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Endo-�-mannanase (EC 3.2.1.78) is involved in cell wall disassembly and the weakening of plant tissues by degrading
mannan polymers in the cell walls. Endo-�-mannanase genes are expressed in tomato (Lycopersicon esculentum) seeds
(LeMAN1 and LeMAN2) and fruits (LeMAN3 and LeMAN4). A novel endo-�-mannanase gene (termed LeMAN5) was found
in the tomato genome by genome-walking PCR and bacterial artificial chromosome library screening. The 5�-upstream
region of this endo-�-mannanase gene contained four copies of the pollen-specific cis-acting elements POLLEN1LELAT52
(AGAAA). A GUS-reporter gene driven with the putative LeMAN5 promoter (�543 to �38) was activated in anthers and
pollen of transgenic Arabidopsis, with the highest �-glucuronidase activity detected in pollen. �-Glucuronidase expression
was detected in mature pollen retained in sporangia, discharged pollen, and elongating pollen tubes in transgenic
Arabidopsis. Consistently, expression of LeMAN5 mRNA and endo-�-mannnanase activity was detected in tomato anthers
and pollen. In anthers, the highest mRNA expression and endo-�-mannanase activity were detected during late stages of
anther development, when pollen maturation occurred. Endo-�-mannanase activity was present in discharged pollen, which
was easily eluted in a buffer, indicating that the enzyme proteins are probably secreted from, and deposited on, the surface
of pollen. These data suggest that the LeMAN5 endo-�-mannanase is associated with anther and pollen development.

Cell wall disassembly plays significant roles in plant
growth and development, including embryogenesis,
seed germination, shoot growth, leaf formation,
flower development, and fruit ripening. Primary cell
walls consist of cellulose microfibrils and xyloglucans,
which are rearranged most likely by the action of
expansins and xyloglucan endotransglycosylases
when cells expand and grow (Cosgrove, 1999). Pri-
mary cell walls are often reinforced by deposition of
pectins and hemicelluloses such as �-1,3-glucan (cal-
lose) and mannans, which constitute secondary cell
walls (Carpita and Gibeaut, 1993). Endo-�-mannanase
(EC 3.2.1.78) is involved in degradation of Man poly-
mers, such as galacto-, gluco-, and galactoglucoman-
nans, and modifies the properties of cell walls in dif-
ferent tissues (Bewley et al., 1997, 2000). Degradation
of cell wall mannans is also important for reserve
mobilization in plant tissues (e.g. fruits and seeds;
Daud and Jarvis, 1992; Bewley and Black, 1994). De-
spite the potential involvement of endo-�-mannanase

in many aspects of plant growth and development by
changing the mechanical properties of cell walls and
providing nutrition, characterization of this enzyme is
limited to only a few plant tissues.

Endo-�-mannanases in seed endosperm have been
relatively well characterized. The first endo-�-
mannanase gene isolated from tomato (Lycopersicon
esculentum) was from germinated seeds (LeMAN1;
Bewley et al., 1997). This gene is expressed in the
whole endosperm of tomato seeds after germination
and is involved in reserve mobilization of mannans
stored in endosperm cell walls (Bewley et al., 1997;
Nonogaki et al., 2000). Another mannanase gene,
LeMAN2, is expressed in germinating tomato seeds.
Expression of this gene occurs exclusively in the
micropylar region of the endosperm (endosperm
cap), which provides a mechanical resistance to radi-
cle expansion. LeMAN2 endo-�-mannanase is in-
volved in weakening of the endosperm cap to allow
radicle emergence from seeds (Nonogaki et al., 2000).
Endo-�-mannanase activity is also detected in germi-
nating and germinated seeds of a wide range of
plants (Halmer et al., 1976; Sánchez and de Miguel,
1997; Marraccinni et al., 2001; Williams et al., 2001;
Homrichhausen et al., 2003). Thus, expression of
endo-�-mannanase in seeds is widespread.

At least two different endo-�-mannanase genes,
LeMAN3 and LeMAN4, are expressed in tomato fruit
during ripening. Endo-�-mannanase activity is de-
tected mainly in the skin of tomato fruit, where the
enzyme proteins exist in active or inactive form (Be-
wley et al., 2000; Banik et al., 2001). The biochemical
properties of the fruit-associated endo-�-mannanase
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proteins are well characterized (Bourgault and Bew-
ley, 2002). The endo-�-mannanase detected in fruit is
possibly involved in fruit softening through modifi-
cation of cell walls, although a cause-and-effect rela-
tionship between the enzyme and ripening has not
been established (Bewley et al., 2000).

