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Abstract

The characterization of a gene with a unique microspore-specific expression pattern is reported. Isolated
microspores from tobacco were used to synthesize a cDNA library. Clones that did not hybridize to leaf
cDNA were further characterized by northern analysis. One clone proved to be a microspore-specific
c¢cDNA, representing a transcript of 650 nt. The corresponding gene, NTM19 (Nicotiana tabacum
microspore-specific), was isolated and its sequence analysed. The gene encodes a protein of 10.8 kDa
with a pI of 6.92 and a putative signal sequence at the N-terminus. A localization study revealed a unique
spatial and temporal distribution. The transcript was only detected in the unicellular microspore. No
hybridization signals were observed in other pollen developmental stages, nor in the surrounding anther
tissues or other vegetative tissues of the plant. Therefore it can be concluded that NTM19 is a gene with
a highly microspore-specific character according to both localization and stage of expression. Southern
blot analysis demonstrated the presence of a small gene family. The occurrence of TNM19 was inves-
tigated in a range of closely and distantly related species and was found to be present in other solana-
ceous species, including the ancestors of tobacco and in a monocot species.

Introduction

In angiosperm plants, sexual reproduction re-
quires the production of viable male and female
gametophytes. Pollen, as the male gametophyte,
is formed within the anther and is initiated from
sporogenous cells, which develop into meiocytes.
The meiocyte undergoes meiosis to form a tetrad
of haploid microspores which are subsequently

released into the anther locule. Upon expansion
and vacuolation an asymmetrical mitosis of the
microspore results in bicellular pollen, containing
a vegetative and generative cell. In the majority of
plant species, including tobacco, pollen is shed in
a bicellular condition. In other plant species (ce-
reals and Brassica sp.), pollen maturation includes
the mitotic division of the generative cell such that
pollen is shed in a tricellular condition.

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession number X88847 (NTM19).
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The morphological aspects of pollen develop-
ment have been studied in great detail but knowl-
edge about the underlying molecular processes is
relatively limited. Pollen formation requires coor-
dinated gene expression in the gametophytic cells
and the sporophytic tissues surrounding it. Two
periods of temporal gene expression are defined
in pollen development by Mascarenhas [20]. The
early developmental stage starts after meiosis and
ends with the microspore mitosis, the late stage
covers the period after mitosis up to mature pol-
len {14]. During pollen development the mRNA
content present in different stages changes quali-
tatively [27]. Genes which are transiently and
specifically transcribed during pollen develop-
ment are assumed to play a crucial role in the
developmental processes. Summarizing, genes in-
volved in pollen development can be classified,
according to expression pattern as early [10, 28,
35], and late genes [4, 7, 21, 32, 39, 42]. Addi-
tionally, genes transcribed in both stages have
been isolated [1, 24, 33].

This classification does not use the place of
expression in consideration. If this localization is
taken as an extra criterion, the previous classifi-
cation can be refined, which leads to four catego-
ries of pollen developmental genes: first, a cat-
egory of genes with exclusive expression in the
unicellular microspore; second, a group with lo-
calized expression in the diploid anther tissues
during development; third, a group with localized
expression in pollen; and fourth, a group with
expression in unicellar microspores, pollen and
diploid anther tissues. Genes of the first category
have not been identified yet.

The aim of our study was to obtain more in-
formation about the involvement of the haploid
genome in early pollen development. From mi-
crospore culture experiments [36] it is known that
microspores can develop autonomously into ma-
ture pollen in vitro and it can be concluded that
pollen development can occur under the control
of the haploid genome. We, therefore, were inter-
ested in the identification of early genes with lo-
calized expression exclusively in the unicellular
microspore.

Previous studies of early genes restricted to mi-

crosporogenesis resulted in a group of genes of
which expression [10, 28, 35] is localized in the
tapetum or other anther tissues. A few genes have
been characterized which are expressed in both
developing pollen and in tapetum [24, 29, 33].
This is a logical consequence of an approach in
which ¢cDNA libraries were synthesized from
mRNA isolated from extracts of total anther tis-
sues. Due to the high contribution of tapetal cells
to the total anther tissues, differential screening
from such libraries results mainly in the isolation
of genes with expression in the tapetum.

