
&p.1:Abstract We have isolated, by screening a genomic li-
brary, a retroelement from maize designated PREM-2
(pollen retroelement maize-2), which is expressed in a
tissue-specific manner. RNA transcripts of the PREM-2
family are found in the microspore but not in more ma-
ture pollen or in any of the vegetative tissues examined.
The expression of PREM-2 elements in the uninucleate
microspore provides an explanation for the genetic trans-
mission of genomic rearrangements caused by the trans-
position of retroelements. PREM-2 elements are very
abundant and are estimated to constitute about 5% of the
maize genome and could possibly have played an impor-
tant role in the determination of genome structure and in
the generation of repetitive sequences in maize. The en-
tire PREM-2 element is 9439 bp long. The LTRs of
PREM-2 are 1307 bp in length. The internal region be-
tween the 5′ and 3′ LTRs contains 6825 bp and shares
homology to the gag, pro, int, RT, and RNaseH regions
of copia-type retroelements. PREM-2 elements have
been found in close proximity with several maize genes
registered in GenBank. The presence of PREM-2 se-
quence in the exact 5′ flanking position of three polyga-
lacturonase genes expressed in pollen, has been used to
examine the evolution of the polygalacturonase multi-
gene family in maize and to estimate the time of the
PREM-2 integration event.
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Introduction

One of the major classes of transposable elements found
in eukaryotic organisms, the retroelements or retro-
transposons, transpose via the reverse transcription of an
RNA intermediate (Boeke and Corces 1989). These
retroelements belonging to the retroviral super family
contain at their ends long terminal repeats (LTRs). Inter-
nal to the LTRs are open reading frames that code for
products important for replication and transposition of
the element (Boeke and Corces 1989). The complete
DNA sequences of retroelements from several plant spe-
cies have been described (Schwarz-Sommer et al. 1987;
Grandbastien et al. 1989; Jin and Bennetzen 1989;
Smyth et al. 1989; Camirand et al. 1990; Konieczny et
al. 1991; Manninen and Schulman 1993; White et al.
1994). In addition, many partial sequences which are
very likely derived from LTR retrotransposons are
known (see review, Flavell 1992; Voytas et al. 1992).
The tobacco Tnt1 element is transcriptionally active. Its
expression is restricted to freshly isolated mesophyll pro-
toplasts, but it is not expressed in leaf tissue. The RNA is
transcribed at low levels in the root (Pouteau et al. 1991).
Transcripts of Tnt1 and other elements in tobacco are
also found in established tissue cultures (Hirochika
1993). The transcription of the Tnt1 element is also
greatly stimulated by different microbial elicitors of de-
fense responses in plants (Pouteau et al. 1994). Relative-
ly little, however, is known about the temporal or tissue
expression of most plant retroelements (reviewed by
Grandbastien 1992).

We recently isolated an LTR of a family of highly re-
petitive retroelements, designated PREM-1, which is es-
timated to be present in 10 000–40 000 copies in the
maize genome (Turcich and Mascarenhas 1994). A di-
verse group of RNAs containing portions of the PREM-1

The nucleotide sequence data reported appear in the Genebank,
EMBL and DDBJ databases under the accession numbers
U41000, U41079 and U41080.
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sequence are found during male gametophyte develop-
ment, with highest levels of transcripts being present in
the early uninucleate microspore.

While attempting to isolate a complete PREM-1 retro-
element, we have identified a genomic clone that con-
tained a complete retroelement belonging to a different
family, which we designate PREM-2, which is inserted
in the maize genome within a PREM-1 LTR sequence.
The LTRs of PREM-2 are very different in their nucleo-
tide sequence from those of PREM-1 but, like PREM-1,
are transcribed in the young microspore although with
somewhat different patterns of expression. The major
characteristics of PREM-2 are presented here. These re-
sults have been briefly reported (Mascarenhas and Turc-
ich 1994).

Materials and methods

Plant material, genomic and cDNA libraries

Seed of Zea maysinbred line W-22 was obtained from Illinois
Foundation Seeds. The W-22 genomic library (Hamilton et al.
1989) was constructed in EMBL3. For the cDNA library,
poly(A)RNA was isolated from early microspores and primed with
oligo(dT); the double-stranded, linker-ligated cDNA was size se-
lected for >0.5 kb and ligated in the pcDNAII vector (Invitrogen,
San Diego, Calif.). Screening of the lambda and cDNA libraries
was performed according to the methods outlined in Sambrook et
al. (1989).

