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Endo-f-1,4-D-glucanases (EGases) are a widespread and vital group of glycosyl hydrolases that generally
break the p-1,4-glucosyl linkages. Studies of plant EGases have mainly been concentrated on vegetative
growth, while little is currently known about their role in reproductive processes. Using the GUS reporter aided
analysis of promoter activities, we identified the expression patterns of two putative Arabidopsis EGases genes
(At3g43860 and At4g39000) whose promoters conferred specific localization of the GUS activity in reproduc-
tive organs. We found that Ar3g43860, which is similar to KOR in its protein structural organization, is ex-
pressed in mature pollen and the pollen tube, implying that it may have a role in pollen and pollen tube growth.
At4239000 was found to be activated in the developing ovules and seeds, especially at the micropylar end of the
inner integuments and nucellus in a proximal-distal pattern. Our results suggested that the two EGases play

specific roles in Arabidopsis sexual reproduction.
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The growth of a plant cell exhibits dynamic changes in
the cell wall structure and composition. The plant cell
wall is a flexible network of polysaccharides in which the
major components, the crystalline cellulose microfibrils,
are mainly tethered by xyloglucans and embedded in a
matrix of complex polysaccharides [1]. According to the
development cues, plant cells modify their wall by depos-
iting new wall materials such as cellulose and hemicellu-
lose [2] and by secreting wall modifying molecules such
as carbohydrate-active enzymes [3], expansins [4] and
reactive oxygen species [5].

Plant endo-f3-1,4-D-glucanases (EGases) are vital
carbohydrate-active enzymes. They generally cleave the
internal (-1,4-glucosyl linkages which are one of the
principle covalent bonds engaging in the construction of
cell wall materials including cellulose, xyloglucan, 3-1,3-
1,4-glucans [6]. The biochemical properties of plant
EGases confer them the ability to modify the plant cell
wall, and thus, they should play important roles in plant
development. Many studies have linked plant EGases to
cell elongation [7, 8], cell expansion [9, 10], cell separa-
tion [11, 12], ripening [10] and pathogenesis [13].

The essential role of plant EGases makes them wide-
spread in the plant kingdom. Blast searches in the EST
(expressed sequence tags) databases showed the presence
of EGase-like sequences in a wide variety of plants [14].
Moreover, analysis of the complete plant genome se-
quences has revealed the existence of a relatively large
multigene family of EGases that can be subdivided into
three distinct structural subclasses: Class A (membrane
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anchored), Class B (secreted) and Class C (secreted and
with a carbohydrate binding module, CBM49) [15].

In Arabidopsis, the EGases gene family contains
25 members. Some members of the family have been
studied, as for example the membrane anchored (Class A)
EGase KORI1 (At5g49720). The korI mutant has defects
in cell elongation and cytokinesis, and it has been postu-
lated that the KOR1 protein is involved in cellulose syn-
thesis by trimming sterol residues from nascent glucan
primers or by trimming out-of-register glucans to aid
crystallization of the microfibril [1, 7, 8, 16]. Further-
more, two additional membrane-anchored Class A
EGase genes (KOR2 and KOR3) were characterized [17].
The expression profile of KOR2 and KOR3 showed that
they have greatly distinct expression patterns from that of
KORI1, and they are expressed in cell types at time points
when cell wall assembly is likely to occur [17]. Shani et al.
[18—20] and Tsabary et al. [21] examined a Class B
EGase At1g70710 (AtCell) and presented indirect evi-
dence that it functions during wall deposition and inte-
gration. Moreover, At1g70710 was proved to differential-
ly target the cell wall of specific cells, such as the develop-
ing xylem and epidermal cells of the stem [20]. Del
Campillo et al. [22] showed that another Class B EGase
gene At1g22880 (AtCel5) was responsible for the slough-
ing of root cap cells and thus provided a new molecular
tool for studying root cap development and root cap cell-
cell separation. However, the functions of the remaining
proteins in this family are unknown.

