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BnPME is progressively induced
after microspore reprogramming to
embryogenesis, correlating with pectin
de-esterification and cell differentiation
in Brassica napus
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Abstract

Background: Pectins are one of the main components of plant cell walls. They are secreted to the wall as highly
methylesterified forms that can be de-esterified by pectin methylesterases (PMEs). The degree of methylesterification
of pectins changes during development, PMEs are involved in the cell wall remodeling that occurs during diverse
plant developmental processes. Nevertheless, the functional meaning of pectin-related wall remodeling in different
cell types and processes remains unclear. In vivo, the microspore follows the gametophytic pathway and differentiates
to form the pollen grain. In vitro, the microspore can be reprogrammed by stress treatments becoming a totipotent
cell that starts to proliferate and follows the embryogenic pathway, a process known as microspore embryogenesis.

Results: To investigate if the change of developmental programme of the microspore towards embryogenesis
involves changes in pectin esterification levels, which would cause the cell wall remodeling during the process,
in the present study, dynamics of PME expression and degrees of pectin esterification have been analysed during
microspore embryogenesis and compared with the gametophytic development, in Brassica napus. A multidisciplinary
approach has been adopted including BnPME gene expression analysis by quantitative RT-PCR, fluorescence in
situ hybridization, immuno-dot-blot and immunofluorescence with JIM5 and JIM7 antibodies to reveal low and
highly-methylesterified pectins. The results showed that cell differentiation at advanced developmental stages
involved induction of BnPME expression and pectin de-esterification, processes that were also detected in zygotic
embryos, providing additional evidence that microspore embryogenesis mimics zygotic embryogenesis. By contrast,
early microspore embryogenesis, totipotency and proliferation were associated with low expression of BnPME and
high levels of esterified pectins.

Conclusions: The results show that the change of developmental programme of the microspore involves changes
in pectin esterification associated with proliferation and differentiation events, which may cause the cell wall remodeling
during the process. The findings indicate pectin-related modifications in the cell wall during microspore embryogenesis,
providing new insights into the role of pectin esterification and cell wall configuration in microspore totipotency,
embryogenesis induction and progression.
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Background
The cell wall, as the most external layer of the plant cell,
is involved in a number of functions such as interaction
with the environment, growth and development, inter-
cellular communication, and the determination of cell
size and shape. Plant cell walls are highly complex struc-
tures composed of diverse polysaccharides (cellulose,
hemicellulose and pectins), enzymes and structural pro-
teins which change their composition during plant growth
and adaptation [1]. Pectins are major components of the
primary plant cell walls; they are secreted into the cell wall
in a highly methylesterified form and can be de-esterified
in muro by pectin methylesterases or PMEs [2]. The
methylesterification of pectins affects to their homogalac-
turonan domain (HGA) and changes significantly during
plant growth and development [3]. PMEs are involved in
important physiological processes such as microsporogen-
esis, pollen growth, seed germination, root development,
polarity of leaf growth, stem elongation, fruit ripening,
and loss of tissue integrity [4–14].
Microspore embryogenesis is a widely used method to

generate genetic variability by obtaining microspore-
derived embryos and double-haploid plants with many
applications for plant breeding [15]. This process involves
the reprogramming of the immature pollen— the micro-
spore— towards a different developmental pathway and
the onset of proliferation and differentiation events, which
finally lead to embryo formation and haploid and double-
haploid plant regeneration [16, 17]. Changes in various
cell activities and in the structural organization of subcel-
lular compartments have been reported to accompany the
microspore reprogramming process in some herbaceous
and woody species [16, 18–23]. Different studies have
indicated that somatic embryogenesis is accompanied by
modifications in the structure and molecular composition
of cell walls [24]. Moreover, many of the molecular
markers of somatic embryogenesis and organogenesis
have been found in cell walls [25–28]. Specifically, studies
in Capsicum annuum have reported differences in the
distribution pattern of the major cell wall polymers,
xyloglucan and the rhamnogalacturonan II pectin do-
main, as well as the proportion of esterified and non-
esterified pectins in gametophytic and embryogenic
development [27, 29]. An unusually thick cell wall under
the exine was reported in embryogenic microspores and
proembryos at early stages of microspore embryogenesis
in several other species [16, 26, 30]. Although some
plant cell wall polymers are regulated during plant de-
velopment, the functional meaning of wall changes in
different cell types and processes remains unclear.
Pectin methylesterases (PMEs, EC 3.1.1.11) catalyze

the specific removal of methyl esters from the linear
homogalacturonan (HGA) backbone of pectins within
plant cell walls [3, 31]. The de-methylesterified HGA

can either form Ca2+ bonds or become a target for
pectin-degrading enzymes, such as polygalacturonases,
affecting the texture and rigidity of the cell wall [2, 32].
PMEs are ubiquitous enzymes [2] that have been identi-
fied in all plant tissues and organs such as fruits, leaves,
flowers, stems and roots [33–35] and in some of plant cell
wall-degrading microorganisms or insects [36]. Neverthe-
less, experimental data on the action of PMEs in planta
are limited and many aspects of their functions and
regulation remain to be elucidated. In various plant
species such as banana, cork oak, olive and pepper,
recent data have provided evidence of changes in pec-
tins during somatic embryogenesis [35, 37] and micro-
spore embryogenesis [26, 27, 30, 37]; however, there are
no data on the PME during pollen development and
microspore embryogenesis. Data generated by sequen-
cing projects has shown gene families of several
homogalacturonan-modifying enzymes, including pec-
tin methylesterases, in several plant species (reviewed
in [38]). However, the information available on PME
genes is scarce on Brassicas. In Brassica campestris,
only a few sequences of putative PME isoforms have
been annotated (NBCI accession numbers KF268317,
KF268318), without any functional or expression infor-
mation available to date. In Brassica olearacea, a novel
PMEI (PME inhibitor) gene has been characterized re-
cently [39]. In Brassica napus, to our knowledge, only
one BnPME gene sequence has been identified and
characterized [40], and it is this gene sequence that has
been used for expression analyses in the present work.
JIM5 and JIM7 monoclonal antibodies have been re-

ported as particularly useful in revealing the patterns of
pectin esterification [41]. JIM5 binds preferably to at
least four contiguous non-esterified GalA residues and
labels the relatively non-esterified pectin epitopes. By
contrast, JIM7 binds to methylesterified residues with
adjacent or flanking non-esterified GalA residues and
therefore shows the presence of relatively highly methyles-
terified pectin epitopes [42]. Several studies on antigen
distribution detected by the antibodies JIM5 and JIM7 in
different plant tissues and organs have provided evidence
that the de-esterification of pectins is involved in specific
developmental processes, specifically the changes in the
ratio of esterified to non-esterified pectins, and differential
distribution of the two forms in cell walls [43–45].
To investigate if the change of developmental programme

of the microspore towards embryogenesis involves changes
in pectin esterification levels accomplished by PMEs, which
would suggest the remodeling of the cell wall during the
process, we have analysed the dynamics of BnPME gene
expression and degrees of pectin esterification during
two developmental programmes— the gametophytic de-
velopment and the stress-induced microspore embryo-
genesis—in Brassica napus using a multidisciplinary
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approach. Expression patterns of BnPME were studied
by qRT-PCR and fluorescence in situ hybridization
(FISH). In vivo localization of PME was assessed by
GFP-tagged PME in transformed tobacco leaves. JIM5
and JIM7 antibodies recognizing pectins with a low and
high degree of methylesterification, respectively, were
used for both immuno-dot-blot and immunofluorescence
assays, which were analysed by confocal microscopy,
during specific stages of the two developmental path-
ways. The results showed an increase in BnPME
expression with embryogenesis progression, and the
developmental regulation of the methylesterification
status of pectins during microspore embryogenesis and
gametophytic development.

