKPP-TPKPT or SPKPP-ATKPP-TPKPT, respec-
tively).

In contrast to the extensins and other similar proteins,
maize HRGP shows a high degree of conservation
among all the elements repeated along its sequence
(Stiefel et al. 1988). The presence of such a perfectly
repetitive sequence in the maize HRGP gene made it an
attractive system to study how such sequences evolve in
comparison with those of the flanking regions. To this
end, genomic clones for HRGP of a common maize



variety (W22) and a teosinte (Zea diploperennis), one of
the supposed ancestors of maize, have been obtained,
and their sequences have been compared to those already
available from the maize variety Acl1503 (Stiefel et al.
1990) and sorghum (Sorghum vulgare,; Raz et al. 1991).
The variability observed in different regions of the
HRGP gene has been analyzed. Some mechanisms which
could explain how the variations have been produced are
proposed.

Materials and methods

Teosinte genomic library construction. Plant material was
obtained from Dr. A. Alvarez, Aula Dei, Zaragoza,
Spain. Genomic DNA was prepared from adult leaves of
teosinte (Z. diploperennis) as described (Burr and Burr
1981), and was purified through CsCl gradients (Mani-
atis et al. 1982). Teosinte genomic DNA was partiaily
digested with Sau3A. Fragments 15-20 kb long were
cloned into lambda Charon 35 (Loenen and Blattner
1983) following standard procedures (Maniatis et al.
1982).

Isolation and sequencing of genomic clones for maize and
teosinte HRGP. The genomic libraries screened were of
total DNA from teosinte leaves, and from W22 6-day-old
seedlings (Clontech, Palo Alto, Calif.). Libraries were
plated on Escherichia coli strains K802recA™ or DL538
(kindly provided by F.R. Blattner, Madison, and
A. Brandt, Copenhagen) and screened for the HRGP gene
by standard methods (Sambrook et al. 1989). A ¢cDNA
clone, MCS56 (Stiefel et al. 1988), and a HindII-SnaBl1
(852 bp long) genomic fragment (Stiefel et al. 1990) of the
maize HRGP gene, were both used as probes. A positive
clone was isolated from each of the two libraries, and
their regions of homology to the probes were detected by
blot hybridization analysis. Fragments were subcloned
into pUC18/19 vectors and sequenced on both strands
over a 4.5 kb region covering the coding region of the
HRGP gene. DNA sequences were determined by the
dideoxy method (Sanger et al. 1977) after subcloning in
M13mp18/19 or pUC18/19, using the T7 sequencing kit
(Pharmacia, Uppsala, Sweden). Some regions of high
GC content were sequenced by the chemical degradation
method (Maxam and Gilbert 1980) using the DNA
Sequencing System (New England Nuclear, Boston,
Mass.). Teosinte and W22 maize HRGP gene sequences
were compared to maize Ac1503 and sorghum HRGP
genes described elsewhere (Stiefel et al. 1990; Raz et al.
1991). Sequence analysis was carried out by means of
MicroGenie software from Beckman (Queen and Xorn
1984).

Phylogenetic analyses. The evolutionary distances be-
tween sequences were estimated according to two
procedures: the number of nucleotide substitutions per
site (and for coding sequences the number of non-
synonymous substitutions per non-synonymous site) be-
tween pairs of sequences (Li et al. 1985b) and the number
of nucleotide insertions or deletions per site (Tajima and
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Nei 1984). In this second procedure, the DNA divergence
due to deletions and insertions is estimated with no con-
sideration of DNA changes due to nucleotide sub-
stitution, by the formula:

vy = —2logP

where P, the fraction of nucleotides shared by sequences
x and vy, is given by

P = n,/am,

n,, being the number of nucleotide shared (excluding
insertions and deletions) by sequences x and y, and n, and
n, the number of nucleotides of sequence x and y, respec-
tively.