Compared with seeds and fruits, endo-�-
mannanase expression in other plant tissues is not
well investigated. We isolated and characterized ex-
pression of a new endo-�-mannanase gene, LeMAN5,
from the tomato genome. The putative promoter of
this gene drove expression of a reporter transgene in
anthers and pollen of Arabidopsis. The potential
roles of this new endo-�-mannanase in tomato anther
and pollen will be discussed.

RESULTS

Isolation of a Novel Mannanase Gene
LeMAN5 from Tomato

While attempting to isolate and clone the genomic
DNA-flanking LeMAN2 (using genome-walking PCR
coupled with a combination of adapter- and gene-
specific primers [GSP, Fig. 1]), we cloned a portion of
a putative new endo-�-mannanase gene in the to-
mato genome (cv Moneymaker) as follows. The first
PCR amplification of genomic DNA, using GSP1 and
an adaptor-specific primer, produced an approxi-
mately 1.3-kb PCR product. A second PCR amplifi-
cation of the first-round PCR product with nested
GSP2 and adaptor primers yielded a relatively
shorter DNA fragment (approximately 0.7 kb) that
was cloned and sequenced. The GSP2 primer se-
quence at the 3� end of this fragment flanked DNA
sequence identical to the 5� region of LeMAN2 cDNA
(Fig. 1B). A putative TATA box (Fig. 1B, square) and
a transcription initiation site (Fig. 1B, asterisk) were
predicted in the 5�-upstream region of this DNA
fragment by the Neural Network Promoter Predic-
tion (http://www.fruitfly.org/seq tools/promoter.
html; Reese and Eeckman, 1995). These results ini-
tially suggested that the isolated fragment contained
the promoter and the coding regions of LeMAN2.
However, although the coding region and the 3� end
of the untranslated regions (Fig. 1, A and B, gray
shades) of this fragment were identical to their re-
spective regions of LeMAN2 cDNA (Fig. 1, A and B),
unique sequences were found in the 5�-untranslated
regions of this gene fragment (Fig. 1, A and B, un-
derlines). The 5� sequence of this gene matched none
of the other known endo-�-mannanase genes in to-
mato (LeMAN1, Bewley et al., 1997; LeMAN3, Gen-
Bank accession no. AF290893; LeMAN4, Bourgault
and Bewley, 2002). Taken together, this suggested
that the amplified gene fragment represented a novel
tomato endo-�-mannanase gene.

To obtain the genomic DNA sequence of this pu-
tative endo-�-mannanase, a bacterial artificial chro-
mosome (BAC) library LA483 of the wild tomato

(Lycopersicon cheesmanii; obtained from the National
Science Foundation Tomato Genome Project, Cornell
University, Ithaca, NY) was screened using labeled
LeMAN2 cDNA as a probe. Fifteen positive clones
were obtained from the BAC library screening. Clone
241 P6 contained a DNA sequence identical with the
sequence of the 0.7-kb DNA fragment isolated by
genome walking PCR. By sequencing portions of this
BAC clone with LeMAN2-specific primers, the DNA
sequence of the 3� end of the endo-�-mannanase gene
was obtained. Primers specific for the 5� and the 3�
end of the endo-�-mannanase gene in wild tomato
were used to PCR amplify the whole gene from the
genomic DNA of tomato cv Moneymaker, yielding
an approximately 3.7-kb PCR product that was se-

Figure 1. A, Sequence of the 5� region of tomato seed germination-
associated endo-�-mannanase LeMAN2 cDNA. The first ATG in the
coding region is highlighted by reverse shading. The 5�-untranslated
region is indicated by double underlining. The sequences used to
design GSP1 and GSP2 for genome-walking PCR are highlighted in
bold, and their positions are indicated by arrows. The sequence that
was also conserved in the untranslated region of genome-walking
PCR product (see below) is highlighted by gray shading. B, DNA
sequence of a portion of the 0.7-kb product obtained by genome-
walking PCR. The predicted TATA-box and transcription initiation
site are highlighted by a square and an asterisk, respectively. The
DNA sequence in the untranscribed region is shown in small letters
and the untranslated region in the putative cDNA is shown by double
underlining. The sequence highlighted by gray shading (AAATAATA)
was also found in the 3� end of untranslated region LeMAN2 cDNA
(Fig. 1A). The 5�-upstream sequence of the promoter region is not
shown. C, The structure of LeMAN2 and LeMAN5 genes. The posi-
tions of GSP1 and GSP2 primers in LeMAN2 gene are shown with
arrows.
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quenced. The sequence of the 5� region of this gene
was identical to the 0.7-kb fragment isolated by
genome-walking PCR. This putative endo-�-
mannanase gene encoded four putative introns in con-
trast to the LeMAN2 gene, which does not encode any
introns (Fig. 1C). The predicted cDNA showed 98%
identity to LeMAN2 cDNA, and the entire coding re-
gion of this gene was identical to that of LeMAN2. This
gene was termed LeMAN5 and the genomic DNA
sequence was deposited in the GenBank (accession no.
AY102168).