Isolation of RNA and genomic DNA

Microspores and pollen of various developmental stages were col-
lected as previously described (Stinson et al. 1987) and flash-fro-
zen in liquid nitrogen. Sporophytic tissues were collected and fro-
zen in liquid nitrogen. Frozen tissues were ground into a fine pow-
der (>80% cell breakage) at liquid nitrogen temperature using a
mortar and pestle. RNA was isolated essentially as previously de-
scribed (Willing and Mascarenhas 1984). Genomic DNA was iso-
lated from young leaves or ears using the miniprep procedure of
Dellaporta et al. (1985). DNA pellets were resuspended in TE
buffer (10 mM TRIS, pH 8.0, 1 mM EDTA) and treated with
40 µg/ml RNase A for 30 min at 37°C.

DNA and RNA blot hybridizations

Restriction fragments of DNA for probe synthesis were purified
by agarose gel electrophoresis and isolated using a GeneClean kit
(BIO 101, Vista, Calif.). The LTR probe was a SalI-XbaI fragment
extending from nucleotide position 8422 to 8958. The RT/RNaseH
probe extended from the SalI site at position 5587 to the SacI site
at position 7282. Random primer probes were then generated as
described by Feinberg and Vogelstein (1983) using α-[32P]dCTP
(Dupont NEN Research Products, Boston, Mass.). Digestion of the
DNA and further analysis were as described in Turcich and
Mascarenhas (1994).

For RNA blot hybridizations, 5µg of RNA from each sample
was analyzed by electrophoresis and hybridized as described (Tu-
rcich and Mascarenhas 1994).

DNA sequencing

Sequencing was by the dideoxy chain termination method using
α-thio[35S]dATP (Dupont NEN) as label and the Sequenase 2.0 se-

quencing kit (United States Biochemicals, Cleveland, Ohio), fol-
lowing the manufacturer’s instructions. The sequencing strategy
used synthetic oligonucleotide primers and cloning of DNA sub-
fragments into either pBS+ or pSK– vectors (Stratagene).

Evolutionary analyses

Sequences of polygalacturonase genes with flanking regions were
obtained from GenBank (release 87). Nucleic acid and inferred
protein sequences were aligned using the Pileup Program in the
GCG package (Program manual for the Wisconsin package, ver-
sion 8, 1994, Genetics Computer Group, Madison, Wis.). Parsimo-
ny trees were constructed from both the DNA and protein align-
ments using the program PAUP(Swofford 1993). Unsequenced re-
gions of genes were coded as “missing data”. All 12 known poly-
galacturonase genes were thus able to be included in the parsimo-
ny analysis, even though some genes contained no regions of over-
lap in the portions sequenced. For those polygalacturonase genes
for which sufficient overlapping sequences were available to cal-
culate distance matrices, trees were also built by the neighbor-
joining method (Saitou and Nei 1987) in the computer package
PHYLIP(Felsenstein 1993). Trees were rooted with the ZMPPOL-
GAL sequence as outgroup; the same topology was found by mid-
point rooting. Dates of gene duplications (Fig. 6) were calculated
based on the estimated rate of synonymous substitution (6×10–9

substitutions per site per year) in plant nuclear genes (Wolfe et al.
1989). Synonymous substitution rates were calculated for each
pair of genes for which sufficient overlapping sequences were
available using a computer program kindly provided by W.-H. Li
(Li et al. 1985).

Results

Nucleotide sequence and other characteristics
of the LTRs and internal region of PREM-2

Screening of the maize inbred line W-22 genomic library
(Hamilton et al. 1989) with a PREM-1 LTR probe (Turc-
ich and Mascarenhas 1994) resulted in the identification
of a clone that appeared to contain two PREM-1 LTRs.
A total of 17750 bp of maize chromosomal DNA from
this genomic clone was sequenced. A map of the region
sequenced together with the location of the PREM-1
LTRs and the position of the PREM-2 element are shown
in Fig. 1. A complete PREM-2 retroelement has trans-
posed into the PREM-1 3′ LTR in an orientation that is
opposite to the PREM-1 sequences and 1236 bp up-
stream from the 3′ end of the putative 3′ PREM-1 LTR
(Turcich and Mascarenhas 1994). Figure 2A shows the
location of the structural features of the PREM-2 ele-
ment. The entire PREM-2 element is 9439 base pairs
(bp) long and has a 5-bp target site duplication (ATTAT)
of maize DNA at its ends. The entire sequence as com-
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Fig. 1 Orientation and position of PREM-2 relative to a PREM-1
element in the maize genomic clone. LA and RA are the left and
right arms of the vector EMBL3&/fig.c:



municated to GenBank (accession number U41000)
starts with nucleotide 1 as the first base of the 5′ target
site 5-bp duplication, and ends with nucleotide 9449, the
last base of the 3′ target site 5-bp duplication.