In our research we focused on genes charac-
terized by transient expression during micro-
sporogenesis with a microspore-specific localiza-
tion. To minimise contamination of the mRNA
with sporophytic material, a laborious isolation of
microspores was undertaken and microspore
RNA was used for cDNA library construction.
This new approach with homogenous material
according to cell type and developmental stage
has proved to be successful. A microspore-
specific gene with unique expression characteris-
tics was isolated. The DNA sequence of the gene
and its temporal and spatial expression pattern
during pollen development have been determined,
which is described and discussed here.

Materials and methods
Plant material

Plants of Nicotiana tabacum L. cv. Petit Havana
SR1 [19], were grown in soil under greenhouse
conditions. Flower buds of selected length were
collected to obtain pollen of different develop-
mental stages. The determination of developmen-
tal stage and isolation of the anther content was
carried out as previously described [27].

Plants of Nicotiana tomentosiformis, Nicotiana
sylvestris, Nicotiana otophora, Petunia hybrida,
Brassica oleracea and Tradescantia virginiana were
grown in the greenhouse, while Verbascum thap-
sus was grown in the field.



Nucleic acid isolation

RNA was isolated with guanidine thiocyanate as
RNase inhibitor by the procedure of Cathala [5]
with minor modifications. All plant tissues in-
cluding the microspores were frozen in liquid ni-
trogen and ground in a prechilled mortar. The
ground material was placed in 2 ml lysis buffer
and, after centrifugation at 3000 x g for 10 min at
15 °C, the supernatant was collected. The dura-
tion of all centrifugation steps in the procedure
was modified from the original procedure to
20 min.

The mRNA to be used for the synthesis of the
cDNA library was bound on the surface of oli-
go(dT) Dynabeads (Dynal) as described by the
manufacturer [11]. The mRNA used to synthe-
size a single-stranded cDNA probe was isolated
as reported [25]. Plasmid DNA was isolated ac-
cording to standard procedures [25], genomic
DNA as reported [6} and phage DNA was
obtained with LambdaSorb Phage Adsorbent
according to the manufacturer’s protocol
(Promega).

c¢DNA library construction and screening

A cDNA library in AZAP II [30] was made from
mRNA isolated from microspores. The cloning
kit and the Gold Packaging Extract of Stratagene
were used according to the manufacturer’s pro-
tocols. The cDNA library was amplified once
prior to screening. Differential screening was car-
ried out with *?P-labelled single-stranded cDNA
probes derived from either mRNA from mi-
crospores or young leaves. The screening proce-
dure of Stratagene was followed at a hybridiza-
tion and washing temperature of 55 °C. The filters
were washed in steps of 30 min in SSC with 0.1
(w/v) SDS (1 x SSCis 150 mM NaCl, 15 mM
sodium citrate pH 7). The SSC concentration was
lowered in steps: 6 x SSC, twice in 2x SSC
followed by 0.5x SSC and 0.2x SSC. A pri-
mary library screening of 2 x 10* ¢cDNA clones
was done.

The single-stranded cDNA probes were made
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as described {25] with the following changes:
2 ug mRNA, oligo(dT), 75 uCi [a-*’P]dATP
(3000 Ci/mmol) and 400 units Superscript reverse
transcriptase from BRL were used to prime and
radiolabel the probe. Selected plaques were iso-
lated and excised invivo from the AZAP II
phagemid to form a pBluescript SK- plasmid
according to the procedure of Stratagene.

Genomic library screening

The genomic library of Nicotiana tabacum cv.
Samsun in bacteriophage A Charon 32 [12] was
a generous gift of Dr R.B. Goldberg [15], Es-
cherichia coli K802 cells were used as hosts. A
cDNA of 240 bp comprising part of the 3'-end
region was used to synthesize a random-primed
probe labelled with [x-**P]dATP as described
previously [9]. The screening and hybridization
were carried out using standard techniques [25].
Hybridization and washings were done at 65 °C,
with stringent washing up to 0.1 x SSC, 0.1%,
SDS. A positive clone of 11 kb was digested with
Kpnl and Xhol. A digested fragment of 3 kb con-
taining the sequence of interest was subcloned
into the plasmid pGEM 7Zf+ (Promega) using
standard methods [25].