The unrooted phylogenetic trees were constructed fol-
lowing the least squares method with the FITCH pro-
gram of the PHYLIP package, Version 3.3 (Felsenstein
1990).

Results
Structure of the HRGP gene

The genes coding for the maize (Stiefel et al. 1990) and
sorghum (Raz et al. 1991) HRGPs have recently been
cloned and sequenced. The two genes code for very
similar proteins but the degree of sequence similarity
varies depending on the regions compared (Raz et al.
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Fig. 1. Structure of the hydroxyproline-rich glycoprotein (HRGP)-
encoding genes from maize varieties W22 and Ac1503, teosinte and
sorghum. Black boxes represent the coding region and the vertical
white lines indicate the limits of tandem repeats in the sequence. The
cleavage site of the signal peptide is marked by a vertical arrow.
Positions of the TATA box and the polyadenylation site are in-
dicated. The intron located in the 3’ untranslated region is shown
in black. Boxes in the 5 region represent distinct blocks of sequence
sharing more than 80% homology among different HRGP genes.
Horizontal arrows indicate the position of sequences that are dupli-
cated in the 5" flanking region of the Ac1503 gene (black) and W22
gene (white). The pairwise percentage of sequence identity in the
¥, coding, and 3’ regions is indicated between the graphics
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1991). To investigate this observation further, the
sequences of the HRGP genes from the teosinte Z. di-
ploperennis and the maize W22 pure inbred line have
been determined and compared with the two other
sequences. The overall similarity among the four genes
in the coding region and its vicinity is such as to allow
alignment of the sequences and comparison of the dif-
ferent regions separately.

The structure of the four genes, studied over 2.5 kb,
is shown diagramatically in Fig. 1. Two zones can be
distinguished in the 5" region of the gene, upstream of the
site of translational initiation. The proximal region of ca.
500 bp (including the TATA box) is defined by the exis-
tence of a significant degree of similarity among the four
genes compared. The distal region shows less than 40%
similarity between the sorghum and the maize or teosinte
sequences. This region is characterized by the presence
of long repeated motifs in the sequences from the genus
Zea (Fig. 1), which correspond to different overlapping
motifs in each of the genes analyzed. The sequence of the
coding region is highly repetitive and variable in length,
and this is reflected in the structure of the protein, which
shows varying copy numbers of peptide motifs, de-
pending on the species or variety. This region is not
interrupted by introns. However, an intron is present in
the 3’ non-translated region, a situation which is quite
unusual in plants but which is also found in other genes
for HRGPs, such as carrot extensin (Chen and Varner
1985). In the gene coding for a proline-rich protein ex-
pressed in the lateral roots of tobacco (Keller and Lamb
1989), a sequence that follows the rules for plant introns
is also present in the same position. Downstream of the
polyadenylation site no significant homology can be ob-
served between Zea and sorghum sequences.

5" Region

As stated above, two zones can be distinguished in the
5" region of the HRGP gene. The proximal region (in-
dicated by vertical dotted lines in Fig. 1) shows a high
degree of homology between the different genes. The
alignment for maximum homology of the four genomic
sequences studied is shown in Fig. 2. To align the sequ-
ences of maize varieties with that of teosinte, a number
of insertions/deletions have to be introduced that corre-

Fig. 2. Alignment of nucleotide sequences of the 5’ region upstream
of the initiation codon of the HRGP genes from maize (W22 and
Ac1503), teosinte and sorghum. Gaps (indicated by dashes) have
been introduced to obtain optimal alignment. Points represent iden-
tity with maize W22 nucleotide sequence. The putative TATA
sequence is boxed. Motifs duplicated in any of the four sequences
compared are indicated by arrows