So far all of the known functions of the EGases men-
tioned above were related to vegetative development, but
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Fig. 1. a — Schematic diagram of the T-DNA region of the binary plasmid pBI121. LB and RB: left and right borders, respectively;
CaMV 35S-pro: CaMV 35S promoter; NOS-pro: nopaline synthase promoter; NOS-ter: nopaline synthase terminator; NPTII
neomycin phosphotransferase 11; uidA: -gluduronidase reporter gene; arrows indicate the multi-cloning sites at both sides of
CaMV 35S-pro; the underline indicates HindIII and BamHI sites used for the directed cloning of the specific promoters. b —
Verification of transgenic plants by PCR assay. M — DNA marker; WT — wild type Col-0; lane /—3: At4g43860-GUS plants with
positive GUS activity; lane 4—6: At4g39000-GUS plants with positive GUS activity.

little is known about their role in reproductive develop-
ment, although the cell wall undergoes significant chang-
es in both the vegetative and the reproductive develop-
ment. Here we report two EGase genes (413g43860 and
At4g39000) whose promoters were specifically activated
during reproductive development. Both At3g43860 and
At4g39000 are putative EGases with a predictable glyco-
syl hydrolase family 9 (GH9) catalytic domain [6].
Moreover, At4g39000 also has a predictable N-terminal
signal peptide and so is likely to be soluble and secreted,
while At3g43860 has a predictable N-terminal trans-
membrane domain without a signal peptide. According
to their structural organization, At3g43860 and
At4g39000 belong to the membrane anchored Class C
and the secreted Class B, respectively [6]. We provide a
detailed tissue specific analysis of their gene expression,
and the results suggest that they may have essential roles
in reproductive development.

EXPERIMENTAL

Plant material and growth conditions. A. thaliana
ecotype Col-0 was used in all experiments. Seeds were
surface sterilized, rinsed in sterile water five times and
sowed on solid MS plates [23] supplied with 1% sucrose.

Table 1. Primer pairs used for PCR amplifications

After treatment for three days at 4°C the plates were
moved into the growth chamber with a light/dark cycle of
16 h/8 h (21 + 2°C, 30 umol m~2s~'). Seven days after
germination, the seedlings were subjected to analysis or
transplanted into soil for further growth in the same con-
ditions.

Promoter-GUS fusion constructs. Promoters were
amplified and fused to the uidA gene by replacement of
the CaM V35S promoter of pBI1121 [24] (Fig. 1a). Primer
pairs used for PCR of each promoter are listed in Table 1.
The amplified promoter fragments were separately
cloned into a pUCm-T vector and conformed by DNA
sequencing, after that they were further subcloned into
pBI121 between the HindIII and BamHI sites (Fig. 1a,
Table 1). The constructed vectors were introduced into
Arabidopsis via Agrobacterium tumefaciens (GV3101) by
the floral dip method [25]. The transformed seedlings were
selected by germinating in the presence of 50 mg/L kana-
mycin and finally confirmed by positive PCR (Fig. 15) on
genomic DNA with primers (Table 1) specific for each
promoter and uidA gene.

GUS staining. For promoter-GUS localization tis-
sues were stained according to Jefferson et al. [24]. The
tissues were fixed in 90% (v/v) ice-cold acetone for

Primer names Primer sequences [5' — 3'] Product size, bp
At3g43860F AACAAGCTT[HindIITJAAAGGATTTGTAAACTTATCG 1953
At3g43860R TTGGATCC[BamHI|GATTTCAAAAGTTATGTTTGTAA
At4g39000F ACAAAGCTT[HindIII][TTAAGTTCCAAGAGTATG 2104
At4g39000R CGGGATCCIBamHI|ITTATTAGGACTTGGTGAG
At3g43860GUS-F CATCCAGCTCACAGCCTAAT 1139
At4g39000GUS-F ATAATAAAGAAGAGGCATCCCG 780
GUS-R GGTTGGGGTTTCTACAGGACG —
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Fig. 2. Localization of Ar3g43860-GUS expression. a — No GUS staining in flower buds from floral stage 1 to 11 and until the
beginning of stage 12, staining was observed in anthers (arrow). » — GUS activity was observed in pollens (arrow) and pistil (arrow head)
at stage 14. ¢ — No GUS staining was detected in emasculated Ar4g43860-GUS pistil pollinated by WT pollens. d, e — Emasculated WT
pistil pollinated by At4g43860-GUS pollens (arrow). GUS activity was observed 4 h after pollination (d) and 24 h after pollination (e) in
the female reproduction tract (arrow head). f— In vitro grown At4g43860-GUS pollen tubes: pollen grains (arrows), pollen tubes (arrow
heads). Floral stages are in accordance with those described by Smyth et al. [28]. a—e — Bar = 1 mm; f— Bar = 30 um.