Northern and Southern analysis

Samples of 25 ug of total RNA were denatured,
electrophoresed on a 19, (w/v) agarose formal-
dehyde gel, and capillary-blotted onto Hybond-N
membrane (Amersham) as reported [25]. The
rRNA bands were used as size markers. The
RNA was bound to the membrane by baking for
2h at 80 °C. The same probe was used as for the
screening of the genomic library. Hybridization
was catried out overnight at 65 °C in 6 x SSC,
5 x Denhardt’s reagent, 0.5% SDS and 100 pug/
ml denatured herring sperm DNA. Washing was
done at the same temperature during 30 min in
6 x SSC, 0.1% SDS followed by 2 x SSC,0.1%,
SDS. An actin probe was hybridized to the
stripped northern blot as a control.
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Southern analysis of 10 ug genomic DNA was
done after restriction digestion and electrophore-
sis on a 0.8%, agarose gel using standard meth-
ods [25] except the depurination, which was car-
ried out by UV irradiation. Southern blots were
hybridized overnight at 60 °C, and washed to a
stringency of 0.4 x SSC at 60 °C. The probe used
in Southern analysis was made of a fragment of
250 bp including partial 5 non-coding and 5’
coding regions. Filters were exposed to Kodak
X-Omat AR film with intensifying screens at
-80 °C.

Sequence analysis

DNA sequencing was performed by the dideoxy
chain termination method [26] with the use of T7
polymerase (Pharmacia). The genomic clone was
subcloned in pGEM 7Zf+ (Promega). Sequenc-
ing was performed with part single-stranded and
double-stranded template DNA [43]. Sequence
data were analysed with the PC/Gene program
from Intelligenetics, Geneva (Switzerland).

In situ hybridization

Anthers were collected for in situ hybridization
from tobacco flower buds of varying lengths (6, 8,
12, 20, 30 and 48 mm) covering a broad range of
pollen developmental stages, from pollen mother
cells to mature pollen. By use of a light micro-
scope, the selected pollen developmental stages
are distinguished clearly by their morphological
characteristics visible after a DAPI staining [27].

The procedure as described by Reijnen et al.
[23] was used with the following modifications.
Prior to fixation the top of the anther was cut to
optimise penetration of the fixative. Fixation was
done for 12h and initiad with degassing for
15 min. Washing after hybridization was started
with 2 X SSC for 15 min at room temperature
and coverslips removed. Subsequently, an RNase
A treatment (20 pg/ml in 0.5 M NaCl, 10 mM
Tris-HCI pH 7.5, 1 mM Na,EDTA) was carried
out for 45 min at 37 °C. The slides were washed

twice in 2x SSC, 1 mM DTT (dithiotreitol) for
30 min at 37 °C, followed by 0.2 x SSC, I mM
DTT for 1 h at 45 °C.

The NTM 19 RNA probes were synthesized by
in vitro transcription in sense and antisense ori-
entation from a cDNA subclone in pBluescript,
that contained a 200 nt part of the coding region.
The sense probe was used as a negative control.
The protocol of Promega was followed with the
use of [5,6-°’H]UTP and for each slide 2 x 10°
c.p.m. were used in hybridization. After process-
ing of the slides, anthers were stained in 1 pg/ml
ethidium bromide for 5 min and washed in dis-
tilled water for 20 s. A confocal laser scanning
microscope (BioRad MRC-500) was used to
analyse the sections. Pictures were made com-
bining those made from a fluorescent image re-
sulting from ethidium bromide staining, with a
reflection image that visualised silver grains which
are formed if the probe used hybridizes to the
section.

Determination of the transcription initiation point

To determine the transcription start site, the
primer extension technique was used as previ-
ously described [34]. A 30-mer primer was cho-
sen 30 nt downstream of the translation start
point, with the help of a primer program (Bio-
sciences, Plymouth, USA) and the PC Gene pro-
gram (Intelligenetics, Geneva, Switzerland). The
latter programme was used to localize secondary
structures in the RNA. The longest possible sec-
ondary structure was prevented from forming by
blocking this region using hybridization of the
30-mer primer.

Results

Isolation of cDNA and genomic clone; characteris-
tics of the transcript

Microspores of tobacco at an early stage were
isolated as described in Materials and method.
Poly(A)* RNA was prepared from these cells



and used to synthesize a cDNA library. The pri-
mary library contained 1.6 x 10° recombinants
and was amplified once. Differential screening
was done with cDNA from leaves as a negative
probe. From the selected microspore-positive and
leaf-negative clones, 10 clones were tested for tis-
sue and pollen developmental stage-specific ex-
pression by northern analysis. This analysis re-
sulted in 2 microspore-specific cDNA clones; a
more detailed characterization of the NTM19
clone (Nicotiana tabacum microspore-specific) is
reported here.