Fig. 3. Alignment of nucleotide sequences of the 3’ region from the
stop codon to the polyadenylation site of the HRGP genes from
maize (W22 and Acl503), teosinte and sorghum. Gaps (indicated
by dashes) have been introduced to obtain optimal alignment.
Points represent identity with maize W22 nucleotide sequence. Sites
of intron splicing are marked (vertical arrowtips). The putative
polyadenylation signal is boxed. Motifs duplicated in any of the four
sequences compared are indicated by arrows
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spond to duplications of short sequences (shown under-
lined with arrows in Fig. 2) present both in teosinte and
in maize. By contrast, when the Zea and sorghum
sequences are compared, zones of conserved sequences
alternate with variable zones, generally coincident with
the areas where most of the changes among Zea sequ-
ences are also observed. Therefore, besides single nucleo-
tide substitutions, two types of variations can be ob-
served in this region: either insertions/deletions corre-
sponding to short sequences that may be repeated several
times, or long insertions/deletions that appear on com-
parison of Zea sequences with that of sorghum. In some
cases, these long insertions/deletions are flanked by short
direct repeats, indicating that they may have been
produced by a mechanism of homologous recombina-
tion, as has been proposed in other cases (Efstratiadis et
al. 1980; Dixon and Hohn 1984).

Upstream of this region, long repeats and large
sequence rearrangements are observed. They are shown
schematically in Fig. 1. In Ac1503 maize, the repeats
(marked by black arrows in Fig. 1) are 423 bp long, and
a homologous sequence is present once in teosinte. In the
W22 variety, another region of 308 bp (marked by white
arrows in Fig. 1), including part of the previous one, is
duplicated. No repetition or similarity with these re-
peated sequences is observed in sorghum. Upstream of
this region, no significant similarity could be observed for
more than 1700 bp, not even among maize varieties. In
the W22 variety, a 39 bp sequence repeated 17 times, and
not present in any of the other sequences, is found 100 bp
upstream of the two large repeats (not shown).

3’ Untranslated region

Single nucleotide changes and insertions/deletions in
zones of sequence duplications (Fig. 3) are a common
feature shared between 3’ and 5 regions of the HRGP
genes. However, the number of single nucleotide changes
in the 3’ region is, in general, higher than at the 5" end.
In the Zea species, they are restricted in the majority of
cases to zones of sequence duplications, while in sorghum
they are spread all over the sequence, except for some
highly conserved stretches. Most of the insertions/
deletions are generated by duplication of short sequences
that may be repeated several times in any of the se-
quences studied. In contrast with the 5 region, long
insertions/deletions (longer than 15 nucleotides) are not
observed in the 3’ untranslated end, except for the single
intron, both in Zea species and in sorghum.

The sequence of a 200 bp region downstream of the
polyadenylation site is practically identical between
maize W22 and teosinte with only two small duplications
and nine single nucleotide changes (results not shown).
No significant similarity has been found in this region
between any Zea species and sorghum.

Coding region

The coding region of the HRGP gene of the different
varieties and species studied retains the features observed
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Fig. 4. Comparison of the HRGP amino acid sequences among
maize (W22 and Acl1503), teosinte and sorghum. Points represent
identity with maize W22 amino acid sequence. Deletions are in-

in the maize cDNA and genomic sequences (Stiefel et al.
1988, 1990). At the N-terminus of the protein, including
the signal peptide, the different proteins are very similar.
The first part of the mature protein includes a small
stretch of glycines and tyrosines, which is shorter in
teosinte than in the other species studied. In the following
region, which has a highly hydrophilic character, one of
the most interesting features is that the motif KPPKEH
may be present either two or three times depending on
the species.

In the main part of the protein, characterized by a
highly repeated sequence, a number of variations can be
observed (Fig. 4). The sequences of the different Zea
proteins, though varying by a small number of amino
acid changes, differ mainly in the number of repeats
present in each protein. However, the general structure
of the protein is perfectly conserved. A larger number of
amino acid changes is observed when the sorghum
HRGP sequence is compared with those of Zea species.