Characterization of LeMAN5 Promoter in Arabidopsis

A search for cis-acting elements in the 5�-upstream
region of LeMAN5 (�543 to �38) using plant cis-
acting regulatory DNA elements (http://www.dna.
affrc.go.jp/htdocs/PLACE/; Higo et al., 1999) indi-
cated that the putative promoter contained four
copies of the pollen-specific motifs (AGAAA)
(POLLEN1LELAT52, Bate and Twell, 1998) and some
other motifs associated with seed storage protein
genes (CAATBOX1, Shirsat et al., 1989; EBOXBN-
NAPA, Stalberg et al., 1996; and CANBNNAPA, Eller-
strom et al., 1996). To characterize tissue specificity of
LeMAN5 expression, the 5�-upstream region of this
gene (�543 to �38) was cloned into a promoterless
vector encoding a GUS gene to create a reporter vec-
tor. Arabidopsis plants were transformed with
Agrobacterium tumefaciens harboring this reporter-gene
cassette and more than 20 T1 transformants were ob-
tained after screening for kanamycin resistance. By
examining the segregation patterns of kanamycin-
resistant to kanamycin-sensitive plants in subsequent
generations, lines homozygous for a single transgene
locus were isolated and used for further assay. The
presence of the transgene in these plants was con-
firmed by PCR with transgene-specific primers.

Expression of the GUS-reporter gene was exam-
ined in different tissues of the transgenic Arabidop-
sis. GUS activity was not detected in roots, stems,
leaves, and siliques (data not shown). GUS staining
was observed in some germinated seeds, but the
intensity of staining was variable and inconsistent
among seeds (data not shown). Intense GUS staining
was observed in anthers of developing and opened
flowers of the transformants (Fig. 2A), whereas wild-
type Arabidopsis plants did not show GUS staining
in flowers (data not shown). The highest GUS activity
was detected at late stages of flower development
(Fig. 2A). These results suggested that activation of
the LeMAN5 promoter in anthers was developmen-
tally regulated. Histochemical analysis was con-
ducted to localize LeMAN5-promoter-GUS expres-
sion in Arabidopsis flowers in detail. GUS activity
was detected in pollen retained in sporangia and
anther walls, the activity in pollen being higher than
in anther walls (Fig. 2B). Mature pollen released from
anthers also showed strong GUS activity (data not

shown). GUS staining in the stigma was also visible
in tissue sections (Fig. 2C). To determine whether
GUS activity emanated from the stigma itself or if the
apparent stigmatic activity derived from transferred
pollen, reciprocal pollination experiments were con-
ducted between wild-type and transgenic plants.
When anthers were removed from transgenic flow-
ers, GUS staining was no longer observed in stigmas
(data not shown). When stigmas of wild-type Arabi-
dopsis were pollinated with transgenic pollen, GUS
activity was detected in stigmas (Fig. 2D, W-Tp),
indicating that the GUS signal on stigmas was most
likely from GUS activity in pollen grains. However, it
was possible that the stimulus caused by pollination
might induce GUS expression in transgenic stigmatic
tissue. To address this, wild-type Arabidopsis pollen
was transferred onto stigmas of transgenic plant. No
blue staining was detected in this experiment (Fig.
2D, T-Wp), confirming that GUS was not produced in
the stigma itself but came from pollen. Not only