Figure 1 shows the results of a northern blot
containing total RNA prepared from isolated mi-
crospores and pollen at different stages of devel-
opment hybridized with NTM19. Other plant tis-
sues, namely pistil, flower bud of which anthers
were removed, seedling, leaf, root tips and stem,
were also included in this analysis. No hybridiza-
tion signal was observed in the lanes with RNA
from the bicellular pollen stage or any other plant
tissue. The position of the signal corresponded to
a transcript length of about 650 nt. The NTM19
c¢DNA clone has a length of about 500 bp, and is
therefore not a full-length clone.

pollen other
development plant tissues

Mi EBi MBi LBi Pi FB Se L R &t

650 nt '

Fig. 1. Northern blot analysis of the expression of gene
NTMI19. A25 ug portion of total RNA from pollen at differ-
ent developmental stages and different plant tissues was hy-
bridized with a 3?P-labelled NTM19 cDNA probe. Abbrevia-
tions: Mic, microspores; EBi, early binucleate pollen; MBI,
mid binucleate pollen; LBi, late binucleate pollen; Pi, pistil;
FB, flower buds without anthers; Se, seedling; L, leaf; R, root
tips; St, stem. The size of the mRNA was determined with the
ribosomal bands as markers.
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To complete the sequencing of the transcript a
corresponding genomic clone was isolated. The
available and presumed 3’ non-coding region of
¢DNA clone NTM19 was used as a probe to
screen a genomic tobacco library in A Charon 32.
In the non-coding parts of the transcript the re-
straint on evolutionary divergence is low and
therefore this sequence accurately identifies the
corresponding gene. The use of a non-coding re-
gion as a probe diminishes the chance of isolat-
ing a related gene from a gene family. The ge-
nomic clone corresponding to the NTM 19 cDNA
clone was successfully isolated using this proce-
dure.

After the isolation of hybridizing genomic
clones, the entire cDNA was used to probe re-
striction fragments of the selected clones. A sub-
clone was made that covered the region of a ge-
nomic clone hybridizing to the ¢cDNA clone.
Another subclone overlapping the former one and
protruding in the 5’ direction was also con-
structed.

Sequence characterization and start of transcription
of the NTM gene

To identify the NTM19 gene, a sequence analy-
sis of the two genomic subclones and the cDNA
clone was performed (Fig. 2). The longest open
reading frame covering the cDNA region was se-
lected. An alternative open reading frame would
have resulted in a 65 amino acid polypeptide, but
this did not fit with other criteria such as the
position of the transcription start. From the
cDNA region and from the corresponding ge-
nomic clone an open reading frame was deduced
ranging from position +40 to + 316 bp, relative
to the transcription start, encoding a protein of 92
amino acids. The translation initiation region, 6
nucleotides immediately upstream and 3 nucle-
otides downstream of the ATG start codon, con-
forms well to the consensus in other plant genes
[16] and thus supported the choice of reading
frame. The putative polyadenylation signal [12] is
underlined in Fig. 2 and it is at a distance of 20
nucleotides followed by a poly(A)tail of 18 nucle-
otides in the cDNA clone.
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GATCCAGATTTATAGGGTCCTAATGCGGGTACTGAACACCAGGTGGGAAACAAARRRTAT -893
ACAGAACAACTCCTTTAGAATTTACAATTTTTGAGCGTGTTGGCTTGGTACGATTCTACT ~833
TTTCATATCTCTCGTCATCTCCTAACTCCTATGGTTCACCACGCCACCGATTAATTATGAC -773
ACCGCTAACAAAAATCTTGCGACGACATTGAGAGAAATTTCTTTTCATAAATTGGTAATT -713
CGTACATCATTTATAGGCGTTAGCTATAACCTTTTAGTTAGTGAATACAATACTTTTTGC -653
TATTATTATGTAACTTTTAGATATGAATTTACTTTCAAARAAAAAAARAGGATCGATCTT -593
GGTTATCAACTAAGGACCAACCACTTTGGACGTCTCACCACTAAGTTARATARATCACTT -533
TGTTCTCGAAAAAAACCCCAAAAGTGTTAARATGCTTTTCATATCATAATCAARCAACGT -473
GATTAATAAAATCTATTAAGTTAATAGAAGTAGGGAATAAATCGGGCAAAAGAATTTGAT -413
ACAAACCAAACCGGTCAAAAAAGCTAGTATTCATATAAATGGACTATACAAGTTAATACC -353
AGCTAGCAGARATTAAATAGTTTATTAAGTTGATTACAAAACAATTCCTCATTTAAAAAR -293
AGTTAATGTAATCAAGAGATCTTTTGCTTCTAATTGATCAGACGAGGACCCCTCTTATTT -233
ATTTTCTTTTTCATATAAGATTTTGAATAGATATAGGGAAATCTTGTTCACTCTTTATCT -173
ACTTCAARTTGCATGCATTTTAAGRATTCTCTTTGTATGCAAACTTCAGTATTTATGATT -113
GACATAARATCAATATTCATATCTTCGATAAAGTTAATAACTCTCCTAATACTTATGAATA - 53
TCTCTTCCTTTACAACCCTATAAAACCCCCCACTATAGCTACCTTCATAATTCATCTTAG + 7