Methods
Plant material
Brassica napus L. cv. Topas donor plants were grown
from seeds generated in the Biological Research Center
(CSIC, Madrid) greenhouse [17]. Donor plants were grown
under controlled conditions at 15 °C day, 16 h photo-
period, and 10 °C night in a growth chamber. Vacuolated
microspores and differentiated pollen grains were isolated
from anthers at the corresponding developmental stages.
Microspore embryogenesis was induced in isolated micro-
spore cultures by a 32 °C treatment, as described [17].
Microspores for in vitro culture were selected from
donor plants at the developmental stage of vacuolated
microspore, the most responsive stage for embryogenesis
induction [17, 46].

Fixation and cryoprocessing for microscopic analysis
Freshly isolated microspores, pollen grains and in vitro
samples from different culture times were collected and
fixed overnight at 4 °C with 4 % paraformaldehyde in
phosphate-buffered saline (PBS). After fixation, samples
were processed by three main methods to obtain: semi-
thin resin sections, semithin cryosections and cryostat
sections.
For structural analysis and immunofluorescence, fixed

samples were dehydrated and embedded in Historesin
resin at 4 °C. Semithin sections were collected on slides;
some of them were stained with toluidine blue, for
structural analysis, or iodide cytochemistry, for prefer-
ential staining of starch [26], and observed under bright
field microscopy. Other resin sections were used for
immunofluorescence.
For immunofluorescence and FISH assays, fixed samples

were processed by two main protocols. Isolated micro-
spores, pollen grains and small samples from the first cul-
ture stages were cryoprotected in 2.3 M sucrose, cryofixed
in liquid propane and cryosectioned in a cryoultramicro-
tome (Ultracut E Reichert equipped with FC4 cryounit),
whereas fixed large culture samples of the advanced

embryogenesis stages and zygotic embryos excised from
seeds were embedded in OTC, frozen on dry-ice, and sec-
tioned in a cryostat (Leica Cm 1800). Finally, specimens
were mounted on slides coated with APTES (3-aminopro-
pyltriethoxysilane, Sigma), stored at 4 °C until use for
immunofluorescence and FISH.

Antibodies
The antibodies used in this study were JIM7 and JIM5
rat monoclonal antibodies (PlantProbes, Leeds, UK) that
recognized highly and low-methylesterified pectins re-
spectively [41]. JIM7 binds to methylesterified residues
of homogalacturonan with adjacent or flanking non-
esterified GalA residues but does not bind to non-
esterified homogalacturonan and therefore shows the
presence of relatively highly methylesterified pectin
epitopes. JIM5 monoclonal antibody binds preferably
to at least four contiguous non-esterified GalA resi-
dues, therefore it recognizes partially methyl-esterified
epitopes of homogalacturonan and non-esterified
homogalacturonan.

Immunofluorescence
Cryostat sections (20–40 μm thickness) were perme-
abilized by dehydration-rehydration in methanol series
and treatment with 2 % cellulose (Ozonuka R-10) for 1 h
at room temperature, washed in PBS and incubated in
5 % bovine serum albumin (BSA) in PBS for 10 min. In
contrast, semithin sections (2-3 μm thickness) were dir-
ectly washed with PBS and blocked with 5 % BSA. Then,
both types of sections were treated equally for immuno-
fluorescence as previously described [47]. Sections were
incubated with the corresponding primary undiluted
antibodies and after washing in PBS three times (5 min
each), the signal was revealed with Alexa Fluor 488-
labelled anti-rat antibodies (Molecular Probes, Cat. no.
A-11001) diluted 1:25 in PBS for 45 min in the dark.
Finally, the slides were counterstained with 1 mg/ml
DAPI (4’, 6-diamidino-2-phenylindole; Fluka) solution
for 10 min and analyzed in a confocal microscope
(Leica TCS-SP5). Negative controls were obtained re-
placing the primary antibody by PBS.

Immuno-dot-blot assay
The assay was performed essentially as previously de-
scribed with minor modifications [29]. Freshly isolated
microspores, pollen grains and in vitro samples from
different culture times were used. Extracts were ob-
tained from 25 mg samples collected at different time
points of gametophytic and embryogenic development;
they were homogenized in liquid nitrogen and after-
wards in 50 ml of buffer solution containing 50 mM
Tris–HCl pH 7.2, 50 mM 1,2-cyclohexylenedinitrilote-
traacetic acid (CDTA), and 25 mM dithiothreitol and
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centrifuged at 7000 rpm for 10 min. at 4 °C. The concen-
tration of the resulting supernatants was determined and
all samples were adjusted to a concentration of 1 mg/ml.
For immuno-dot-blot assays with JIM5 and JIM7 anti-
bodies, 5 μl aliquots of adjusted supernatants were applied
to nitrocellulose membrane (Millipore; Bedford, MA)
and stained for total protein detection with Ponceau
Red, as loading control. Finally, the epitopes recognized
by the antibodies were revealed by treatment with a
nitroblue tetrazolium, bromo-chloroindolyl-phosphate
(NBT-BCIP) mixture.

Reverse-transcription PCR
Freshly isolated vacuolated microspores and pollen
grains from anthers, and in vitro embryogenesis samples
from cultures at different time-points and corresponding
to several developmental stages (proembryos, globular
and cotyledonary embryos) were collected. Total RNA
from samples was isolated with the RNeasy® Plant Minikit
(Qiagen) according to the manufacturer’s instructions.
One microgram of total RNA was used for the RT reac-
tion using the Superscript™ II reverse transcriptase enzyme
(Invitrogen). The oligonucleotides used for BnPME
expression analysis were: 5′ GGAGCGTCGTTGATG
GATGG 3′ and 3′ GTAACCTCGTTCGCCTGACC 5′
(accession AY036606) from the sequence of the Brassica
napus pectin methylesterase-like gene [40]. cDNA was
amplified by PCR using the HotMaster™ Taq DNA poly-
merase (Eppendorf). PCR products were detected on 1 %
agarose gels stained with ethidium bromide. Band inten-
sity was expressed as relative absorbance units. Each band
density was first normalized by dividing it by the density
of the actin II band in the same lane (to compensate for
the variations in the cDNA loading onto the gel). The
relative increase or decrease in gene expression at specific
developmental stages were calculated by dividing the
normalized band density from each stage by that from
the vacuolated microspore, which was selected as refer-
ence. Consequently, the relative density of the vacuolated
microspore band is presented as 1.

Quantitative real-time PCR (qRT-PCR)
Quantitative gene expression analysis was performed by
qRT-PCR with in vitro culture samples at selected devel-
opmental stages of microspore embryogenesis: vacuo-
lated microspore (starting point to induce the process),
proembryos (early embryogenesis stage) and globular
embryos (advanced embryogenesis stage, when embryo
differentiation initiates). The expression analysis of the
pectinmethylesterase gene (BnPME) was performed by
quantitative real-time PCR using the SsoAdvanced™ Uni-
versal SYBR®Green Supermix on the iQ™5 Real-Time
PCR Detection System (Biorad). As PCR templates,

cDNA was generated from total RNA isolated from the
different culture samples at the analyzed stages, using
the Superscript™ II reverse transcriptase enzyme (Invi-
trogen), according to [48].
The oligonucleotides used were: 5′ GGAGCGTCGTT

GATGGATGG 3′ and 3′ GTAACCTCGTTCGCCTG
ACC 5′ from the sequence of the PME gene of Brassica
napus (AY036606) which encodes a pectin methylesterase-
like gene [40]. All qPCR reactions were run in triplicates.
Thermocycle settings were as follows: initial denaturation
of 30 s at 95 °C, followed by forty cycles, each consisting of
5 s at 95 °C, 30 s at 56 °C. After each run, a dissociation
curve was acquired to check for amplification specificity by
heating the samples from 65 to 95 °C. Serial dilutions of
cDNA were used to determine the efficiency curve of each
primer pair according to [49]. Actin II (ACT) was used
as internal reference gene. At the end of the PCR cycles,
the data was analyzed with the Bio-Rad CFX Manager
3.0 (3.0.1224.1015) (Biorad), using the Livak calculation
method [50].