Figure 2. Activation of LeMAN5 promoter in Arabidopsis flowers.
Expression of the GUS-reporter gene driven with the 5�-upstream
region (�543 to �38) of LeMAN5 was characterized. A, GUS stain-
ing of inflorescence of transgenic Arabidopsis. B, GUS staining in a
cross section of anther of transgenic Arabidopsis. C, GUS staining in
a longitudinal section of anther and pistil of transgenic Arabidopsis.
D, GUS staining of the pistils of transgenic (T) and wild-type (W)
Arabidopsis cross-pollinated with wild-type (Wp) and transgenic
pollen (Tp), respectively. E and F, GUS staining of germinated pollen
of transgenic Arabidopsis. Note that callose plugs are not stained
(arrows). G, Germinated pollen of wild-type Arabidopsis in the GUS
staining solution.
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pollen grains, but also elongated pollen tubes,
showed intense staining (Fig. 2, E and F). The posi-
tions occupied by callose plugs did not stain blue
(Fig. 2F, arrows), but growing pollen tube tips
showed strong GUS activity, suggesting that GUS
proteins are continuously present after the deposi-
tion of callose plugs. Pollen grains from wild-type
Arabidopsis did not show GUS staining (Fig. 2G).

Expression of LeMAN5 mRNA and Endo-�-Mannanase
Activity in Tomato Anther and Pollen

Characterization of the 5�-upstream sequence of
LeMAN5 in Arabidopsis strongly suggested that this
gene is expressed in anthers and pollen. Therefore,
LeMAN5 gene expression was investigated in tomato
anthers during floral development.

First, four different developmental stages of tomato
flowers were characterized (stage I, unopened bud
5–9 mm; stage II, unopened bud 10–15 mm; stage III,
opening flower; and stage IV, fully opened flower).
The diameters of the cross-sections of anther cores at
stages I through IV were approximately 2.0, 2.5, 3.0,
and 3.0 mm, respectively (Fig. 3A, top two panels).
The detailed morphology of tomato anthers was ex-

amined by tissue sectioning and toluidine blue stain-
ing and shown in the “Supplemental Data” online.

Total RNA was extracted from stage I through IV
anthers, and RNA gel blotting was conducted using a
LeMAN2 riboprobe. In these samples, the probe hy-
bridized to a approximately 1.5-kb band, consistent
with the predicted mRNA size of LeMAN2 and
LeMAN5. Although the mRNA was barely detectable
at stage I, mRNA expression increased during stages
II and III, followed by a decrease at stage IV (Fig. 3A).
A minor band under the major band was detected in
the blot. It was not clear if this represented a partial
degradation product, another endo-�-mannanase
mRNA, or a nonspecific binding of the probe.

As predicted, LeMAN5 cDNA shared 98% sequence
identity with LeMAN2 cDNA, the source of the ribo-
probe for RNA gel blotting. Therefore, it was impos-
sible to distinguish whether the detected signal was
indicative of LeMAN2 or LeMAN5 mRNA. To address
this question, reverse transcriptase (RT)-PCR and 5�-
RACE were performed using total RNA from stage
III anthers with primers designed for the coding
region of LeMAN5 (identical to that of LeMAN2).
The sequence of the RT-PCR product matched the
LeMAN2/LeMAN5 coding region (data not shown).

Figure 3. Expression of LeMAN5 mRNA and
endo-�-mannanase activity in developing to-
mato anther. A, Northern blot of total RNA ex-
tracted from anther at stages I through IV (top
two panels show developmental stages of to-
mato flowers and anthers). The same amounts (5
�g) of total RNA were applied and the blot was
probed with LeMAN2 riboprobe. Ethidium
bromide-stained ribosomal RNA bands are
shown under the RNA gel blots to indicate RNA
loading in each lane. B, Comparison of the DNA
sequence of 5�-RACE product obtained from
stage III anther with LeMAN5 genomic DNA and
LeMAN2 cDNA sequences. Only 5� regions of
the DNA sequences are shown. The first ATG in
the coding region is highlighted by reverse shad-
ing. The sequence conserved in the three se-
quences is highlighted by gray shading. An as-
terisk in LeMAN5 gene indicates the predicted
transcription initiation site. The DNA sequence
in the untranscribed region is shown in small
letters. C, Specific activities of endo-�-
mannanase in developing anther during stages I
through IV. The diameters of clearing zones in
gel diffusion assay were measured and quanti-
fied using a commercial fungal (Aspergillus ni-
ger) mannanase (Megazyme, Wicklow, Ireland)
as a standard. The data represent the averages of
the two experiments. Vertical bars represent
variations between two data points.
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To obtain the 5�-untranslated region of the cDNA,
5�-RACE was performed starting with the same stage
III anther-derived total RNA. The sequence of the
5�-RACE product perfectly matched the LeMAN5
genomic DNA sequence (Fig. 3B), starting from the
transcription initiation site predicted in the LeMAN5
genomic DNA (Fig. 3B, asterisk), but differed from
the LeMAN2 sequence. The same result was obtained
for total RNA extracted from stage II anthers and
mature pollen as well (data not shown). These results
indicated that LeMAN5 is expressed in tomato an-
thers and pollen. LeMAN2 transcripts were not found
in these experiments.