A
AGTACCAACCCTAAATTTCTTAGTGATTAACCATGGCTAAGAARMAGTCTCACTTTTCTCA + 67
M A K K § L T F L aa9

TTTGCATTTTCCTACTTCTCAATTTATGTTTTGCAATTGAGAACGTAGAAACTATGCAAR +127
I ¢ I F L LLNULTGCYF A E NV ETM Q aa29

ARTCGGATTCATCGTCACAAGATAAAGAATTAGATTGGTTTCATCCGTGGTTCCATCCAC +187
K 8§ D §$ $s $ Q D K EULDUW F H P W F H P aa49
= * *
ATCCATGGTGGCTACATCCACATCCATGGCCATTCGTTCATCCGCCAATGCCAGCTGGCG +247
H P WWUL E P HP WP F V HPPMUP A G aaég
* x % X & % %k % e e
GTTTTCATCATGCATGGCCATTCCCCCATCCACCGATGCCTGCTGGTGGTTTTAAGTTTC +307
G F HHAWU?PTF P H M P A G G F K F aa8s
——————— (V) e
CTCATCAATAATTTCATCGTCATCCATGGCCATTCATGCATCCACCAGTTCCATCTCCAC +367
P H Q aags2
CTAAAGGAGACAAGAATTAATTGAAAATATGAAGAGAAGTGTTGGATCAACATCTTATTG +427
ATCACATATTTTTCTTTAGGTTAATATCTTTAGGATTTATGTCTTAGGTTATTTTTGATA " +487
AAAATTAAAATAAATGATCGTTCTAGGGTAGTTATTATAATTTCTTAGATTTTTCCAAGT. +567
AGCTTTCGATGGTAGAARATGTTATTAATTTGATTCGGCTTATCATGARATAAAATCCGTA +627
GTATTATTGCTTTAGCTTTTATGATTTGTAGTTATTTTATGTTGATTGTTCTCCATTT +687

Fig. 2. Nucleotide and deduced amino acid sequence of the
NTM19 gene. The TATA box and polyadenylation site are
underlined, the transcription start is marked with an arrow-
head. The change in amino acid in the cDNA clone from cv.
Petit havana relative to the genomic clone from cv. Samsun
is bracketed. A possible cleavage site for the signal sequence
is indicated by a double arrow. Three repeats in the amino
acids with a length of 9, 5 and 4 residues are shown by resp.
dashes lines, asterisks and continuous lines. A possible phos-
phorylated serine is double-underlined.

The transcription start was determined by
primer extension analysis (Fig. 3). The first tran-
scribed nucleotide is an adenine (A) at a distance
of 39 nt from the start codon, marked in Fig. 2 by
an arrowhead and denoted as position +1. This
is in accordance with the fact that in plant genes,
adenine is the most common nucleotide at the
transcription start site [13]. The putative TATA
box is 35 nt upstream from the transcription start
and underlined in Fig. 2. The distances between
TATA box, transcription start and first AUG
codon fit well within the range determined for a
large number of plant genes [13].