The LTRs of the PREM-2 element are 1307 bp long
and contain 5′TG..3′CA terminal inverted repeats. The
LTRs of the PREM-2 element appear to be consistent
with the U3-R-U5 organization of retroviral LTR se-
quences (Boeke and Corces 1989). Two putative TATA
boxes which are similar to plant consensus sequences
(Joshi 1987) start at nucleotides 301 and 406, respective-
ly. Also, two possible polyadenylation signals start at nu-
cleotide positions 739 and 1154. Immediately interior to
the 5′ LTR is a putative primer binding site (PBS)
(TGGTATCAGAGCC) which has identity with 16 of 17
bases at the 3′ end of tRNAmet from wheat (Ghosh et al.
1982) and yellow lupin (accession number X06458, Bar-
ciszewska et al. 1989). Interior to the 3′ LTR is a 13-bp
polypurine tract (PPT) (AAAAAGGGGGAGA). Unlike
other retroelements which have been described, however,
there are several other polypurine stretches contained
within a 600-bp region upstream from the polypurine
tract that flanks the 3′ LTR of PREM-2. Six of these oth-
er polypurine stretches are similar, if not identical, to the
sequence of the most 3′ PPT adjacent to the 3′ LTR.

The internal region between the 5′ and 3′ LTRs con-
sists of 6825 bases and contains open reading frames
which are homologous with the gag, prot (protease), int
(integrase), RT (reverse transcriptase) and RNaseH re-
gions of retroelements (Fig. 2A). The organization of
these regions is similar to that of the copia element of
Drosophila and the Ty-1 element of yeast (Boeke and
Corces 1989). The gag region is unusually long
(2757 bp) and consists of two overlapping open reading
frames. The first ORF in the gag region starts with an
ATG at nucleotide position 1361 and continues for
786 bp. This ORF overlaps with another longer ORF of
2157 bases. It is this second overlapping ORF which

contains the characteristic nucleotide binding domain
(NBD) of the gag polyprotein (see Fig. 2A).

The largest ORF within the internal domain of
PREM-2 consists of sequences which encode a copia-
like pol polyprotein. This ORF is 3243 bp in length and
is in the same reading frame as the smaller gag ORF. The
homologies of the conserved regions of the PREM-2 pol
polyprotein with other copia type retroelements are
shown in Fig. 3. As deduced from the nucleotide se-
quence of this particular PREM-2 element there appear
to be two stop codons at positions 4054 and 4067, just
between the gag ORFs and the pol polyprotein.

The amino acid sequence alignment of the NBD of
the gag polyprotein region of representative copia-type
retroelements, retroviruses and cauliflower mosaic virus
are presented in Fig. 3A. The amino acid sequence of the
PREM-2 NBD shows the greatest sequence similarity to
the NBDs of the retrovirus sequences. The amino acid
sequences that flank the NBD of PREM-2 also share the
most identities and conservative substitutions with the
amino acid sequences of the corresponding retroviral re-
gions. In contrast, the most conserved region of the re-
verse transcriptase domains of PREM-2 is more similar
in sequence to the copia and the plant copia-type ele-
ments than to the retroviruses or CaMV (Fig. 3B).

Developmental and tissue-related expression
of the PREM-2 element

High-stringency RNA blot analyses using RNA isolated
from various maize tissues including pollen at different
stages of development are shown in Fig. 4. Hybridiza-
tions using both an LTR probe and a RT/RNaseH probe
indicate that PREM-2 elements are transcribed in the
uninucleate microspores of maize. Expression seems to
be primarily in the early uninucleate microspores, with
low expression in mid- to late-stage microspores, and no
expression in more mature pollen or in any of the vegeta-
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Fig. 2A, B Structural charac-
teristics of PREM-2 and
PREM-2 integrations in the
maize genome. A Structural
characteristics of the PREM-2
retroelement. PBSprimer bind-
ing site; PPTpolypurine tract;
prot protease; int integrase; RT
reverse transcriptase; NBD nu-
cleotide binding domain. B The
position of PREM-2 sequence
in relation to six maize genes,
the nucleotide sequences of
which are found in Genbank.
Arrows with solid linesdenote
the start and direction of trans-
lation. Arrows with dashed
lines and a question markindi-
cate that nucleotide sequences
are not available. Only a por-
tion of the transcribed region
for MZECPN60A is shown&/fig.c:



tive tissues studied. This is somewhat similar but not
identical to the RNA transcription pattern observed for
the PREM-1 element previously described (Turcich and
Mascarenhas 1994). The hybridization obtained is to a
diverse population of RNA sizes ranging from very large
(>10 kb) to fairly small (about 500 bp). However, the
majority of transcripts appear to be large (>6 kb), consis-
tent with the large size of this retroelement.