20 min, rinsed twice in GUS working solution (50 mM
sodium phosphate buffer, 0.5 mM K,;Fe(CN),, 0.5 mM
K Fe(CN)4, 10 mM Na,EDTA, 0.1% (v/v) Triton X-
100, pH7.0) and then submerged in 1 mg/ml 5-bromo-4-
chloro-3-indolyl-B-D-glucuronic acid (X-gluc) dis-
solved in working solution. After vacuum infiltration, the
tissues were incubated at 37°C until blue color was visi-
ble. The staining solution was removed and the tissues
were washed with several changes of 95% ethanol until
clear. Then, the tissues were moved into 75% ethanol and
incubated at room temperature for 15 min, followed by
treatment with 0.24 M HCl in 20% methanol at 37°C for
15 min. The solution was replaced by 7% NaOH in 60%
ethanol. After incubation at room temperature for
15 min, the tissues were rinsed in ethanol series (40, 20,
10, 5%) for 5 min each and finally cleared with Hoyer’s
solution (7.5 g gum Arabic, 100 g chloral hydrate, 5 ml
glycerol, 60 ml water).

In order to GUS stain the ovules and seeds, develop-
ing carpels/siliques were dissected to expose the ovules or
seeds, vacuum infiltrated and incubated in GUS working
solution with 1 mg/ml X-gluc at 37°C overnight. Then,
individual ovules or seeds were dissected from the pis-
tils/siliques and mounted in Hoyer’s solution. Images
were photographed with a Digital Camera under the
Zeissstereoscope or microscope. At least three independent T1
lines were examined to ensure reproducibility. Staining patterns
were compared with the microarray data.

Pollen tube growth assay. For the in vitro culture pol-
len grains from open flowers were spread into a petri dish
containing solid pollen germination medium (18% su-
crose, 0.01% Boric acid, | mM MgSO,, 2 mM CaCl,,
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and 0.5% agarose, pH 7.0, [26, 27]) and incubated at
21 £2°C overnight. Germinated pollen tubes were di-
rectly submerged into the GUS working solution con-
taining 1 mg/ml X-gluc. After being incubated at 37°C
overnight, pollen tubes were then placed in a tiny drop of
Hoyer’s solution on the slide and mounted. Images were
captured as described above.

Microarray data collecting, processing and analysis. Mi-
croarray data for the expression of each gene were retrieved
from http://bbc.botany.utoronto.ca/efp/cgi-bin/output/
efp-b7uJo9.html for Ar3g43860 and http://bbc.bota-
ny.utoronto.ca/efp/cgi-bin/output/efp-vwMe2p.html for
At4g39000, respectively. This data was processed and ana-
lyzed using the program Origin 8 (version 8.0, Microcal
Software, Inc., USA).

RESULTS

Promoter of At3g43860 was active specifically
in pollen and pollen tubes

To analyze tissue and cell specific expression of
At3g43860, a promoter-reporter fusion (413g438560-GUS)
was constructed between an upstream DNA segment
(1953 bp) of the Ar3g43860 gene and the Escherichia coli
B-glucuronidase (uidA) gene [24]. We adopted the flower
developmental stages used by Smyth et al. [28].
At3g43860-GUS plants showed GUS staining exclusively
in pollen during floral stages 12 to 14 (Fig. 2a,b) and in
the pistil at stage 14 (Fig. 2b). Under the current staining
conditions, we have not detected blue GUS activity in
other tissues (data not shown).
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Fig. 3. Localization of At4g39000-GUS expression. a — GUS staining was observed in anthers from floral stage 10 to 11 and GUS activity
in the ovules emerged at approximately stage 12 (arrow). b — A stage 13 pistil was full of GUS staining ovules (arrow) and GUS activity
was also observed in later stages (arrow heads). ¢ — A silique 2 days after pollination (DAP). d — A silique at 5 DAP. Bar = 1 mm.