The coding region of the genomic clone is al-
most identical to that present in the cDNA. Two
nucleotide differences are noted at nucleotide po-
sitions +74 and +132, and no intervening se-
quences were seen. The transcribed region of the
genomic clone has a length of 658 bp, including

W——H4O0-H>O0H4d—u

Fig. 3. ldentification of the transcription start of the NTM19
gene. Primer extension analysis (PE) and plasmid sequencing
(ACGT) were performed using the same NTM19-specific syn-
thetic oligo-nucleotide with sequence 5'-TGCAAAACAT-
AAATTGAGAAGTAGGAAAAT-3’ (complementary to the
nucleotides between positions (+)66 and (+)103 and *?P-
labelled). The nucleotide sequence at the 5° end is reported.
The arrow indicates the position of the primer extension prod-
uct.

the 18 nt poly(A) tail that starts at sequence po-
sition +641. This is in good agreement to the
estimated transcript length of 650 nt determined
from the northern blot. Therefore it is inferred
that no introns are present in the NTM19 gene.

Database searches did not reveal any signifi-
cant homology to nucleotide sequences (Gen-
Bank, EMBL) or polypeptide sequences (Swiss-
Prot, PIR). Therefore the NTM 19 gene represents
a novel sequence.

A detailed search of available DNA and pro-
tein sequence motifs, related to biological func-
tions such as cell organelle targeting, regulation of
the cell cycle, and pollen developmental cis-acting
elements [8, 40] was carried out. Only a perfect
match with a cis-acting element of the pollen-
specific gene NTP303 in tobacco [40] was found
in the NTM19 gene. In NTM19 a reverse orien-
tation of the AAATGA sequence of NTP303 was
found twice. The TCATTT sequence of NTM19
began at positions —706 and —305 from the tran-
scription start. In the case of NTP303 the dis-
tance to the transcription start was 100 nt and
between the two boxes 29 nt. This cis-acting ele-
ment sequence was also detected in Bp10 [3], a
highly homologous gene to NTP303 in Brassica
napus, in a similarly organised manner to the



boxes of NTP303. The sequence box is in fact
present twice in all three mentioned genes but
differs in its orientation. In the case of NTM19
both boxes are orientated in the reverse direction
compared to NTP303,in Bp10 the two AAATGA
boxes are directed forward, whereas NTP303 has
two boxes, one direct and one oriented oppo-
sitely.

Characteristics of the NTM19 protein

The properties of the NTM19 protein were de-
duced by computer analysis. In Fig. 2 the de-
duced amino acid sequence of the NTM19 gene
is given. The NTM19 protein has a molecular
mass of 10.8 kDa and a pI of 6.92. A putative
signal transit peptide sequence conforming to the
rules formulated by von Heijne [38] is present,
this signal is commonly associated with the tar-
geting of membrane proteins or transport of se-
creted proteins. The cleavage point is between the
amino acids alanine and isoleucine at positions
21/22. A presumed phosphorylation site at a
serine residue is double-underlined [22]. The hy-
dropathy plot, according to Kyte and Doolittle
[17] (Fig. 4), shows a rather smooth hydrophylic
and hydrophobic character when the hydropho-
bic signal sequence portion is excluded.

18
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Fig. 4. Hydropathy plot of the NTM19 protein averaged over
a window of 9 residues. The putative cleavage site of the signal
sequence part is indicated with a vertical line.
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The two differences in nucleotide sequence be-
tween the genomic and cDNA clone result in a
change of one amino acid. One C in the genomic
clone is replaced by a T in the cDNA clone, re-
sulting in a change from alanine in the genomic
sequence (bracketed at amino acid 74) to valine
in the cDNA sequence. Because both amino acids
have a similar chemical character, this substitu-
tion would not greatly change the properties of
the protein. The second difference is at nucleotide
position 132, a G in the genomic clone, is re-
placed by a T in the cDNA clone without affect-
ing the encoded serine residue (amino acid posi-
tion 31). The sequence differences between
genomic and cDNA clone were repeatedly found
in independent sequencing experiments. The
c¢DNA library was made from cv. Petit Havanna
and the genomic clone from cv. Samsun. This
may be the explanation for the sequence differ-
ences.

The NTM19 protein contains a perfect direct
repeat of 9 amino acids at positions 63-71 and
79-87, and a second one of 5 amino acids at the
positions 42-45 and 46-49. Finally, there is a
third repeat of 4 amino acids that partly overlaps
with the second.