Further evidence for the transcription of PREM-2 el-
ements in uninucleate microspores has been obtained by
screening a cDNA library made to poly(A)RNA from
early microspores with an LTR probe. Two of the ob-
tained cDNA clones were sequenced (PREM-2cdna1,
PREM-2cdna2, accession numbers U41079 and
U41080, respectively). Both clones contain about
800 bp of PREM-2 LTR sequence starting about

100–200 bp from the 3′ end of the 3′ LTR. Each of the
clones has about 70% identity in base sequence with the
LTR of the complete PREM-2 element, although there
are regions where the sequence identity is from 80 to
>90%.
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Fig. 3A,B Amino acid sequence alignment of the nucleotide
binding domain of the gag region and of the most conserved re-
gion of the reverse transcriptase domains of PREM-2 and repre-
sentative copia-type retroelements. A Amino acid sequence align-
ment of the nucleotide binding domain (NBD) of the gag polypro-
tein regions of representative copia retroelements, retroviruses,
and cauliflower mosaic virus (CaMV). Conserved cysteines and
histidines are in bold. Amino acid identities with the PREM-2
NBD are bold upper case. SIVSP is the PBJ/BC13 isolate of simi-
an immunodeficiency virus (accession number P19504); the acces-
sion number for hiv1l is PO5888. B Amino acid sequence align-
ment of the most conserved region of the reverse transcriptase do-
mains of representative Pol ORFs. Bold lettersdenote the most
conserved portions in copia-type retroelements. Upper case letters
show positions of amino acids where there is identity of at least
five out of seven residues. SIVagm is the agm isolate of simian im-
munodeficiency virus (GenBank accession number Q02836).
Alignment was generated using the pileup program of GCG&/fig.c:

Fig. 4 RNA blot analysis with RNA (10µg total RNA) from dif-
ferent stages of pollen development and different vegetative tis-
sues, hybridized with a PREM-2 reverse transcriptase probe and a
PREM-2 LTR probe. The order of the lanes is the same for both
halves of the figure&/fig.c:



Repetition frequency of PREM-2 elements
in the maize genome

Genomic DNA blot analyses were carried out using seg-
ments of the LTR and reverse transcriptase regions of
PREM-2 as probes and employing high-stringency con-
ditions for the hybridization. These data are presented in
Fig. 5. It is apparent that both the LTR sequences and the
reverse transcriptase are very prevalent in the maize ge-
nome. To estimate the number of copies of the PREM-2
family present in the maize genome, the number of hy-
bridizing plaques in the W-22 genomic library was deter-
mined. About 9% of the plaques hybridized to the
PREM-2 LTR probe at high stringency. The number of
copies in the genome was calculated as described (Turc-
ich and Mascarenhas 1994) and was found to be about
30 000 per haploid genome of maize.

Identification of PREM-2 sequences in maize genes

A search of the GenBank database (Release 87) revealed
six genomic sequences from maize, portions of which
are comprised of sequences having a high degree of sim-
ilarity to the PREM-2 LTRs and/or internal regions.
These include three polygalacturonase nuclear genes ex-
pressed in pollen, ZMPGALAC (accession number
X66692, Allen and Lonsdale 1993), ZMPGTNSG (ac-
cession number X64408, Barakate et al. 1993), and
ZMPGG14 (accession number X65845, Barakate et al.
1993), a genomic clone containing glyceraldehyde-3-
phosphate dehydrogenase subunit A (MZEG3PD, acces-
sion number M18976, Quigley et al. 1988), a nuclear-en-
coded mitochondrial chaperonin 60 gene (MZECPN60A,
accession number L21007; P.S. Close, unpublished) and
a non-coding genomic sequence from maize that has the
properties of replicating autonomously in yeast
(MZEARS3, accession number X12755; Berlani et al.
1988). Figure 2B summarizes the positions of the
PREM-2 sequences relative to these maize genes. In all

six cases the PREM-2 element appears to have integrated
in an orientation opposite to the coding strand, or at least
opposite to the sequence in the case of the ARS-3 clone,
and in four cases is located close to the presumed pro-
moters of the genes. In these four cases, the known se-
quence ends within the Pol ORF, but it is not known
whether the remainder of the PREM-2 sequences are to
be found downstream since further sequences are un-
available. In the case of MZECPN60A, the 5′ end of a 5′
LTR of the PREM-2 element has integrated about 460 bp
upstream of the first exon of the gene. This could poten-
tially represent the integration of a complete PREM-2
retroelement in this position, but unfortunately with the
exception of about 400 bp of common sequence with
PREM-2 no further sequence is available. Within this re-
gion, however, there are two deletions, one of 27 bp and
another of 6 bp.