The structure of the repetitive region of the protein
consists of several repeated units formed by the hexapep-
tide PPTYTP, followed by either two or three pentapep-
tides having similarity among themselves, and probably
sharing the same origin. In the W64 cDNA sequence
(Stiefel et al. 1988), it was possible to observe that the
presence of three pentapeptides correlates with the use of
the AGC codon for the serine of the first pentapeptide.
The second pentapeptide is absent when this serine is
coded by a TCN codon (Stiefel et al. 1988). This
phenomenon indicates that both classes of repeated units
have probably been amplified independently. The third
pentapeptide would have appeared, at a preliminary
stage of evolution, in a unit having the serine of the first
pentapeptide encoded by AGY. Both kinds of units
probably have a common origin. The existence of two
classes of codons for serine (AGY or TCN) may be
explained if both are derived independently from a more

dicated by dashes. Cleavage site for the signal peptidase is shown
by an arrow. Vertical lines indicate the repeated peptides charac-
teristic of these HRGPs

ancestral one, probably a codon for threonine (ACN). In
fact, all the pentapeptides in the Zea and sorghum
HRGPs could have derived from a TPTPT motif by
processes of duplication and mutation.

The complex evolution of HRGP gene

The evolutionary distance between HRGP genes from
the different species was estimated according to two
procedures: the number of nucleotide substitutions per
site (and for coding sequences the number of non-
synonymous substitutions per non-synonymous site) be-
tween pairs of sequences (Li et al. 1985b); and the num-
ber, v, of nucleotide insertions or deletions per site (Taji-
ma and Nei 1984).

Table 1 shows the abovementioned estimates for pairs
of sequences and different regions of the HRGP gene.
Contrary to the common observation that insertion/
deletion events are less frequent than nucleotide sub-
stitution events, it is evident from our data that, irrespec-
tive of the region considered (except, in the case of sor-
ghum, the 3’ sequence excluding the intron), insertions/
deletions are always more frequent than substitutions,
giving rise to higher distance estimates. This is particular-
ly true for the repetitive coding region, where the y values
are the highest in the entire gene, comparable only with
those of the 5’ region; the converse is observed for most
other genes (Tajima and Nei 1984 and references there-
in). This indicates that mechanisms (i.e. unequal cross-
ing-over) that produce insertions/deletions and reduce
the accumulation of mutations are very active within the
coding region.

The effects of such mechanisms on the HRGP gene
should, obviously, distort the phylogenctic tree based
exclusively on the accumulation of single nucleotide sub-
stitutions, or under a low rate of accumulation of inser-
tions/deletions. To verify this, we have constructed un-
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Table 1. Comparison of sequence diver-

gence in different regions of the hydroxy- Region  Subregion  Species Species y
proline-rich glycoprotein gene from maize w22 Acl503 Teosinte Sorghum
(W22 and Ac1503), teosinte and sorghum Al W22 - 0.0060 00214 01273
Acl503 0.1173 - 0.0182 0.1267
Teosinte 0.0708 0.1763 - 0.1537
Sorghum 0.4711 0.5805 0.4325 -
Coding Less w22 - 0.0000 0.0111 0.1149
repetitive Acl503 0.0970 - 0.0121 0.1059
Teosinte 0.0476 0.1520 - 0.1136
Sorghum 0.2628 0.1864 0.3346 -
Repetitive ~ W22 - 0.0135 0.0177 0.1148
Acl503 0.2092 - 0.0209 0.1162
Teosinte 0.2566 0.1596 - 0.1332
Sorghum 0.5783 0.4470 0.4784 -
All w22 - 0.0097 0.0158 0.1147
Acl503 0.1802 - 0.0187 0.1133
Teosinte 0.2039 0.1581 - 0.1280
Sorghum 0.4898 0.3783 0.4430 -
3 Intron w22 - 0.0275 0.0297 0.1802
Acl503 0.1275 - 0.0000 0.1747
Teosinte 0.1896 0.0491 - 0.1796
Sorghum 0.3264 0.3888 0.4801 -
Rest W22 - 0.0527 0.0443 0.1887
Acl503 0.0804 - 0.0157 0.1934
Teosinte 0.0584 0.0546 - 0.1685
Sorghum 0.1493 0.1726 0.1654 -
All w22 - 0.0322 0.0241 0.1928
Ac1503 0.0955 - 0.0161 0.2088
Teosinte 0.0959 0.0531 - 0.1922
Sorghum 0.1956 0.2352 0.2501 -