Spatial and temporal expression patterns of NTM19
in anthers

The precise temporal and spatial expression
patterns of NTM19 were revealed by in sifu hy-
bridization. This technique allows the accurate
discrimination between sporophytic and gameto-
phytic localization of expression. Figure 5 shows
the localization of NTM19 mRNA in longitudi-
nal sections of tobacco anthers at different devel-
opmental stages. The antisense NTM19° RNA
probe hybridized specifically with the microspore
RNA and not with tapetum RNA. A hybridiza-
tion signal was not found in anthers with pollen
mother cells undergoing meiosis, nor in tetrads,
nor in bicellular pollen. The NTM19 sense RNA
probe used as a negative control in all experi-
ments gave no hybridization signal.






Inheritance of the NTM19 gene and presence in
other plant species

There is no consensus in literature yet about the
ancestry of the amphidiploid tobacco. Nicotiana
sylvestris is accepted as an ancestor, but for the
second ancestor N. tomentosiformis and N. oto-
phora are candidates [ 14, 37].

To determine the inheritance of the NTM19
gene from the putative ancestors, Southern analy-
sis was performed on these three Nicotiana spe-
cies and on N. tabacum. Total DNA was digested
with EcoRI and Nsil, and probed with part of the
genomic clone ranging from position -189 to
+199 bp. From a restriction map of the original
entire genomic clone, it was known that the probe
used had to hybridize to a NTM19 EcoRI frag-
ment of 4.3 kb. By sequence analysis a second
Nsil site was found that closely flanked the probe
sequence at the EcoRI site and a fragment of
0.4kb was determined to hybridize with the
probe. In the left Nsil panel, the lowest band in
the tobacco lane was derived from the NTM19
gene and the other hybridizing bands were de-
rived from related genes. In the tobacco lane with
EcoRI-digested DNA (Fig. 6, right) at least 6 hy-
bridizing bands were visible. Consequently
NTM19 belongs to a small gene family. In both
panels the NTM19 band in the tobacco lane was
also found in the N. tomentosiformis lane but not
in the lanes with DNA from the other Nicotiana
species. Hence, the NTM 19 gene originates from
N. tomentosiformis.

To address the question of whether NTM19
homologues are present in other plant species,
various species were chosen in a range of closely
and distantly related species. Genomic DNA was
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Fig. 6. Southern blot analysis of genomic DNA from tobacco
and the putative ancestor species. Southern analysis of 10 ug
genomic DNA from N. sylvestris, N. tabacum, N. tomentosifor-
mis and N. otophora digested with Nsil or EcoRI and probed
with a *?P-labelled NTM19 probe containing a 5’ non-coding
and coding region. Sizes of DNA marker fragments are given
in kb.

extracted, digested and blotted (Fig. 7). The same
restriction enzymes were used as described above.

«—

Fig. 5. Localization of TNM19 mRNA during anther development in longitudinal sections of anthers by in situ hybridization. a—g;:
combinations of fluorescence and reflection CLSM images of anther sections during the microspore stage and preceeding and
successive pollen developmental stages, determined as described in Materials and methods. Abbreviation: n, nucleus; vn, vegetative
nucleus; gn, generative nucleus. Expression of NTM19 analysed in anther sections with the antisense NTM19 probe: (a) pollen
mother cells undergoing meiosis. (b) tetrads. (c) and (h) microspore; m, microspore with green spots which represents regions of
RNA-/RNA hybridization; t, tapetum. (d) early bicellular pollen. (e) mid-bicellular pollen. (f) late bicellular pollen. (g) control
section with microspore with the sense NTM19 of microspore. Bar = 10 um. In the bicellular pollen 2 nuclei are visible by a more
intensive red staining, the mature pollen shows a characteristic discus-shaped generative nucleus.
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Fig. 7. Southern blot analysis of genomic DNA from tobacco
and different plant species. Southern analysis of 10 ug ge-
nomic DNA from N. tabacum, Petunia hybrida, Brassica olera-
cea, Verbascum thapsus and Tradescantia virginiana was di-
gested with Nsil and EcoRI and probed with a 32p_abelled
NTM19 probe containing a 5’ non-coding and coding region.
Sizes of DNA marker fragments are given in kb.

The Petunia hybrida DNA strongly hybridized
with the NTM19 probe and a NTM19 homolo-
gous family of at least 8 members was seen. The
Brassica oleracea and Verbascum thapsus lanes did
not show any signal. For the monocot Trades-
cantia virginiana a single band was found in the
Nsil panel indicating a NTM 19 homologue in this
species.