Fig. 4. Expression patterns of A4g39000-GUS in the developing ovules. a — An ovule (left) at stage 2-111. Both inner (arrow) and
outer (arrow head) integuments initiate. 5 — An ovule at stage 2-111/2-1V. ¢ — An ovule at early stage 3-1V with the inner integu-
ments (arrow) nearly surrounding the nucellus. d—f — Ovules at approximately stage 3-1V to 3-V. Arrows indicate the micropyle.
g — A mature ovule at around stage 3-VI. 4 — Ovules attach to the placenta at stage 3-V or 3-VI. Stages are in accordance with

those described by Schneitz et al. [29]. a—g — Bar = 10 um; 4 —

In order to determine whether the GUS staining in
the pistil was caused by GUS expression in the pollen
tube, in the female reproduction tract (FRT) or both, we
conducted the emasculation and cross-pollination ex-
periments. The emasculated Ar3g438560-GUS flowers
pollinated by WT pollens showed no GUS staining in the
pistil (Fig. 2¢) while the emasculated WT flowers polli-
nated by Ar3g43860-GUS pollens showed GUS staining
in the pistil (Fig. 2d,e). In addition, GUS activity has not
been found in emasculated pistils of Ar3g43860-GUS
plants without pollination (data not shown). We also
conducted the in vitro pollen germination experiment to
verify the GUS activity of the promoter (Fig. 2f). Both in
vitro and in vivo experiments showed that the promoter of
At3g43860was active in the pollen tube, but not in FRT.
Thus, GUS staining in the pistil (Fig. 2b) was caused by
the GUS activity in the pollen tubes rather than in FRT.

Bar =100 pm.

The localization of At4g39000-GUS activity
in ovules and seeds

An upstream DNA segment (2104 bp) of the
A4g39000 gene was fused to the uidA gene to make the
At4g39000-GUS fusion. Examination of Ar4g39000-GUS
expression showed staining in anthers, ovules and early
seeds (Fig. 3—5). The GUS expression in anthers started
at stage 10, spanned during stage 11 and declined late in
stage 12 (Fig. 3a). The GUS expression in ovules started
at the beginning of stage 12 and persisted throughout the
early stages of seed development (Fig. 3a—d).

A more detailed analysis was carried out on the ovules
and seeds of Ar4g39000-GUS plants. Ovule developmen-
tal stages were determined according to Schneitz et al.
[29]. No GUS staining was found in ovules at early stages
(Fig. 4a,b). The expression of At4g39000-GUS started at
stage 3-IV when the inner integuments almost surround-
ed the nucellus (Fig. 4c). The GUS staining at this stage
was exclusively localized in the inner integuments at the
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Fig. 5. Expression patterns of Ar4g39000-GUS in developing seeds. a — A seed at about 2 DAP with GUS staining significantly
high in the endothelium. » — A seed at about 3 DAP with decreased GUS staining. Arrow indicates the micropyle and arrow heads

indicate the endothelium. Bar = 50 um.
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Fig. 6. Expression profiles of At3g43860 and At4g39000.

micropylar pole (Fig. 4¢). As the ovule continued to de-
velop, GUS signal became stronger at the micropylar end
of both the inner integuments and the nucellus, but was
still very weak in the outer integuments (Fig. 4d,e). The
maximum of GUS activity at the micropylar end of the in-
ner integuments and the nucellus could be detected up to
the late stage 3-V (Fig. 4c—f,h), while in the mature ovule
at stage 3-VI (Fig. 4g), the distribution of the GUS signal
became less polarized and spread throughout the ovule.

During early stages of the post-fertilization develop-
ment, we could detect expression of A4g3900-GUS'in the
whole seed (Fig. 5a), staining being especially strong in
the endothelium and the innermost cell layer of the seed
coat. The GUS activity declined in the subsequent stages
(Fig. 3¢,d, Fig. 5b).

Comparison of the GUS expression patterns
with microarray data

To validate our GUS expression results, we compared
them with the microarray data (Fig. 6, Table 2). We
mainly used the microarray data mining tool Arabidopsis
eFP Browser in this study [30] for exploring Arabidopsis
microarray data of the two genes. We also explored other
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microarray data, such as ovule transcriptome [31] and
transmitting tract transcriptome [32] to complement the
data from eFP.