Evolution of the polygalacturonase gene family in maize

The presence of the identical PREM-2 sequence in ex-
actly the same position upstream of the polygalacturon-
ase genes prompted us to examine the evolution of the
polygalacturonase gene family in maize. This family is
estimated to contain 12–13 genes (Barakate et al. 1993).
Of the six polygalacturonase genes for which 5′ flanking
nucleotide sequences are available in GenBank, three
have PREM-2 sequences (ZMPGTNSG, ZMPGALAC,
ZMPGG14, Fig. 2B), two apparently do not contain
PREM-2 sequence (ZMPOLGAL, accession number
X66422; ZMPGG5, accession numbers X65846 and
X65847) and one is unknown because not enough up-
stream sequence is available (ZMPGG6, accession num-
ber X65844). Partial coding sequences are available for
several other polygalacturonase genes (Barakate et al.
1993).

To trace the evolutionary history of PREM-2 inser-
tion(s) in this gene family, phylogenetic trees were built
using both parsimony (Swofford 1993) and neighbor-
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Fig. 5 Maize (inbred lines 
W-25 and Seneca-60) genomic
DNA blot hybridizations using
segments of the LTR and re-
verse transcriptase regions of
PREM-2 as probes. The DNA
was digested with various re-
striction endonucleases as indi-
cated&/fig.c:



joining (Saitou and Nei 1987; Felsenstein 1993) methods
from both the nucleotide and amino acid sequences of
the coding regions. Because of its high divergence from
the other sequences, the ZMPOLGAL gene was used as
an outgroup to root these trees.

The neighbor-joining tree is shown in Fig. 6. Al-
though there were many parsimony trees of equal length,
consensus trees gave a similar picture regarding the over-
all evolutionary relationships to those shown in the
neighbor-joining tree. Importantly, in all rooted trees the
ZMPGG5 sequence, which does not contain the PREM-2
insertion, fell outside of a cluster that contained all other
sequences including the three genes known to have the
PREM-2 insertion (ZMPGTNSG, ZMPGALAC,
ZMPGG14). The genes for which upstream sequence in-
formation is not available grouped with either ZMPGA-
LAC or ZMPGG14. Since all of these genes are believed
to be products of separate loci in maize (Barakate et al.
1993) these divergences represent gene duplication

events. The calculated dates of these duplications are
shown in Fig. 6.

Discussion

We have described the discovery and characterization of
a new maize retroelement, which we designate PREM-2
because of its expression in immature pollen. The
PREM-2 retroelement is copia-like in organization and is
different from other retroelements described for maize –
Cin1 (Shepherd et al. 1984); Bs1 (Jin and Bennetzen
1989); G, B5 and Stonor (Varagona et al. 1992); PREM-
1 (Turcich and Mascarenhas 1994); Hopscotch(White et
al. 1994); and magellan(Purugganan and Wessler 1994)
– since the LTRs of the different elements are very dif-
ferent in sequence. The Bs1 element of maize is atypical
because of its relatively small size and lack of sequence
similarity to reverse transcriptase (Jin and Bennetzen
1994; Grandbastien 1992); the Cin1 element seems to be
a solo LTR (Grandbastien 1992); and, except for Hop-
scotch(White et al. 1994), complete sequences for the
other reported maize retroelements are not yet available.
The PREM-2 family of retroelements is very prevalent in
the maize genome and is present in about the same num-
ber of copies as PREM-1 (Turcich and Mascarenhas
1994). The copy number of the autonomously replicating
sequence ARS3 was estimated to be about 28 000 per
haploid maize genome (Berlani et al. 1988). Nucleotides
1–248 of ARS3 share 82.3% identity with a segment
from the LTR of PREM-2. Based on the A+T content
and strand asymmetric distribution of bases, it is likely
that the portion of ARS3 that contains ARS activity ex-
tends from position 243 to 603 (Berlani et al. 1988).
Since the probe used for the estimation of the number of
copies of ARS3 apparently included sequences upstream
of 243 which we now know make up part of the LTR of
PREM-2 (Fig. 2B), the number of 28 000 copies proba-
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Fig. 6 Neighbor-joining tree for the polygalacturonase gene fami-
ly. Gene names are listed in the text. Internal nodesrepresent pu-
tative gene duplication events; letters beside the nodesare for ref-
erence to calculated times of gene duplication: A 9.2–15 million
years ago (mya); B 5.8–8.1 mya; C 2.3–3.1 mya; D 1.8–2.6 mya;
E not calculated; F 0.62–0.84 mya; G 0.53–0.74 mya; H 0.53–0.74
mya; I 0.50–0.70 mya. Duplication dates A and B may not be
highly reliable, as they were calculated using ZMPGG5, for which
only 285 nt of common sequence is available. Arrow indicates the
most parsimonious explanation for the time of the PREM-2 inser-
tion. Plus signsindicate polygalacturonase sequences with PREM-
2 sequence (see Fig. 2B). Minus signsindicate sequences that lack
PREM-2 upstream. ND indicates those genes for which insuffi-
cient upstream sequence has been determined. The bold linetraces
the polygalacturonase gene duplicates with known PREM-2 se-
quences. Although they are not shown in this neighbor-joining tree
because they do not have enough overlapping sequence for calcu-
lation of a distance matrix, ZMPGAL65 clusters with the ZMP-
GAL17/ZMPGAL2/ZMPGG14 clade, and ZMPGAL4 and ZMP-
GAL47 cluster with the ZMPGALAC/ZMPGAL1/ZMP-
GAL3/ZMPGG6 clade in parsimony trees