Endo-�-mannanase activity in developing tomato
anthers was measured by a gel diffusion assay
(Downie et al., 1994). Enzyme activity was detected
at all stages (I–IV) with a large increase between
stages II and III. The activity decreased at stage IV
(Fig. 3C), when pollen grains were already dis-
charged and lost. The overall pattern of changes in
endo-�-mannanase activity in developing anthers
was consistent with that of endo-�-mannanase
mRNA expression in this tissue (Fig. 3, A and C).

To examine whether endo-�-mannanase activity is
present in tomato pollen, mature pollen grains were
extracted from stage IV anthers using forceps. When
the extracted pollen was suspended in buffer and
applied to a gel diffusion assay plate, endo-�-
mannanase activity was detected (data not shown),
consistent with GUS expression in the transgenic
Arabidopsis and detection of the LeMAN5 mRNA in
tomato pollen. To determine if the enzyme proteins
were retained in the pollen or present on its surface,
a pollen suspension was centrifuged and the activi-
ties in the supernatant and the resuspended pollen
were analyzed. Most endo-�-mannanase activity was
present in the supernatant (Fig. 4). It was unlikely
this activity was due to disruption of pollen grains by
centrifugation because the precipitated pollen grains
looked intact and germinated normally in pollen
growth medium (data not shown). The enzyme pro-
tein is likely secreted from, and deposited on, the
surface of pollen.

DISCUSSION

The predicted amino acid sequence of LeMAN5 is
exactly the same as that of LeMAN2, which is ex-
pressed in tomato seeds. The recombinant LeMAN2
proteins expressed in bacteria show capacity to de-
grade galactomannans (Nonogaki et al., 2000). There-
fore, LeMAN5 also encodes a functional enzyme. In
fact, LeMAN5 mRNA and endo-�-mannanase activity
were detected in tomato anther and pollen. To our
knowledge, this is the first report on the expression
of endo-�-mannanase in anthers and pollen.

In fruit and seeds, endo-�-mannanase is most
likely associated with disassembly of cell walls to
weaken or digest specific tissues (Bewley et al., 1997,

2000; Nonogaki et al., 2000; Banik et al., 2001). In
developing tomato anthers, degradation of cell walls
of the septum and weakening of the stomium occurs
before anther dehiscence. The prominent morpholog-
ical changes in tomato anthers take place at late
stages of flower development (stages III and IV),
which correspond with the timing of expression of
LeMAN5 mRNA and endo-�-mannanase activity in
this tissue. The activation of the putative promoter of
the LeMAN5 gene in transgenic Arabidopsis flowers
is also developmentally regulated with the highest
activation at late stages of flower development. It is
possible that LeMAN5 endo-�-mannanase is respon-
sible for the weakening of the anther wall at the
septum and dehiscence at the stomium.

It appears that the LeMAN5 endo-�-mannanase is
also associated with pollen development and matu-
ration because in Arabidopsis transformed with
LeMAN5-promoter-driven GUS, high GUS activity is
detected in pollen retained in sporangia as well as the
tapetal layers, because strong GUS activity is contin-
uously detected in discharged pollen in transgenic
Arabidopsis, and because in tomato pollen, endoge-
nous endo-�-mannanase activity is present after dis-
charge. The decrease in LeMAN5 mRNA and endo-

Figure 4. Endo-�-mannanase activity in pollen. A, Gel diffusion
assay. Pollen grains were extracted from stage IV tomato anthers by
forceps and were then suspended in 50 mM K-phosphate buffer, pH
6.8. The sample was centrifuged at 10,000g for 2 min. The superna-
tant (S) and the resuspended pollen (P) were frozen, thawed, and
applied to a gel diffusion assay plate. B, Endo-�-mannanase activities
in the supernatant and pollen fraction were calculated as described
above.
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�-mannanase activity observed in stage IV tomato
anthers may reflect the loss of pollen grains dis-
charged from the upper part of the anther cores,
which were already ruptured at this stage.