Fluorescence in situ hybridization (FISH)
Total cDNA was obtained from total RNA of samples, as
described before, by RT reaction using the Superscript™ II
reverse transcriptase enzyme (Invitrogen). Amplification
of cDNA from the Brassica napus PME-like sequence,
complete cds, was performed by PCR amplification
with the same BnPME primers mentioned above for the
RT-PCR assays. Amplified fragments of around 500 bp
were isolated from an agarose gel and cloned using a
pGEM® T-Easy cloning system (Promega). dig-RNA-
PME probes were generated by in vitro transcription
using the DIG-RNA-labeling kit (Roche).
Cryostat sections were permeabilized by dehydration-

rehydration in methanol series and treatment with 2 %
cellulose (Ozonuka R-10) for 1 h, washed and dried.
Semithin cryosections were washed in PBS to remove
the sucrose and dried.
RNA/RNA in situ hybridization was performed as

described [48] using dig-PME RNA probes diluted 1/50
in hybridization buffer at 50 °C, overnight. Post-
hybridization washes were performed in 4xSSC, 2xSSC
and 0,1xSSC. Hybridization signal was detected by im-
munofluorescence with anti-digoxigenin antibodies, as
previously described [48]. After washing in PBS, sections
were counterstained with DAPI, mounted in Mowiol,
and observed in a confocal microscope (Leica TCS-SP5).
Controls were performed with the sense probe.

In vivo subcellular localization of PME
The PME-GFP fusion protein was generated using the
Gateway™ cloning technology developed by Invitrogen
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(Carlsbad, CA, USA). Primers were synthesized by Roche
Applied Biosystems. The construct was expressed under
the control of the 35S promoter. Four-week-old Nicotiana
tabacum (cv. Petit Havana) plants grown at 25 °C were
used for Agrobacterium tumefaciens (strain GV3101)
mediated stable DNA integration [51]. The bacterial
optical density (OD 600) used for plant transforma-
tions was 0.05. Lower epidermis of transformed leaves
was analyzed between 48 to 72 h after infection. Ap-
propriate controls were done in parallel with wild-
type plants and infiltrated tobacco leaves with a GFP
construct without PME. Image analysis was carried
out with a confocal laser scanning microscope (Leica
TCS-SP5) under the Ar laser excitation line of
488 nm to detect the fluorescence signals of GFP and
by excitation at 633 nm to detect the autofluorescence
of chlorophyll.

Results
BnPME expression pattern in the two microspore
developmental pathways, gametophytic and
embryogenic, and in zygotic embryos
The vacuolated microspore is the responsive develop-
mental stage for induction of embryogenesis [46, 48]. It
was characterized by a large cytoplasmic vacuole which
pushed the nucleus towards a peripheral location
(Fig. 1a). At this stage, the microspore exhibited an inner
thin wall, the intine, which was surrounded by the outer
sporopollenin pollen wall, the exine. When the gameto-
phytic development was followed, the vacuolated micro-
spore underwent an asymmetric division leading to the
formation of the bicellular pollen grain containing the
small generative cell inside the cytoplasm of the larger
vegetative cell (Fig. 1b). Later, the generative cell divided
forming the sperm cells, giving rise to the tricellular
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pollen (Fig. 1c). However, after the application of a heat
treatment (32 °C) to induce embryogenesis in vitro, the
vacuolated microspore divided symmetrically forming
two-cell proembryos whose cells and nuclei were of
similar size and organization (Fig. 1d). After subsequent
divisions, multicellular proembryos were formed (Fig. 1e).
At later stages, after the exine had broken down and cell
proliferation increased, globular embryos were formed
(Fig. 1f). As embryogenesis progressed, embryos elongated
giving rise to heart-shaped and torpedo embryos
(Fig. 1g), which finally increased in size and differenti-
ated leading to the formation of mature cotyledonary
embryos (Fig. 1h).
The temporal expression pattern of Brassica napus

pectin methylesterase (BnPME), was firstly analysed by
RT-PCR at different stages of pollen development and
microspore embryogenesis; BnPME codifies for one of
the enzymes responsible for de-methylesterification of
pectin HGA within cell walls. The stages selected for
RT-PCR analysis were “vacuolated microspore”, as the
starting phase for the two developmental pathways,
“differentiated pollen” for the gametophytic develop-
ment, and “early proembryo”, “globular embryo” and
“cotyledonary embryo” for the microspore embryogen-
esis pathway. RT-PCR analysis revealed that BnPME
expression was developmentally up-regulated at ad-
vanced stages of microspore embryogenesis whereas
its expression was low after microspore reprogram-
ming and embryogenesis initiation, in early proem-
bryos, as well as during pollen development (Fig. 2).
The expression value of the vacuolated microspore
was considered as the unit for comparison with the
other stages. BnPME expression was progressively in-
duced during microspore embryogenesis progression;
globular and torpedo embryos showed higher expression
levels than vacuolated microspores, as did cotyledonary
embryos, which exhibited the highest expression level
(Fig. 2).
For a more accurate and quantitative analysis of the

changes in gene expression during microspore embryo-
genesis, qRT-PCR assays were performed in selected key
developmental stages: “vacuolated microspore” (starting
point to induce the process), “early proembryos” (early
embryogenesis stage) and “globular embryos” (advanced
embryogenesis stage in which embryo differentiation
initiates). Quantitative PCR results supported the data
obtained by semiquantitative RT-PCR and showed no
significant differences in BnPME expression between
vacuolated microspores, before reprogramming, and
early proembryos (Fig. 3). By contrast, the gene was
highly up-regulated at the advanced embryogenesis
stage of globular embryos; expression of globular em-
bryos increased 4-fold in comparison with expression
of vacuolated microspores (Fig. 3).

To analyse the spatial expression pattern and the sub-
cellular distribution of BnPME transcripts, fluorescence
in situ hybridization (FISH) was carried out, followed by
confocal microscopy analysis. In the gametophytic path-
way, the FISH experiments results showed very low
hybridization signal in cytoplasms at the stages of
vacuolated microspore (Fig. 4a, a’), bicellular pollen
(Fig. 4b, b’) and tricellular pollen. In the embryogenic
pathway, after embryogenesis induction, early proem-
bryos also showed low hybridization signal in the cyto-
plasm (Fig. 4c, c’). The exine exhibited unspecific
autofluorescence in some samples (Fig. 4a’, b’). At later
developmental stages of the embryogenic pathway, the
FISH signal was progressively higher, especially in the
cells of the outer layers of advanced globular embryos
(Fig. 4d). Hybridization signal was specifically found in
the cytoplasm, where transcripts were localized,
whereas no signal was found in nuclei, vacuoles or cell
walls (Fig. 4d, e). Globular embryos exhibited two re-
gions with different cell types: an inner region showing
cells with dense cytoplasms, large nuclei and small vac-
uoles, which is typical organization of proliferating
cells, similar to early proembryo cells, and an outer
area containing large cells with big vacuoles and starch
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deposits, as revealed by iodide specific staining (inset
in Fig. 4d), which is typical cytoplasmic organization of
cells in differentiation. In torpedo embryos, a differen-
tial BnPME expression pattern was also found; differ-
entiating cells of peripheral regions presented a higher
hybridization signal than proliferating cells of inner
embryo regions. Control FISH experiments performed
with sense probes did not show fluorescence in any cel-
lular region of any samples (Fig. 4f ).
In situ expression analysis was also carried out in

cotyledonary microspore embryos and zygotic embryos
obtained from seeds. FISH results showed that the pat-
terns of BnPME expression were similar in the two types
of embryos (Fig. 5). High fluorescence hybridization signal
appeared in embryos from both origins, microspore
(Fig. 5a, c) and zygote (Fig. 5b, d), specifically in the
cytoplasm of differentiating cells of the cotyledonary
and radicular regions, characterized by starch accumu-
lations as revealed by iodide specific staining (insets in
Fig. 5a, c), Some embryo cells at inner regions of coty-
ledons and radicular tip showed lower fluorescence
hybridization signal and no starch deposits (Fig. 5a, b,
c, d and insets). Cells located in the outer layers of cot-
yledons and in the root cap of embryos did not show
FISH signal (Fig. 5).