bly reflects the number of PREM-2 copies in the maize
genome in addition to the number of copies of ARS3.
This is an independent confirmation of our estimate of
the copy number of PREM-2 elements in the maize ge-
nome. The PREM-2 sequence, however, seems to mark
the limit of the 5′ terminus of ARS3.

Based on its size and estimated copy number, PREM-
2 could comprise about 5% of the maize genome, as is
also true for PREM-1 (Turcich and Mascarenhas 1994).
These observations provide evidence for the importance
of retroelements in determining genome structure in
maize, and possibly in other plants, and strengthen the
suggestion that retroelements are likely involved in the
generation of repetitive sequences that are responsible
for the large genome size of several species (Flavell
1986; Weiner et al. 1986; McDonald 1990; Leeton and
Smyth 1993).

PREM-2 appears to be the first reported case of a
complete plant retroelement with microspore-specific or
tissue-specific expression. Although PREM-1 is also ex-
pressed in pollen, it is not yet known whether PREM-1 is
a complete element (Turcich and Mascarenhas 1994).
The Tnt1 element from tobacco is transcribed in freshly
isolated mesophyll-derived protoplasts but not in meso-
phyll cells. The induction is dependent on the presence
of cell wall hydrolases or microbial elicitors of plant de-
fense reactions, but does not seem to be developmentally
regulated (Pouteau et al. 1991, 1994). McClintock
(1984) suggested that the expression of transposable ele-
ments could be triggered by “genomic stress”. Clearly
the activation of Tnt1 by cell wall-degrading hydrolases
and microbial elicitors of plant defense reactions can be
considered a reaction to genomic stress. Whether there is
any similarity between such environmental stress condi-
tions and early male gametophyte development is not
known, but it is intriguing that both of these situations
entail a major changeover in the preexisting genetic reg-
ulatory program.

The expression of the PREM-2 element in the early
microspore (Fig. 4) is a significant finding because it
provides an explanation for the genetic transmission of
genomic rearrangements caused by the transposition of
retroelements. Transposons and retrotransposons are hy-
pothesized to provide important mechanisms for generat-
ing evolutionary diversity and change (McDonald 1990).
For such changes to be inherited, the transposition events
must occur in the cells giving rise to the sperm or egg.
The uninucleate microspore is the precursor of the sperm
cells and any rearrangements or transposition of DNA
occurring at this time can potentially be inherited by the
generative cell nucleus and later the sperm nuclei. The
expression of PREM-2 elements in the early microspore
might be an indication of their active transposition at this
time. The male gametophyte represents a stage in the life
cycle of plants that might tolerate a higher level of trans-
posable element activity because selective pressures dur-
ing and after gametogenesis could eliminate transposi-
tion events that result in deleterious effects. Changes that
have positive consequences for pollen tube growth could

also be selected for. The great excess of pollen grains
produced relative to the numbers of embryo sacs and the
resultant gametophytic competition that has been ob-
served and studied (Mulcahy and Mulcahy 1987) might
be related to retroelement activity in the microspore. In-
terestingly, the transposition of the yeast retrotransposon
Ty1 is mostly confined to the haploid or gametic phase
of the yeast life cycle (Ji et al. 1993). Alternatively, if the
selfish DNA hypothesis (Doolittle and Sapienza 1980;
Orgel and Crick 1980) is valid, it may be a selective ad-
vantage to the retroelement itself to have evolved to ex-
press its activity at this stage of development.