Both the GUS staining data and the microarray data
show that the two genes were active specifically in the re-
productive processes (Fig. 2—6, Table 2). Expression pat-
terns for Ar3g43860-GUS were essentially identical to the
microarray results [30]. Both results showed that
At3g43860was active in pollen and the pollen tube (Fig. 2,
Fig. 6). While we did not find any GUS activity in sepals
and petals by staining, the microarray data indicates such
expression of At3g43860, suggesting that GUS-staining
may be not enough sensitive or that other factors may be
engaged in the expression regulation of Ar3g43860. Ex-
pression patterns for At4g39000were also identical to mi-
croarray data in stamens, ovules and seeds [30, 31]
(Fig. 6, Table 2). Compared with the microarray data
promoter-GUS staining provided a more detailed ex-
pression pattern of Ar4g39000.

DISCUSSION

Many carbohydrate-active enzymes have been impli-
cated in pollen germination and pollen tube growth [32],
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Table 2. Identical expression patterns indicated by GUS assay and microarray analysis

Gene name GUS assay Microarray data

At3g43860 pollen (stage 12—13); tricellular pollen, mature pollen and pollen tube [30]
pollen tube (stage 13—14)

At4g39000 stamen (stage 10—14); stamen and pistil and seeds [30], ovules (late floral stage 11 to stage 13) [31]
ovule (stage 12—13); seeds

and most of them, such as VANGUARDI, a pectin me-
thylesterase involved in pollen tube growth and enhance-
ment of transmitting tract degradation [33] are secreted.
At3g43860 is a putative membrane-anchored EGase and
islikely to be localized at the surface of the pollen tube. As
mentioned above, At3g43860 belongs to Class C of GH9,
four members of which are found in Arabidopsis, and the
otherthree are: KOR1, KOR2 and KOR3. KOR1 wasim-
plicated in cellulose biosynthesis in all types of cells in
Arabidopsis except for the tip-growing cells, including
root hairs and pollen tubes [7, 34]. The expression of
KOR2 and KOR3 were not detected in pollen and pollen
tubes [17]. Thus, taken our results together, At3g43860
may be the only membrane-anchored EGase that is ex-
pressed in mature pollen and pollen tubes.

Interestingly, although At3g43860 is similar to KOR
proteins in its structural organization and therefore be-
longs to Class C, phylogeny analysis showed that
At3g43860 was more divergent to the other KOR proteins,
but closely related to At4g23560, a Class B member [14].
Indeed, the gene pair, At3g43860/At4g23560, were identi-
fied in older sets of duplicated blocks [14]. It seems that the
membrane-anchored EGase At3g43860 may arise inde-
pendently from other KOR proteins. In other words, the
ancestor of At3g43860 may have been a Class B member
which gained a trans-membrane region in the evolution
process. Thus, whether At3g43860 is involved in cellulose
synthesis just as the other KOR proteins or it has other
roles, such as facilitating the penetration of the pollen tube
through FRT, still need a more detailed investigation.

Like most angiosperms, Arabidopsis ovules have two
integuments, the inner and the outer ones, which grow to
enclose the nucellus. Both integuments show similar de-
velopmental polarity, although they have different evolu-
tionary origin. However, the mechanism for the proxi-
mal-distal patterning in the integuments is ambiguous,
while the abaxial-adaxial patterning in both integuments
and the proximal-distal patterning in the nucellus have
been better established [35—37]. The localization of
At4g39000-GUS showed a proximal-distal pattern in the
ovule, and its expression was coincident with the rapid
growth of the inner integument at the micropylar pole
during ovule development. Its proximal-distal pattern
emerged at stage 3-1V when the inner integument nearly
enclose the nucellus and was maintained until stage 3-VI
when the ovule matured. Moreover, this pattern was sim-
ilar to that of some specific AGPs (arabinogalactan pro-
teins) in the ovule, which are critical signal molecules in
plant development [38]. Thus, in addition to a role in the

development of integument, Ar4g39000 could serve as a
marker for analysis of the proximal-distal patterning in
inner integument. Moreover, we also detected that the
GUS expression was especially strong in endothelium in
the early seeds, suggesting that At4g39000 may be in-
volved in the early development of the endothelium.

In conclusion, we showed detailed spatial and tempo-
ral expression patterns of two Arabidopsis EGases genes
(At3g43860, At4g39000) during pollen, ovule and seed
development. Our results suggested specific roles for the
two EGases in Arabidopsis sexual reproduction. Further
studies should use their related mutants to reveal their
likely physiological and developmental functions.
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