PME: GFP in vivo subcellular localization
To analyse the subcellular localization of the BnPME
protein in vivo, its gene was expressed in a heterologous
system. PME gene was translationally fused to the GFP
and this construct was cloned under the control of the
constitutive 35S promoter and used in transient expres-
sion experiments in transformed Nicotiana tabacum
leaves. Confocal in vivo analysis of the transformed to-
bacco leaves with the PME-GFP construct showed an in-
tense green fluorescence signal in the cell walls of
mesophyll cells (Fig. 6a), indicating that, after translation
and processing, PME was directed towards the cell wall
where pectin modification would occur in muro. No
PME: GFP signal was found inside mesophyll cells, with
only their numerous chloroplasts exhibiting an intense
red signal corresponding to autofluorescence of chloro-
phyll (Fig. 6a). PME: GFP signal was also found in the
thin cell walls of the pavement epidermal cells, outlining
the typical shape of these cells (Fig. 6b). PME: GFP was
also localized in the walls of guard cells that surround
the stomata in the epidermis (Fig. 6c), showing an intense
fluorescence signal, especially in the inner walls facing the
pore side (these wall regions are usually thicker than the
rest of guard cell wall). By contrast, wild type tobacco
leaves, used as negative control of the experiment, did not
show any green fluorescence signal (Fig. 6d, d’). On the
contrary, the infiltration with the GFP construct without
PME provided unspecific green fluorescence signal located
all over the mesophyll cells, even inside the chloroplasts
(Fig. 6e, e’), supporting the specificity of the signal of
PME: GFP and the localization in cell walls of the PME
protein encoded by the BnPME gene analysed.

Temporal patterns of pectin esterification in the two
microspore developmental pathways, gametophytic
and embryogenic
Immuno-dot-blot assays were carried out with the anti-
bodies JIM7 and JIM5 recognizing highly and low methyl-
esterified pectins respectively, to determine the differences
in the presence of the two forms of pectins during the two
developmental programmes. The dot-blot analysis was
performed at the stages previously described, “vacuolated
microspore”, as starting phase for the two pathways,
“differentiated pollen” for the gametophytic develop-
ment, and “early proembryos”, “globular embryos”,
“torpedo embryos” and “cotyledonary embryos” for
microspore embryogenesis. Equal sample amounts were
used in all developmental stages as revealed by Ponceau
Red staining of the membranes (Fig. 7). The results
showed different distribution patterns of esterified and
non-esterified pectins in the two developmental path-
ways (Fig. 7). JIM7 immuno-dot-blot signal showed
high levels of esterified pectins in vacuolated micro-
spores and early proembryos, whereas it diminished at
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Fig. 3 Expression analysis of BnPME gene by quantitative RT-PCR
during stress-induced microspore embryogenesis. Histogram expresses
relative changes of expression at different developmental stages:
vacuolated microspore (starting point, before reprogramming
induction), early proembryo, and globular embryo. Each column
represents the mean of two independent reactions with three
replicates of each reaction. Transcript levels were normalized to
vacuolated microspore levels. Bars indicate the SEM. Different
letters on columns indicate significant differences at P < 0.05
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later stages of microspore embryogenesis. During gam-
etophytic development, JIM7 signal decreased, and was
particularly low in mature pollen. On the contrary,
JIM5 signal, corresponding to non-esterified pectins,
was low in vacuolated microspore and progressively in-
creased with pollen differentiation, as well as with
microspore embryogenesis progression (Fig. 7). JIM5
signal reached its maximum levels in cotyledonary em-
bryos and differentiated pollen (Fig. 7).
Regarding the ratio between esterified and non-esterified

pectins in each developmental stage, vacuolated micro-
spores and early proembryos exhibited very similar dot
blot patterns, high JIM7 and low JIM5 signals (Fig. 7).
Globular embryos displayed a significant increase in non-
esterified pectins (JIM5) accompanied by a decrease in the
levels of esterified pectins (JIM7) (Fig. 7). In subsequent

embryogenic stages, the difference between non-esterified
and esterified pectins became greater, JIM5 signal in-
creased markedly while JIM7 signal decreased signifi-
cantly in late embryo stages (Fig. 7).

In situ localization of esterified and non-esterified
pectins in the two microspore developmental pathways,
gametophytic and embryogenic
Esterified and non-esterified pectin distribution patterns
were analysed by immunofluorescence with JIM7 and
JIM5 antibodies at different stages of the two develop-
mental pathways. Confocal microscopy analysis of JIM5
and JIM7 immunofluorescence assays revealed specific
changes in the distribution pattern of esterified and non-
esterified pectins in the cell wall during the developmen-
tal processes analysed.
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In vacuolated microspores (Fig. 8a, a’, d), the immuno-
fluorescence assays provided an intense JIM7 signal over
the intine (the inner wall under the exine) (Fig. 8d), indi-
cating a high content of esterified pectins. However, no
signal was detected with JIM5 antibody in vacuolated
microspores (Fig. 8a’). In the bicellular and tricellular
pollen stages of the gametophytic pathway, the distribu-
tion patterns for JIM7 and JIM5 signals were opposite
to those of vacuolated microspores (Fig. 8b, b’, c, c’, f ).
An intense signal of non-esterified pectins, revealed by
JIM5, was found on the intine, (Fig. 8b’, c’), while the
immunofluorescence signal with JIM7 was very low
(Fig. 8f ), in both the bicellular and tricellular pollen
stages. In all cases, the fluorescent signal was localized
on the intine layer, without any fluorescent signal on
the exine or any other cell compartment (Fig. 8). Con-
trol immunofluorescence experiments avoiding the first
antibody did not provide signal, at any developmental
stage (Fig. 8e).
After the induction of microspore embryogenesis,