Endo-�-mannanase activity in mature pollen might
be involved in germination and pollen tube elonga-
tion. In tomato seeds, endo-�-mannanase is localized
exclusively at the endosperm cap (where the radicle
emerges), and its activity degrades cell wall man-
nans, weakening the surrounding tissue and eventu-
ally permitting radicle protrusion (Groot et al., 1988).
The pollen tube wall (intine) is bipartite: The inner
sheath of callose is covered by an outer fibrillar layer
composed of pectin with hemicellulose and cellulose
(Taylor and Hepler, 1997). It is plausible that weaken-
ing of cell walls is also required in pollen, especially at
an aperture, the site of pollen tube emergence. Inter-
estingly, the same sets of cell wall-associated genes
are expressed in seed and pollen germination (polyga-
lacturonases, expansins, extensins, and endo-�-man-
nanases; Brown and Crouch, 1990; Rubinstein et al.,
1995; Cosgrove et al., 1997; Sitrit et al., 1999; Chen and
Bradford, 2000; Dubreucq et al., 2000; Nonogaki et al.,
2000; this study). However, pollen and pollen tubes
typically contain Glc-based polymers and it is not
known whether their cell walls contain mannans. Fur-
thermore, endo-�-mannanase activity was not re-
tained in pollen cell walls, but was detected in the
supernatant of washed pollen grains. This suggests
that rather than playing a role in pollen germination or
pollen tube elongation, the physiological role(s) of
pollen endo-�-mannanase resides outside pollen itself.
The endo-�-mannanase deposited on the surface of
pollen might be involved in degradation of the cell
walls of female tissues, such as the stigma or trans-
mitting tissue in the pistil, being involved in the de-
livery of male gametes to female gametophytes in the
ovules.

Although the causal relationship between endo-�-
mannanase expression and anther and pollen devel-
opment is yet to be established by using RNA inter-
ference or knockout plants, this opens a new insight
into the functions of endo-�-mannanase in plant re-
production. Furthermore, the promoter of LeMAN5,
which drives strong expression of a reporter gene in
a stage-specific manner, is a potential tool to manip-
ulate expression of foreign genes in anther and pol-
len, in addition to the previously described pollen-
specific promoters (LAT52, Muschietti et al., 1994;
DC3, Touraev et al., 1995). The LeMAN5 promoter
might be used for pollen-fertility control, important
for enhancing F1 hybrid seed production and pre-
venting gene flow from transgenic plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Tomato (Lycopersicon esculentum cv Moneymaker) plants were grown in a
greenhouse at 27°C with a 14-h light period. Arabidopsis (Colombia-0

ecotype) plants were grown at 22°C under cool-white fluorescent lights with
a 12-h light period.

Genome Walking

Genomic DNA was extracted from tomato seedlings using phenol extrac-
tion according to the QUICK-PREP method described at http://www.biotech.
wisc.edu/NewServicesandResearch/Arabidopsis/and was used for genome-
walking experiments. Genome-walking PCR was performed using a Genome
Walker kit (Clontech Laboratories, Palo Alto, CA) according to the manufac-
turer’s manual. Briefly, tomato (cv Moneymaker) genomic DNA was digested
by DraI. Adaptor DNA provided in the kit was ligated to the DraI-digested
genomic DNA fragments. The first PCR was conducted using an adaptor
primer (5�-GTAATACGACTCACTATAGGGC-3�) provided by the kit and a
GSP1 (5�-TGCATTTCGCGCCCATTGAACATATTGAGC-3�) that was com-
plementary to the 5� region of LeMAN2 cDNA. Second-round PCR was done
using the nested adaptor primer (5�-ACTATAGGGCACGCGTGGT-3�) and
GSP2 (5�-TTCATCAAGTAAAACCCTAGCTTCACATGC-3�) complementary
to the upstream sequence of LeMAN2. The conditions used for the first and
second PCR were one cycle at 94°C (for 4 min), one cycle at 80°C (for 2 min),
seven cycles at 94°C (for 25 s) and at 72°C (for 3 min), 32 cycles at 94°C (for
25 s) and at 67°C (for 3 min) followed by one cycle at 67°C (for 7 min), one
cycle at 94°C (for 4 min), one cycle at 80°C (for 2 min), five cycles at 94°C (for
25 s) and at 72°C (for 3 min), and 20 cycles at 94°C (for 25 s) and at 67°C (for
3 min) followed by one cycle at 67°C (for 7 min), respectively. The DNA
amplified by PCR was cloned into TOPO pCR4.0 vector (Invitrogen, Carlsbad,
CA) and was sequenced.