Values above the diagonal are numbers of nucleotide substitutions per site or numbers of
non-synonymous substitutions per non-synonymous site for non-coding and coding sequ-
ences, respectively. Values below the diagonal are numbers of insertion/deletion events per

site, y

rooted phylogenetic trees following the least squares
method (Felsenstein 1990). From these results (not
shown) it appears that different trees are obtained when
different regions of the HRGP gene are selected for the
analysis. The maize W22 and Ac1503 sequences do not
always cluster first (as expected from an evolutionary
model based on single base substitutions or reduced rates
of insertion/deletion). On the contrary, sometimes W22
clusters first with teosinte, and sometimes Ac1503 clus-
ters first with teosinte. This conclusion can also be
reached using distances estimates based on both sub-
stitutions per site and vy estimates.

Discussion

The sequences of genomic clones corresponding to an
HRGP gene from different varieties of maize, teosinte
and sorghum have been obtained and compared. Advan-
tage has been taken of the simplicity of the system, both
in terms of copy number and in terms of gene structure.
Indeed, results from restriction fragment length poly-
morphism mapping, Southern blot (Stiefel et al. 1990)
and cDNA and genomic cloning failed to detect more
than one homologous gene in any of these species.

The 5 region of the HRGP gene can be divided into
an upstream zone, where large rearrangements are ob-
served in the Zea sequences, and a 500 bp region having
a significant degree of homology among Zea and sor-
ghum genes. Recent results indicate that the latter region
is able to direct the expression of a GUS reporter gene
after bombardment of maize calli and shoot tissue (D.
Tagu, this laboratory, personal communication) and it
thus probably contains the cis elements controlling ex-
pression of the gene. The coding region consists of a main
repetitive sequence with non-repeated segments at both
ends, with the 5’ part coding for a signal peptide. The 3
untranslated region containing an intron is also well
conserved among Zea and sorghum genes. Outside these
zones, the sequence divergence is high. In the 5" region
upstream of the observed rearrangements and in the 3’
region downstream of the polyadenylation site, no sig-
nificant sequence homology can be found between Zea
species and sorghum. This observation allows us to de-
fine, in a relatively precise way, the limits of the gene (as
shown in Fig. 1) probably including its regulatory
sequences. The HRGP gene in these species appears as
a unit of conserved sequences positioned between a re-
gion showing significant rearrangements and non-
conserved sequences.
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The types of sequence variations observed between
maize and teosinte HRGP genes have to be distinguished
from those observed between Zea and sorghum. For
instance, in the 5 region of the Zea genes, only small
insertions/deletions are observed in zones rich in short
duplications, an effect already observed on comparison
of sequences from different maize varieties (Schwarz-
Sommer et al. 1985; Prat et al. 1987). However, com-
parison of Zea and sorghum HRGP genes reveals, be-
sides a larger number of single nucleotide changes, long
insertions/deletions, probably reflecting a greater evolu-
tionary distance between the genera. In contrast, at the
3’ end, the number of large insertions/deletions is very
reduced even between Zea and sorghum, and mostly
short duplications are present (Fig. 3). In the coding
region, the changes in the sequence arise mainly from
large duplications of the repetitive elements that con-
stitute its main part. In maize and teosinte these duplica-
tions retain the basic repetitive structure almost perfect-
ly. Between Zea and sorghum, single amino acid replace-
ments and small duplications locally vary the overall
structure.