early proembryos containing two or a few cells displayed
thin walls which showed a high fluorescence signal with
JIM7 antibody (Fig. 9a, a’, c, c’); on the contrary, very low
signal (or no signal at all) was observed in early
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Fig. 8 Immunolocalization of esterified and non-esterified pectins during gametophytic development. a, b, c are the same structures, visualized
by DIC (Differential Interference Contrast, Nomarsky) as in a’, b’, c’. a’, b’, c’ Immunofluorescence of esterified (JIM7 antibody) and non-esterified
(JIM5 antibody) pectins during gametophytic development. a, a’, d Vacuolated microspore; b, b’, e Bicellular pollen; c, c’, f Tricellular mature
pollen. a’, b’, c’ Merged images of fluorescence provided by DAPI staining of nuclei (in blue) and JIM5 immunofluorescence signal (in green).
d, f Merged images of fluorescence provided by DAPI staining of nuclei (in blue) and JIM7 immunofluorescence signal (in green). e Control
immunofluorescence experiment avoiding the first antibody. Ex: exine, N: nucleus, V: vacuole. Bars: 10 μm
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Fig. 7 Temporal patterns of esterified and non-esterified pectins
during gametophytic development and microspore embryogenesis.
Immuno-dot-blot assays at different developmental stages: vacuolated
microspore, differentiated pollen (gametophytic development), early
proembryo, globular, torpedo and cotyledonary embryo (microspore
embryogenesis). Ponceau Red staining for total proteins and
immuno-dot blot of the same strip is shown for each antibody
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proembryo cell walls with JIM5 antibody (Fig. 9b, b’, d,
d’). In small proembryos, still surrounded by the exine,
the intine also showed an intense JIM7 signal (Fig. 9a,
a’). At later developmental stages, in globular and tor-
pedo embryos, a stronger JIM5 signal was detected in
the walls of the outer differentiating cells (Fig. 9f ); by
contrast, a weak signal (or none at all) was observed in
the walls of the inner proliferating cells (Fig. 9f). Labeling
with JIM7 antibody was lower in cell walls of advanced
globular and torpedo embryos (Fig. 8e). In cotyledonary

embryos, the differences between immunofluorescence
signals of the two antibodies became greater. JIM5
labeling was intense in cell walls, especially in differ-
entiating regions like cotyledon tips (Fig. 9h), while
JIM7 signal was very low in cells of cotyledons
(Fig. 9g). In controls carried out without the primary
antibodies no signal was detected in any developmen-
tal stage. These patterns of distribution clearly corre-
lated with the results of the immuno-dot-blot assays
reported above.
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Fig. 9 Immunolocalization of esterified and non-esterified pectins during microspore embryogenesis. Confocal merged images of immunofluorescence
signal (green) and DAPI staining of nuclei (blue). For some stages, DIC image (Differential Interference Contrast, Nomarsky) of the same section is shown
to reveal the structure (left side for each pair of images). a, a’, c, c’, e, g JIM7 immunofluorescence. b, b’, d, d’, f, h) JIM5 immunofluorescence.
a-d Two-cell and early proembryos. e, f Globular embryos. g, h Cotyledonary embryos. Bars: a-d) 10 μm; e-h) 25 μm
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Discussion
Microspore embryogenesis progression involves
induction of BnPME expression and increasing pectin
de-esterification levels in cell walls
In this study, we have investigated if the change of devel-
opmental programme of the microspore towards embryo-
genesis involved changes in pectin esterification levels,
accomplished by PME activity, which would suggest cell
wall remodeling during the process. The expression ana-
lysis of BnPME, performed by different and complemen-
tary methodologies — qRT-PCR and fluorescence in situ
hybridization (FISH) — showed that BnPME is induced
during microspore embryogenesis progression, specifically
in embryo differentiating cells characterized by starch ac-
cumulations. This BnPME expression pattern fully corre-
lated with the increase of non-esterified pectins in cell
walls revealed by JIM5 antibody.
Interestingly, similar in situ BnPME expression pat-

terns to those of microspore embryos were also found in
zygotic embryos. A small number of previous studies
have reported structural and gene expression similarities
between embryos from the two origins, microspore and
zygote, in Capsicum annuum, Quercus suber and Bras-
sica napus [16, 27, 48, 52]. The present PME results pro-
vide additional evidence that microspore embryogenesis
mimics zygotic embryogenesis.
The methylesterification status of cell wall homogalac-

turonans (HGA), mediated through the action of PMEs,
influences the biophysical properties of plant cell walls
that are important parameters for cell elongation and
growth in differentiation events [7, 43]. Differential tem-
poral and spatial expression of PME genes has been pro-
posed as a major mechanism to regulate the endogenous
PME activity [34]. Gradients of decreasing HGA methy-
lesterification levels and increasing PME activities have
been found from growing/proliferating to maturing/dif-
ferentiating tissues [43, 53, 54]. Also in embryogenesis,
several PMEs are expressed during silique development
in Arabidopsis [55], some of them specifically in the em-
bryo, endosperm or seed coat [56, 57]. The high BnPME
expression that we observed at later stages of
microspore-derived and zygotic embryos could lead to a
higher PME activity and pectin de-esterification, chan-
ging cell wall properties for embryo differentiation. It
has been suggested that the activity of the PME HIGHLY
METHYL ESTERIFIED SEEDS (HMS) promotes cell ex-
pansion during embryogenesis, and the mutant hms1 re-
sulted in altered embryo morphology [57]. Our results
suggest that after microspore reprogramming towards
embryogenesis, the PME-mediated configuration of pec-
tins could be a crucial factor that may contribute to the
temporal regulation of biomechanical properties of cell
walls through the balance between highly and low-
esterified pectins.

Recent studies have revealed that auxin, among other
factors, contributes to the cell wall remodeling during
organogenesis and growth, a process in which de-
esterification of pectins is required [58, 59]. The progres-
sion of plant embryogenesis is associated with polar
auxin accumulation [60] and recent reports have indi-
cated that increasing auxin biosynthesis, action and
polar transport are required for microspore embryogen-
esis initiation and progression in Brassica napus [61].
Further work would be necessary to investigate if auxin
is involved in cell wall remodeling by increasing PME
expression, during microspore embryogenesis.

PME protein is localized in cell walls
To elucidate the in situ subcellular localization of PME
protein encoded by the BnPME gene analysed in this
study, expression of the BnPME: GFP fusion construct
was analysed in transformed Nicotiana tabacum leaves.
The in vivo analysis of the PME: GFP construct under
confocal laser microscopy showed that PME protein is
exclusively localized in the cell walls of both mesophyll
and epidermal cells of tobacco leaves, as well as in cell
walls of the stomatal guard cells. First attempts to
localize PME using immunofluorescence microscopy in-
dicated that, at the tissue level, PMEs were mainly lo-
cated in the epidermis and in the cell junctions of the
cortical parenchyma, suggesting PME as an early marker
of differentiation [62]. Our results regarding the distri-
bution patterns of the BnPME-GFP fusion protein show,
for the first time in Brassica napus, that the PME pro-
tein encoded by the BnPME gene sequence used in this
work is directed to the cell walls where it may exert its
enzymatic activity over pectins in muro.

High pectin esterification and low BnPME expression are
associated with cell totipotency and proliferation in the
embryogenic pathway
The vacuolated microspore is a very active cell with the
capacity to either form the pollen grain via the gameto-
phytic pathway or to be reprogrammed by stress and
become a totipotent cell, proliferate and form proem-
bryos and embryos via the embryogenic pathway [23,
47, 63]. Both, vacuolated microspores and early proem-
bryo cells, exhibited low levels of BnPME expression, as
well as high levels of esterified pectins, detected by
immuno-dot-blot and immunofluorescence assays with
JIM7 antibodies.
Recently, some reports have indicated that changes in

cell wall mechanics controlled by the esterification status
of pectins through PME activity underlie organogenesis
initiation and phyllotaxis in Arabidopsis [59, 64]. More-
over, biochemical changes in the cell wall that promote
its loosening have been reported at early embryo stages,
cell wall remodeling that seems to be crucial for proper
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embryo growth and embryogenesis progression [56, 57].
Therefore, the low levels of BnPME expression that we
found at early embryo stages could be key for cell wall
loosening to facilitate the necessary growth spurt that is
characteristic of this stage.
Previous studies by our group have reported changes