BAC Library Screening

The BAC filters of the library LA483 of wild tomato (Lycopersicon chees-
manii) were obtained from the National Science Foundation Tomato Ge-
nome Project (Cornell University) and were screened by hybridization with
LeMAN2 cDNA probe labeled with enhanced chemiluminescence-labeling
reagents (Amersham Bioscience, Piscataway, NJ). Overnight hybridization
at 42°C in enhanced chemiluminescence gold buffer, including 5% (w/v)
blocking reagent (Amersham Bioscience) and 0.5 m NaCl, followed a 1-h
prehybridization at the same temperature. After hybridization, the mem-
branes were washed twice for 20 min each at 42°C with 6 m urea, 0.5% (w/v)
SDS, and 0.5� SSC, and twice for 5 min each at room temperature with 2�
SSC. Detection was done using chemiluminescent substrate provided in the
kit and with x-ray film. Bacterial stocks of the 15 positive clones were
obtained from the Tomato Genome Project. LeMAN5 sequence was identi-
fied in a clone 241 P6, which was further sequenced to obtain the 5�-
upstream and 3�-downstream sequence of this gene. The primers designed
for the 5� region (5�-TCGATCCCATAGACTAGAGA-3�) and 3� region (5�-
GTCTATAGCGAATCTAGTGAC-3�) of this sequence were used to amplify
LeMAN5 gene from the genomic DNA of cv Moneymaker tomato.

Computer Analysis of DNA Sequences

The structure of LeMAN5 gene was analyzed using GENSCAN (http://
genes.mit.edu/GENSCAN.html; Burge and Karlin, 1997). Predictions of
eukaryotic promoter and transcription initiation sites were performed using
the Neural Network Promoter Prediction (http://www.fruitfly.org/seq
tools/promoter.html; Reese and Eeckman, 1995). Plant-specific promoter
elements were identified using the software plant cis-acting regulatory DNA
elements (Higo et al., 1999). Sequence alignment was done using Lasergene,
v. 5.1 (DNASTAR, Madison, WI).

Construction of the Reporter Gene Cassette

The putative promoter in the 5�-upstream region of LeMAN5 gene (�543 to
�38) was amplified using forward (5�-CTGAGCTCAAATGTCTA-
CAAAGCTTA-3�) and reverse (5�-CAGTCGACTGATAGACAAATGCATGT-
3�) primers, which contained SacI and SalI restriction enzyme sites at their 5�
ends, respectively. The PCR products were digested with SacI and SalI and
were cloned to the SacI and SalI sites in a shuttle vector pRJG23 (Grebenok
et al., 1997) that contained the uidA (GUS) gene. The promoter-GUS con-
struct (3.9 kb) in pRJG23 was cleaved out with SacI and SpeI and was
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subcloned into SacI and XbaI sites in pGPTV-KAN binary vector (Becker et
al., 1992).

Arabidopsis Transformation and Screening

For transformation, 200 mL of 1% (w/v) yeast extract, 1% (w/v) peptone,
and 0.5% (w/v) NaCl medium (Weigel and Glazebrook, 2002) containing 50
�g mL�1 kanamycin, 50 �g mL�1 streptomycin, and 50 mm MOPS buffer,
pH 6.0 was inoculated with 5 mL overnight culture of Agrobacterium tume-
faciens EHA 105 strain (Hood et al., 1993) harboring the binary vector, which
contained the LeMAN5 promoter-reporter construct, and was grown for an
additional 16 h at 28°C with vigorous shaking. Cells were harvested by
centrifugation at 6,000g with a centrifuge (Sorval RC-5B; DuPont Instru-
ments, Wilmington, DE) at ambient temperature, resuspended in 400 mL of
5% (w/v) Suc solution containing 0.02% (v/v) of Silwet L-77 detergent
(Lehle Seeds, Round Rock, TX), and used for transformation, which was
performed using a floral dip method as described previously (Clough and
Bent, 1998). Seeds were harvested and stored at room temperature. For
screening, seeds were sterilized in 95% (v/v) ethanol for 1 min and 50%
(v/v) bleach solution containing 0.1% (v/v) Tween 20 for 10 min, followed
by several washes with sterile water. Kanamycin-resistant plants were
selected by incubating plants for 14 d on 1% (w/v) phytoagar (Invitrogen,
Rockville, MD) plates containing 4.3 mg mL�1 Murashige Skoog salts, 3%
(w/v) Suc, and 25 �g mL�1 kanamycin.