Discussion
This paper describes the first identification of a

microspore-specific gene (NTM19). The NTM19
gene is shown to be exclusively active in the male

reproductive cell of a higher plant during early
pollen development. Transcripts were observed
only in the unicellular microspore. There is no
expression in the sporophytic tissues that repre-
sent the majority of cells in the anther, nor in any
other tissue of the plant. Expression is also de-
velopmently restricted to the unicellular mi-
crospore: the gene is inactive during the preced-
ing tetrad stage and the activity disappears at
microspore mitosis.

The results show that our experimental ap-
proach using isolated microspores, instead of
whole anthers, to find microspore-specific genes
was effective. The successful identification of
NTM19 can be accounted for by the selection of
a distinct stage of development and the isolation
of the microspores from the anther. All attempts
described so far to circumvent the laborious iso-
lation of microspores by using anthers as the
starting material for gene identification have failed
to isolate genes expressed exclusively in the mi-
crospore. In all these cases the high contribution
of transcripts from the tapetum to the total
amount of anther transcripts resulted in the iso-
lation of several genes expressed mainly in the
tapetum. Some authors reported microspore-
specific genes like Bp4 [1] and Bp19 [2] in Bras-
sica napus. But the term microspore was also used
for the bicellular pollen. In contrast, our defini-
tion for microspore is for the unicellular stage of
pollen development.

The gene family of NTM 19 consists of at least
5 members as found in the Southern analysis of
genomic DNA. The NTMI19 gene itself in the
amphidiploid tobacco is inherited from the an-
cestor N. tomentosiformis. The other members of
the gene family also indicate similarities between
N. tabacum, N. sylvestris and N. tomentosiformis
but not with N. otophora. The pollen-specific gene
NTP303 in tobacco expressed in mature and ger-
minating pollen [41] also originated from N. fo-
mentosiformis. As far as can be judged from these
two genes, N. otophora is not an ancestor of N.
tabacum. The NTM19 gene is not unique for the
genus Nicotiana because it is also found in several
other members of the Solanaceae. The hybridi-
sation signal in Petunia hybrida is even stronger



than in tobacco and the size of the gene family in
increased. In the unrelated monocot Tradescantia
one NTM19 homologue was found. More species
should be analysed to obtain better insight into
the phylogenetic situation.

Since searches for homology using DNA and
polypeptide databases have not resulted in any
known sequence, one can only speculate on the
function of the NTM19 protein sequence as de-
duced by computer analysis. Without the pre-
dicted signal peptide, the amino acid composition
of the protein indicates an integral membrane lo-
calization. Also the presence of a signal peptide
points to a membrane positioning. The putative
phosphorylation of a serine residue may influence
the functioning of the NTM 19 protein. If the pro-
tein is as short-living as the mRNA, its function-
ing would be correlated to a specific microspore
process.

During the microspore stage the cell prepares
for an asymmetrical mitosis and the intine and
exine layers are formed [31]. The protein is not
expected to play a general role in symmetrical
mitosis because the gene is not expressed in ac-
tively dividing cells of root tips, as was tested by
northern analysis. A role in the formation of the
intine layer, the exine structure pattern, or in
asymmetrical mitosis is possible.

A comparison of promoter region of NTM19
with known cell cycle related motifs and pollen
developmental cis-acting elements revealed only
homology to a regulatory sequence element from
the pollen-specific gene NTP303 in tobacco [40].
However the spacing of this cis-acting element
sequence in NTM19 is quite different. Therefore
it is unclear if these sequence elements have a
regulatory effect on the promoter activity of the
NTM19 gene.

Further research concerning the localization of
the protein and a functional analysis, using an
antisense approach to inactivate the gene, may
give more insight into the function of NTM19.
Experiments with transgenic plants to confirm the
NTMI19 expression pattern, observed by north-
ern analysis and in situ analysis, are in progress.
The NTM19 promoter importantly offers the op-
portunity to manipulate unicellular microspore-
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specific expression of genes introduced in the
plant by genetic engineering.

Finally, the approach presented in this paper to
isolate a gene from highly specified cells, accord-
ing to localization and developmental period, may
contribute to the elucidation of the genetic control
of the developmental programme of the male ga-
metophyte.
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