in pectin esterification in microspores and microspore-
derived embryos in various plant species such as Capsi-
cum annuum, Quercus suber, Citrus clementina and
Olea europaea, as well as in meristematic and differenti-
ating cells of Allium cepa root tips [16, 26, 27, 29, 30,
37, 65]. The comparative analysis performed in the
present study, between the in vivo pollen development
and the in vitro microspore embryogenic pathway, has
allowed the identification of a new differential cell wall
feature in the microspore reprogramming towards em-
bryogenesis induced by stress. This feature is the high
level of pectin esterification present in the cell walls of
vacuolated microspores and proembryo cells — there-
fore associated with cell totipotency and embryogenesis
initiation—but not present in cells that follow the gam-
etophytic programme (differentiated pollen). The modifi-
cations in cell wall components and pectin residues have
been reported as being crucial for initiating cell re-
sponses in relation to cell fate and development [66]. In
pepper, cork oak and olive, an unusually thick cell wall
under the exine was reported in embryogenic micro-
spores and early proembryos [16, 26, 30]. Moreover, spe-
cifically in the intine (the inner wall layer under the
exine) a differential reactivity by calcofluor white stain-
ing (preferential for cellulosic components) was reported
in embryogenic microspores and early proembryos of
olive, suggesting that the structure, arrangement and/or
amount of the cellulosic components were modified
after the embryogenic induction [26]. In this sense, the
present results indicate that the high proportion of es-
terified pectins in cell wall may not only be a marker of
proliferation but also a marker of the switch of develop-
mental programme and totipotency. In other words,
high levels of non-esterified pectins can be considered as
a specific marker for the gametophytic pathway while es-
terified pectins can be considered a marker of toti-
potency acquisition and early embryogenic development.
During the gametophytic pathway, differentiated

pollen showed low BnPME expression, despite the fact
that the immuno-dot-blot and immunofluorescence as-
says with JIM5 antibodies revealed a high content of
non-esterified pectins in the cell wall of bicellular and
tricellular pollen. Previous studies reported that expres-
sion of PME genes is strongly regulated in a tissue-
specific manner [67]. In many plants, multiple isoforms
of PME encoded by large multigene families have been
found, all of which catalyze the same reaction; moreover,
some PME isoforms are constitutively expressed whereas

others are only expressed in certain tissues/organs and/
or in precise developmental stages (review in [34]). In
addition, several studies have reported an increase in
PME expression levels at later stages of pollen differenti-
ation related to the pollen tube emission during pollen
germination in some species [8, 32, 68], as is the case of
PME48 of Arabidopsis thaliana [69]; indeed, in some
cases, PME expression even continued in the pollen tube
[8]. In the present study, analysis of the BnPME gene
was approached by using the sequence of the papillar
cell PME-like gene characterized in Brassica napus [40],
one of the few PME gene sequences identified in this
species, which did not show expression in differentiated
pollen. Therefore, it is possible that another PME gene,
perhaps a pollen-specific one, is expressed and acting in
the pollen differentiation stage in Brassica napus.

Conclusions
In short, the comparison of the findings between the
two developmental pathways, gametophytic and em-
bryogenic, revealed that the change of microspore de-
velopmental programme involved changes in pectin
esterification levels and BnPME expression which may
cause the cell wall remodeling during the process.
Our results allowed the in situ identification of de-
fined cell wall distribution patterns of pectin esterifi-
cation associated with cell totipotency, proliferation
and differentiation.
Our results, obtained by several complementary meth-

odologies, show that cell differentiation at advanced
stages of microspore embryogenesis involves an increase
of BnPME expression, also detected in zygotic embryos,
as well as high pectin de-esterification. By contrast, toti-
potency acquisition and entry into proliferation, that
both occur at early stages of stress-induced microspore
embryogenesis, were associated with low levels of
BnPME expression and high levels of esterified pectins
in cell walls. Taken together, our results indicate that
PME is transcriptionally regulated during microspore
embryogenesis induction and progression, correlating
with the de-esterification of pectins, and indicating a
possible role of PME in the remodeling of the cell wall
during the process. PME induction and de-esterification
of pectins may contribute to the temporal regulation of
the mechanical properties of embryo cell walls, a process
associated with embryo cell differentiation. The findings
provide new insights into the possible role of pectin es-
terification modifications, which likely contribute to cell
wall remodeling, in microspore totipotency, embryogen-
esis induction and progression.

Abbreviations
DIC, Differential interference contrast; FISH, Fluorescence in situ hybridization;
GFP, Green fluorescence protein; HGA, Homogalacturonan; JIM, John Innes
monoclonal; PME, Pectin methylesterase; PMEI, Pectin methylesterase inhibitor

Solís et al. BMC Plant Biology  (2016) 16:176 Page 13 of 15



Acknowledgements
We acknowledge support of the publication fee by the CSIC Open Access
Publication Support Initiative through its Unit of Information Resources for
Research (URICI).

Funding
Work supported by projects (BFU2011-23752, AGL2014-52028-R) funded by
the Spanish Ministry of Economy and Competitiveness (MINECO) and the
European Regional Development Fund (ERDF/FEDER).

Availability of data and materials
All the data supporting the findings is contained within the manuscript.

Authors’ contributions
MTS performed most of the experimental work, in vitro cultures, RT-PCR
expression analysis, FISH, immunofluorescence and dot-blot assays; she
prepared the first manuscript draft and the figures. EB performed the
expression analyses by quantitative PCR. MCR participated in the design of
the work and in the discussion of the results. PST designed and supervised
the experimental work, analyzed the results, elaborated the conclusions
and wrote the manuscript. All authors read and approved the final
manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Received: 5 March 2016 Accepted: 29 July 2016

References
1. Knox JP. Revealing the structural and functional diversity of plant cell walls.

Curr Op Plant Biol. 2008;11:308–13.
2. Pelloux J, Rusterucci C, Mellerowicz EJ. New insights into pectin

methylesterase structure and function. Trends Plant Sci. 2007;12:267–77.
3. Willats WGT, Orfila C, Limberg G, Buchholt HC, Van Alebeek G, Voragen AGJ,

Marcus SE, Christensen T, Mikkelsen JD, Murray BS, et al. Modulation of the
degree and pattern of methyl-esterification of pectic homogalacturonan in
plant cell walls-Implications for pectin methyl esterase action, matrix
properties, and cell adhesion. J Biol Chem. 2001;276:19404–13.

4. Tieman DM, Handa AK. Reduction in pectin methylesterase activity modifies
tissue integrity and cation levels in ripening tomato (Lycopersicon-
Esculentum mill) fruits. Plant Phys. 1994;106:429–36.

5. Wen FS, Zhu YM, Hawes MC. Effect of pectin methylesterase gene
expression on pea root development. Plant Cell. 1999;11:1129–40.

6. Micheli F, Sundberg B, Goldberg R, Richard L. Radial distribution pattern of
pectin methylesterases across the cambial region of hybrid aspen at activity
and dormancy. Plant Phys. 2000;124:191–9.

7. Micheli F. Pectin methylesterases: cell wall enzymes with important roles in
plant physiology. Trends Plant Sci. 2001;6:414–9.

8. Bosch M, Cheung AY, Hepler PK. Pectin methylesterase, a regulator of
pollen tube growth. Plant Phys. 2005;138:1334–46.

9. Tian G-W, Chen M-H, Zaltsman A, Citovsky V. Pollen-specific pectin
methylesterase involved in pollen tube growth. Dev Biol. 2006;294:83–91.

10. Pilling J, Willmitzer L, Fisahn J. Expression of a Petunia inflata pectin methyl
esterase in Solanum tuberosum L. enhances stem elongation and modifies
cation distribution. Planta. 2000;210:391–9.