GUS Staining of Arabidopsis Tissues

GUS staining of Arabidopsis tissues was performed as previously de-
scribed (Weigel and Glazebrook, 2002). Plant tissues were incubated at 37°C
overnight in 100 mm sodium phosphate buffer, pH 7.0, containing 0.1%
(v/v) Triton X-100 and 2 mm 5-bromo-4-chloro-3-indolyl-�-GlcU, cyclo-
hexyl ammonium salt (RPI Co., Mount Prospect, IL). Staining solution was
subsequently replaced with 25%, 30%, 50%, and 70% (v/v) ethanol. For
sectioning, GUS-stained tissues were dehydrated in ethanol and acetone
series and were embedded into resin (Technovit 7100; Technovit, Kuzler
Heraus, Germany) according to the manufacturer’s instruction.

RNA Extraction and Gel Blotting

Total RNA was extracted from tomato anther cores using standard
phenol-SDS extraction (Sambrook et al., 1989). Equal amounts (5 �g) of total
RNA were separated on a 1.3% (w/v) agarose gel containing 7% (v/v)
formaldehyde, transferred to a positively charged nylon membrane (Hy-
bond-N�; Amersham Biosciences), and UV-cross linked. To make the RNA
probe, LeMAN2 cDNA in pBSIIKS vector (Stratagene, La Jolla, CA) was
transcribed using a digoxygenin-labeled NTP mixture (Roche Applied Sci-
ence, Indianapolis) and T7 RNA polymerase (Ambion, Austin, TX). Over-
night hybridization was done at 60°C in hybridization buffer containing
50% (v/v) deionized formamide, 4% (w/v) blocking reagent (Roche Ap-
plied Science), 0.2% (w/v) SDS, 5� SSC, and approximately 100 ng mL�1

RNA probe following 15 min of prehybridization at the same temperature.
The membranes were washed once for 25 min with 2� SSC and 0.1% (w/v)
SDS at 60°C and twice for 25 min with 0.2� SSC and 0.1% (w/v) SDS at
60°C. They were then blocked for 30 min with 5% (w/v) nonfat milk in 0.1
m maleic acid buffer, pH 7.5, containing 0.15 m NaCl and 0.3% (v/v) Tween
20 (buffer A) and were incubated with alkaline phosphate-conjugated anti-
digoxygenin antibody (1:15,000 dilution) for 1 h at 25°C. After washing with
buffer A, the membranes were subjected to chemiluminescence detection.
The signal was detected on x-ray film after about 30 min of exposure.

RT-PCR and 5�-RACE

Two micrograms of total RNA extracted from stage II and III anthers was
used for RT with a RETROscript Kit (Ambion). The RT product was amplified
by PCR using Ex TaqDNA polymerase (Takara, Madison, WI), the primers
(5�-GCTAGGGTTTTACTTGATGAA-3� and 5�-CTTATTTTCTTCCATGTC-
CTC-3�) and the following conditions: the initial denaturation at 94°C (for 4
min), 25 cycles at 94°C (for 1 min), at 50°C (for 1 min), and at 72°C (for 2 min)
followed by extension at 72°C (for 7 min). The cDNA amplified by PCR was
cloned into TOPO pCR2.1 vector (Invitrogen) and sequenced. A 5�-RACE

was conducted using a RLM-RACE kit (Ambion) according to the manu-
facturer’s manual.

Endo-�-Mannanase Activity Assay

Proteins were extracted from tomato anthers with 50 mm potassium
phosphate buffer, pH 6.8. The extract was centrifuged at 10,000g for 2 min
and the supernatant was used for gel diffusion assays of endo-�-mannanase
activity (Downie et al., 1994). Enzyme activity was quantified using a
commercial fungal (Aspergillus niger) mannanase (Megazyme) as a standard.
Total soluble protein in crude extracts was measured according to Bradford
(1976), using a protein assay kit (Bio-Rad, Hercules, CA).

Pollen Germination

Arabidopsis pollen was collected from stage IV flowers and was grown
in a medium containing 0.29 m Suc,0.4 mm boric acid, and 1 mm calcium
nitrate at 25°C for 6 h. Germinated pollen was collected by centrifugation at
900g and was used for GUS staining.
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