Several of the genes that lie near to where the PREM-
2 element and other retroelements in maize have trans-
posed are known to be expressed in pollen. Examples in-
clude the polygalacturonase genes (Allen and Lonsdale
1993: Barakate et al. 1993), the waxy genes (Bureau and
Wessler 1992; Varagona et al. 1992), alcohol dehydroge-
nase (Bureau and Wessler 1992), and ADP glucose glu-
cosyl-transferase (Bureau and Wessler 1992). If retroele-
ments preferentially insert into transcriptionally active
regions of nuclear DNA, as some indirect evidence sug-
gests (Chalker and Sandmeye 1992), then these data may
be also indicative of a heightened level of plant retroele-
ment activity in developing pollen.

Our analyses of PREM-2 sequences in GenBank sug-
gest that there may be possible regulatory interactions
between these sequences and the genes they flank. This
possibility is suggested by the fact that most of these
PREM-2 sequences are intimately associated with genes
at their proximal upstream locations. Retroelement inser-
tions can give rise to altered spatial and temporal expres-
sion patterns of genes that are in close proximity (Mc-
Donald 1990; Weil and Wessler 1990; Smith and Corces
1991; Robins and Samuelson 1992; White et al. 1994).
For example, the insertion of a Stonor retroelement in
the waxy (Wx) gene of maize makes it null for Wx ex-
pression in pollen, yet Wx expression is retained in the
endosperm (Varagona et al. 1992). Furthermore, control
sequences known to be critical for the proper regulation
of expression of eukaryotic genes have been identified
within the LTRs of different retroelements (McDonald
1990). The LTR of the tobacco Tnt1 retroelement, for
example, is known to contain cis-acting regulatory ele-
ments that lie upstream from the TATA box and which
are required for the induction of its transcription in leaf
protoplasts (Casacuberta and Grandbastien 1993). Simi-
lar conclusions concerning the possible regulation by
retroelements of adjacent genes have been reached by
White et al. (1994) from their computer-assisted dat-
abase search with Hopscotchand other copia-like ele-
ments.

A 5′ PREM-2 LTR is present about 450 bp 5′ to the
first exon of the chaperonin 60 (MZECPN60A) gene,
and the 3′ end of a 3′ LTR is found just prior to the
ARS3 sequence (Fig. 2B). Four of the genes
(MZEG3PD, ZMPGALAC, ZMPGTNSG, ZMPGG14)
have integrated into the region of the pol ORF of PREM-
2 (Fig. 2B). Three of the genes which have adjacent
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PREM-2 sequences are members of the multigene family
of exopolygalacturonase proteins in maize. The same pol
region of PREM-2 is found in the identical position at
the 5′ ends of three members of the family shown in
Fig. 2B; in the case of the ZMPGALAC gene this is
326 bp 5′ of the start of transcription.

The presence of PREM-2 sequence within 326 bp
from the start of transcription has obviously not prevent-
ed pollen expression of these genes. Whether more sub-
tle effects have resulted, such as effects on the strength
of the promoters, cannot be stated until more quantitative
studies have been carried out. The cis-acting elements re-
quired for pollen-specificity are located very near to the
start of transcription (see review, Hamilton and Masca-
renhas 1996). For example, for the pollen-specific gene
Zm13, the signals for pollen specificity reside within
about 118 bp from the start of transcription (Hamilton et
al. 1989; Hamilton and Mascarenhas 1996; manuscript in
preparation). It is thus not surprising that pollen expres-
sion of the three polygalacturonase genes does not ap-
pear to be affected even though they are so near to
PREM-2.

It has recently been found that a fragment of a plasma
membrane ATPase (pma) gene has integrated within the
Bs1 element of maize (Bureau et al. 1994; Jin and Ben-
netzen 1994; Palmgren 1994). This is the first example
of a retrotransposon that has acquired a portion of a nor-
mal cellular gene. The presence of partial PREM-2 se-
quence found adjacent to the polygalacturonase genes,
and to the other genes described in Fig. 2, might suggest
the possibility of an ancestral transduction of these genes
by the PREM-2 element, similar to the situation of the
pmagene in the Bs1 element.