11. Pilling J, Willmitzer L, Bucking H, Fisahn J. Inhibition of a ubiquitously
expressed pectin methyl esterase in Solanum tuberosum L. affects plant
growth, leaf growth polarity, and ion partitioning. Planta. 2004;219:32–40.

12. Jiang L, Yang SL, Xie LF, Puah CS, Zhang XQ, Yang WC, Sundaresan V, Ye D.
VANGUARD1 encodes a pectin methylesterase that enhances pollen tube
growth in the Arabidopsis style and transmitting tract. Plant Cell. 2005;17:
584–96.

13. Bosch M, Hepler PK. Silencing of the tobacco pollen pectin methylesterase
NtPPME1 results in retarded in vivo pollen tube growth. Planta. 2006;223:
736–45.

14. Francis KE, Lam SY, Copenhaver GP. Separation of Arabidopsis pollen tetrads
is regulated by QUARTET1, a pectin methylesterase gene. Plant Phys. 2006;
142:1004–13.

15. Maluszynski M, Kasha K, Forster B, Szarejko I. Doubled haploid production in
crop plants: a manual. Kluwer: Dordrecht; 2003.

16. Bárány I, González-Melendi P, Fadón B, Mityko J, Risueño MC, Testillano PS.
Microspore-derived embryogenesis in pepper (Capsicum annuum L.):
subcellular rearrangements through development. Biol Cell. 2005;97:709–22.

17. Prem D, Solís MT, Bárány I, Rodríguez-Sánz H, Risueño MC, Testillano PS. A
new microspore embryogenesis system under low temperature which
mimics zygotic embryogenesis initials, expresses auxin and efficiently
regenerates doubled-haploid plants in Brassica napus. BMC Plant Biol.
2012;12:127.

18. Testillano PS, Coronado MJ, Seguí JM, Domenech J, González-Melendi P,
Raska I, Risueño MC. Defined nuclear changes accompany the reprogramming
of the microspore to embryogenesis. J Struct Biol. 2000;129:223–32.

19. Testillano PS, Ramírez C, Domenech J, Coronado MJ, Vergne P, Matthys-
Rochon E, Risueño MC. Young microspore-derived maize embryos show
two domains with defined features also present in zygotic embryogenesis.
Int J Dev Biol. 2002;46:1035–47.

20. Seguí-Simarro J, Testillano P, Jouannic S, Henry Y, Risueño M. Mitogen-
activated protein kinases are developmentally regulated during stress-
induced microspore embryogenesis in Brassica napus L. Histochem Cell Biol.
2005;123:541–51.

21. El-Tantawy AA, Solís MT, Risueño MC, Testillano PS. Changes in DNA
methylation levels and nuclear distribution patterns after microspore
reprogramming to embryogenesis in barley. Cytogenet Genome Res. 2014;
143:200–208.

22. Coronado MJ, González-Melendi P, Seguí JM, Ramírez C, Barany I, Testillano
PS, Risueño MC. MAPKs entry into the nucleus at specific interchromatin
domains in plant differentiation and proliferation processes. J Struct Biol.
2002;140:200–13.

23. Testillano PS, Risueño MC. Tracking gene and protein expression during
microspore embryogenesis by confocal laser scanning microscopy. In:
Touraev A, Forster BP, Mohan Jain S, editors. Advances in Haploid
Production in Higher Plants. UK: Springer Science and Bussines Media B.V;
2009. p. 339–47.

24. Malinowski R, Filipecki M. The role of cell wall in plant embryogenesis.
Cell Mol Biol Letters. 2002;7:1137–51.

25. Fortes AM, Testillano PS, Risueño MD, Pais MS. Studies on callose and cutin
during the expression of competence and determination for organogenic
nodule formation from internodes of Humulus lupulus var. Nugget
Physiologia Plantarum. 2002;116:113–20.

26. Solís MT, Pintos B, Prado MJ, Bueno MA, Raska I, Risueño MC, Testillano PS.
Early markers of in vitro microspore reprogramming to embryogenesis in
olive (Olea europaea L.). Plant Sci. 2008;174:597–605.

27. Bárány I, Fadón B, Risueño MC, Testillano PS. Cell wall components and
pectin esterification levels as markers of proliferation and differentiation
events during pollen development and pollen embryogenesis in Capsicum
annuum L. J Exp Bot. 2010;61:1159–75.

28. El-Tantawy AA, Solís MT, Da Costa ML, Coimbra S, Risueño MC, Testillano PS.
Arabinogalactan protein profiles and distribution patterns during
microspore embryogenesis and pollen development in Brassica napus.
Plant Reprod. 2013;26:231–43.

29. Bárány I, Fadón B, Risueño MC, Testillano PS. Microspore reprogramming
to embryogenesis induces changes in cell wall and starch accumulation
dynamics associated with proliferation and differentiation events. Plant
Signal Behav. 2010;5:341–5.

30. Ramírez C, Testillano PS, Pintos B, Moreno-Risueño MA, Bueno MA, Risueño
MC. Changes in pectins and MAPKs related to cell development during
early microspore embryogenesis in Quercus suber L. Eur J Cell Biol. 2004;
83:213–25.

31. Coutinho PM, Starn M, Blanc E, Henrissat B. Why are there so many
carbohydrate-active enzyme-related genes in plants? Trends Plant Sci.
2003;8:563–5.

32. Gómez MD, Renau-Morata B, Roque E, Polaina J, Beltran JP, Cañas LA.
PsPMEP, a pollen-specific pectin methylesterase of pea (Pisum sativum L.).
Plant Reprod. 2013;26:245–54.

Solís et al. BMC Plant Biology  (2016) 16:176 Page 14 of 15



33. Rexova-Benkova L, Markovic O. Pectic enzymes. Adv Carbohydrate Chem
Biochem. 1976;33:323–85.

34. Jolie RP, Duvetter T, Van Loey AM, Hendrickx ME. Pectin methylesterase and
its proteinaceous inhibitor: a review. Carbohydrate Res. 2010;345:2583–95.

35. Xu C, Zhao L, Pan X, Samaj J. Developmental localization and
methylesterification of pectin epitopes during somatic embryogenesis of
banana (Musa spp. AAA). PLoS ONE. 2011;6:e22992.

36. Christgau S, Kofod LV, Halkier T, Andersen LN, Hockauf M, Dorreich K,
Dalboge H, Kauppinen S. Pectin methyl esterase from Aspergillus aculeatus:
expression cloning in yeast and characterization of the recombinant
enzyme. Biochem J. 1996;319:705–12.

37. Rodríguez-Sanz H, Manzanera JA, Solís MT, Gómez-Garay A, Pintos B,
Risueño MC, Testillano PS. Early markers are present in both embryogenesis
pathways from microspores and immature zygotic embryos in cork oak,
Quercus suber L. BMC Plant Biol. 2014;14:224.

38. Senechal F, Wattier C, Rusterucci C, Pelloux J. Homogalacturonan-modifying
enzymes: structure, expression, and roles in plants. J Exp Bot. 2014;65:5125–60.

39. Zhang GY, Feng J, Wu J, Wang XW. BoPMEI1, a pollen-specific pectin
methylesterase inhibitor, has an essential role in pollen tube growth. Planta.
2010;231:1323–34.

40. Kang Y, Nasrallah J. Use of genetically ablated stigmas for the isolation of
genes expressed specifically in the stigma epidermis. Sex Plant Rep. 2001;
14:85–94.

41. Knox JP, Linstead PJ, King J, Cooper C, Roberts K. Pectin esterification is
spatially regulated both within cell walls and between developing tissues
of root apices. Planta. 1990;181:512–21.