The variability observed in different parts of the
HRGP gene probably reflects distinct kinds of selective
pressure acting on them and allows us to distinguish
between several mechanisms producing sequence vari-
ability. At least three types of sequence variation have to
be considered. First, single nucleotide changes that occur
at diverse rates in different parts of the gene (Table 1).
Second, the appearance of small duplications that occur
mostly at both ends of the gene. Some of them may be
produced by the action of transposons, which leave be-
hind short perfect or imperfect direct repeats after ex-
cision (Schwarz-Sommer et al. 1985). Third, large inser-
tions/deletions that occur mostly in the 5" region (when
the sorghum sequence is compared with the others) and
in the coding region, and which are probably generated
by different mechanisms, as discussed below. Some of the
5" deletions may have been generated by homologous
recombination between short direct repeats flanking
them, as has been described elsewhere (Efstratiadis et al.
1980; Dixon and Honh 1984). Nevertheless, several in-
variable boxes may correspond to cis elements important
for the control of gene expression. For instance, the
sequence GGGAAGCCTCC found at —249 bp in W22
maize and conserved in the four genes analyzed (Fig. 2),
is almost identical to a motif found in the ethylene
regulatory region of a bean chitinase (Broglie et al.
1989).

In the coding region, the main mechanism of sequence
variability appears to be the generation of different num-
bers of repetitive motifs. These vary between teosinte and
maize W22 from 17 to 12, and between two maize variet-
ies (Ac1503 and W22) from 15 to 12. Taking into account
the short evolutionary time that probably separates these
two varieties (or maize from teosinte), the mechanism
generating these variations appears to be very active in
the genus Zea, as is reflected by the y estimates observed
in the coding region for the maize-teosinte pair (see Table
1). We propose that these variations could have been
generated by a non-reciprocal interchange of DNA re-

petitive motifs between different alleles, as has been de-
scribed for other repetitive sequences (Dover 1986). This
process can result in sequence homogenization, as has
been observed in the sequence of the HRGP gene re-
petitive motifs. This is illustrated by the codon used in
a given position of the repetitive units, which is constant
depending on the species. For instance, proline number
6 in the hexapeptide is encoded mostly by CCT/A in Zea
species (79% of cases on average), and by CCG in sor-
ghum (92% of cases). Among the different proposed
mechanisms for non-reciprocal interchange of DNA in
repetitive sequences, unequal crossing-over could have
played a role in the evolution of the HRGP coding
sequence because it allows the variation in the number
of repeats observed in the coding region of HRGP genes
(Li et al. 1985a).

The observations discussed above indicate that mech-
anisms that generate short sequence duplications at the
5" and 3’ ends and large repetitions in the coding region
are very active in the production of genomic variability
in Zea HRGP genes. Some sequences may favour the
action of a particular mechanism. For instance, the ap-
pearance of small duplications may raise the probability
of increasing their number due to polymerase slippage
(Schmid and Shen 1985). Furthermore, the boundaries
between the repeated nucleotide sequences in the coding
region consist of stretches rich in GC which seem to be
a target for recombination enzymes (Ruiz-Carrillo and
Renaud 1987). However, it has to be taken into account
that a distinct selective pressure may exist in different
regions of the gene. This phenomenon is illustrated by:
(a) the conservation of small boxes at the 5" end, regard-
less of the distance between them; (b) the conservation
of an overall structure of the 3’ end, where large inser-
tions/deletions are not tolerated except for the intron,
suggesting that conservation of RNA secondary struc-
ture is important for gene function; and (c) the preserva-
tion of a well-defined repetitive structure in the protein
region by maintenance of a certain number of repeated
units and a defined spacing between them, independent
of its length. Altogether, the distinct nature of the
sequences present in particular regions of the HRGP
gene, and the different selective pressures acting on them,
could have determined the pattern of sequence evolution
observed in these regions.
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