The fact that none of the six PREM-2 insertions has
disrupted the coding region of a gene is intriguing. In all
cases, the PREM-2 sequences are found a short distance
upstream of the promoter region. Retrotransposon-like
sequences have also been found by White et al (1994) to
lie adjacent to several plant genes. An analysis has been
made of the insertion sites of over 100 insertion events of
the Ty1 retroelement in the yeast chromosome III. Most
of the regions where the Ty1 element was found were
tRNA genes and/or LTRs of preexisting transposable ele-
ments. Almost all of the insertions were 5′ of the tRNA
coding region. Although identified ORFs represent about
70% of chromosome III, only one of the sequenced in-
sertions disrupted an ORF (Ji et al. 1993). Ji et al. (1993)
have suggested that the Ty1 integration machinery is able
to detect “safe havens” for insertion into the genome. It
would be most interesting if PREM-2 did the same. The
PREM-2 element has integrated into the PREM-1 LTR in
an orientation that is opposite to that of the PREM-1 se-
quence. Moreover, all of the other chromosomal genes or
sequences (Fig. 2B) are in opposite orientation to the
PREM-2 sequence. Whether this observation has some
significance with respect to the mechanism of integration
of the PREM-2 element is as yet unclear.

PREM-2 sequence is known to be located in front of
three separate polygalacturonase genes. Based on the

evolutionary tree for the polygalacturonase family of
genes (Fig. 6), the simplest explanation for this observa-
tion is that there was a single PREM-2 integration event,
or a transduction event, which preceded the gene dupli-
cations that gave rise to the ZMPGTNSG, ZMPGALAC,
and ZMPGG14 genes and their close relatives. This in-
terpretation is consistent with the observation that these
PREM-2 sequences are integrated at the identical nucle-
otide position in the three polygalacturonase genes. If
this interpretation is correct we can predict that the genes
ZMPGG6, ZMPGAL3, ZMPGAL1, ZMPGAL4, ZMP-
GAL47, ZMPGAL17, ZMPGAL2, and ZMPGAL65 (for
which 5′ sequences are not known) will be found to con-
tain PREM-2 sequences in their upstream regions, since
they appear to have arisen by gene duplication events
that occurred after the PREM-2 integration.

We can estimate that the earliest of these particular
gene duplications occurred between about 2.3 and 3.1
million years ago (Fig. 6). Thus the PREM-2 integration
event most likely occurred prior to this time but after the
divergence from ZMPGG5, which we estimate at about
5.8–8.1 million years ago.

Since a majority of the members of the polygalact-
uronase gene family are predicted to contain a PREM-2
sequence, this raises the possibility that the presence of
PREM-2 has facilitated these recent gene duplications.
Whether retroelements might generally be involved in
gene duplication in maize and other plants is an intrigu-
ing question that might be addressed through analyses of
retroelements and their proximity to other duplicated
genes.

Are PREM-2 elements presently active in the maize
genome? Our data show that transcripts of the elements
as determined by both LTR and reverse transcriptase
probes are present in the microspore, and are of a size to
include complete transcripts of the element (Fig. 4);
thus, it is likely that at least some members of the
PREM-2 family are functional elements. Whether the
particular member of the PREM-2 family characterized
here is currently active remains to be determined; how-
ever, it seems reasonable to expect that it is, for the fol-
lowing reasons. Although there are two stop codons just
between the gag ORFs and the pol polyprotein, frame
shifting and stop codon suppression could conceivably
result in the translation of an active pol polyprotein,
since such mechanisms are known to occur in other
retroelements and in retroviruses (Boeke 1989; Lewin
1994; Voytas and Boeke 1993). Also, since there are on-
ly four nucleotide differences between the two PREM-2
LTRs (probably two changes per LTR), it seems reason-
able to assume that relatively few changes have occurred
within the internal domains which might render the ele-
ment inactive. None of the gene sequences obtained from
the DNA sequence database appear, however, to be re-
cent integration events of PREM-2 (Fig. 2B). The fact
that in the six genes involved the nucleotide identity in
the regions shared with PREM-2 ranges between 68%
and 91%, the fact that only a portion of the PREM-2 se-
quence is found adjacent to the genes, and that small de-
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letions in the PREM-2 sequence are found in one of the
genes, suggest that rearrangements of PREM-2 DNA and
substantial sequence divergence have occurred. This
would indicate that the PREM-2 integration is not very
recent for any of the loci involved. With the polygalact-
uronase gene family, our estimates for PREM-2 integra-
tion are earlier than about 2–3 million years ago. The se-
quence information from the two cDNA clones isolated
from a microspore cDNA library suggests, in addition,
that the PREM-2 family of elements is ancient.

Further investigation of PREM-2 sequences in the
maize genome and the isolation of additional high copy
number retroelements and their analysis might help us
better understand the evolution of genome structure and
organization in plants such as maize, which contain a
large amount of repeat DNA.

&p.2:Acknowledgement This research was supported by grant IBN-
9208337 from the National Science Foundation to J.P.M.
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