42. Clausen MH, Willats WG, Knox JP. Synthetic methyl hexagalacturonate
hapten inhibitors of anti-homogalacturonan monoclonal antibodies LM7,
JIM5 and JIM7. Carbohydrate Res. 2003;338:1797–800.

43. Goldberg R, Morvan C, Roland JC. Composition, properties and localization
of pectins in young and mature cells of the mung bean hypocotyl. Plant
Cell Phys. 1986;27:417–29.

44. Dolan L, Linstead P, Roberts K. Developmental regulation of pectic
polysaccharides in the root meristem of Arabidopsis. J Exp Bot. 1997;48:713–20.

45. Hasegawa Y, Nakamura S, Uheda E, Nakamura N. Immunolocalization and
possible roles of pectins during pollen growth and callose plug formation
in angiosperms. Grana. 2000;39:46–55.

46. González-Melendi P, Testillano PS, Ahmadian P, Fadón B, Vicente O, Risueño
MC. In situ characterization of the late vacuolate microspore as a convenient
stage to induce embryogenesis in Capsicum. Protoplasma. 1995;187:60–71.

47. Testillano PS, González-Melendi P, Coronado MJ, Seguí-Simarro JM, Moreno-
Risueño MA, Risueño MC. Differentiating plant cells switched to proliferation
remodel the functional organization of nuclear domains. Cytogen Genome
Res. 2005;109:166–74.

48. Solís MT, Rodríguez-Serrano M, Meijón M, Cañal MJ, Cifuentes A, Risueño MC,
Testillano PS. DNA methylation dynamics and MET1a-like gene expression
changes during stress-induced pollen reprogramming to embryogenesis.
J Exp Bot. 2012;63:6431–44.

49. Costa M, Nobre MS, Becker JD, Masiero S, Amorim MI, Pereira LG, Coimbra
S. Expression-based and co-localization detection of arabinogalactan protein
6 and arabinogalactan protein 11 interactors in Arabidopsis pollen and
pollen tubes. BMC Plant Biol. 2013;13:7.

50. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2 (−Delta Delta C (T)) method. Methods.
2001;25:402–8.

51. Batoko H, Zheng HQ, Hawes C, Moore I. A rab1 GTPase is required for
transport between the endoplasmic reticulum and golgi apparatus and for
normal golgi movement in plants. Plant Cell. 2000;12:2201–18.

52. Bueno MA, Gomez A, Sepulveda F, Segui JM, Testillano PS, Manzanera JA,
Risueno MC. Microspore-derived embryos from Quercus suber anthers mimic
zygotic embryos and maintain haploidy in long-term anther culture. J Plant
Physiol. 2003;160:953–60.

53. Guglielmino N, Liberman M, Catesson AM, Mareck A, Prat R, Mutaftschiev S,
Goldberg R. Pectin methylesterases from poplar cambium and inner bark:
Localization, properties and seasonal changes. Planta. 1997;202:70–5.

54. Parre E, Geitmann A. Pectin and the role of the physical properties of the
cell wall in pollen tube growth of Solanum chacoense. Planta. 2005;220:582–92.

55. Louvet R, Cavel E, Gutierrez L, Guenin S, Roger D, Gillet F, Guerineau F,
Pelloux J. Comprehensive expression profiling of the pectin methylesterase
gene family during silique development in Arabidopsis thaliana. Planta.
2006;224:782–91.

56. Wolf S, Mouille G, Pelloux J. Homogalacturonan Methyl-Esterification and
Plant Development. Mol Plant. 2009;2:851–60.

57. Levesque-Tremblay G, Muller K, Mansfield SD, Haughn GW. HIGHLY METHYL
ESTERIFIED SEEDS is a pectin methyl esterase involved in embryo
development. Plant Phys. 2015;167:725–37.

58. Braybrook SA, Peaucelle A. Mechano-chemical aspects of organ formation in
Arabidopsis thaliana: the relationship between auxin and pectin. PLoS ONE.
2013;8:e57813.

59. Peaucelle A, Braybrook SA, Le Guillou L, Bron E, Kuhlemeier C, Hofte H.
Pectin-induced changes in cell wall mechanics underlie organ initiation in
Arabidopsis. Current Biol. 2011;21:1720–6.

60. Moller B, Weijers D. Auxin control of embryo patterning. Cold Spring Harbor
Perspect Biol. 2009;1:a001545.

61. Rodriguez-Sanz H, Solis MT, Lopez MF, Gomez-Cadenas A, Risueno MC,
Testillano PS. Auxin Biosynthesis, Accumulation, Action and Transport are
Involved in Stress-Induced Microspore Embryogenesis Initiation and
Progression in Brassica napus. Plant Cell Phys. 2015;56:1401–17.

62. Quentin M, Jauneau A, Morvan O, Morvan C. Immunolocalization of pectin
methylestareses in the hypocotyl tissues of flax. Plant Phys Biochem. 1997;
35:475–82.

63. Rodriguez-Sanz H, Moreno-Romero J, Solis MT, Kohler C, Risueno MC,
Testillano PS. Changes in Histone Methylation and Acetylation during
Microspore Reprogramming to Embryogenesis Occur Concomitantly with
BnHKMT and BnHAT Expression and Are Associated with Cell Totipotency,
Proliferation, and Differentiation in Brassica napus. Cytogen Genome Res.
2014;143:209–18.

64. Peaucelle A, Louvet R, Johansen JN, Hofte H, Laufs P, Pelloux J, Mouille G.
Arabidopsis phyllotaxis is controlled by the methyl-esterification status of
cell-wall pectins. Current Biol. 2008;18:1943–8.

65. Ramírez C, Chiancone B, Testillano PS, García-Fojeda B, Germana MA,
Risueño MC. First embryogenic stages of Citrus microspore-derived
embryos. Acta Biol Cracov Ser Bot. 2003;45:53–8.

66. Willats WGT, McCartney L, Mackie W, Knox JP. Pectin: cell biology and
prospects for functional analysis. Plant Mol Biol. 2001;47:9–27.

67. Li YQ, Mareck A, Faleri C, Moscatelli A, Liu Q, Cresti M. Detection and
localization of pectin methylesterase isoforms in pollen tubes of Nicotiana
tabacum L. Planta. 2002;214:734–40.

68. Bosch M, Hepler PK. Pectin methylesterases and pectin dynamics in pollen
tubes. Plant Cell. 2005;17:3219–26.

69. Leroux C, Bouton S, Kiefer-Meyer MC, Fabrice TN, Mareck A, Guenin S,
Fournet F, Ringli C, Pelloux J, Driouich A, et al. PECTIN METHYLESTERASE48
is involved in Arabidopsis pollen grain germination. Plant Phys. 2015;167:
367–80.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Solís et al. BMC Plant Biology  (2016) 16:176 Page 15 of 15


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Plant material
	Fixation and cryoprocessing for microscopic analysis
	Antibodies
	Immunofluorescence
	Immuno-dot-blot assay
	Reverse-transcription PCR
	Quantitative real-time PCR (qRT-PCR)
	Fluorescence in situ hybridization (FISH)
	In vivo subcellular localization of PME

	Results
	BnPME expression pattern in the two microspore developmental pathways, gametophytic and embryogenic, and in zygotic embryos
	PME: GFP in vivo subcellular localization
	Temporal patterns of pectin esterification in the two microspore developmental pathways, gametophytic �and embryogenic
	In situ  localization of esterified and non-esterified �pectins in the two microspore developmental pathways, gametophytic and embryogenic

	Discussion
	Microspore embryogenesis progression involves induction of BnPME expression and increasing pectin �de-esterification levels in cell walls
	PME protein is localized in cell walls
	High pectin esterification and low BnPME expression are associated with cell totipotency and proliferation in the embryogenic pathway

	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	References

