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Arabidopsis (Arabidopsis thaliana) leaf trichomes are single-cell structures with a well-studied development, but little is
understood about their function. Developmental studies focused mainly on the early shaping stages, and little attention has
been paid to the maturation stage. We focused on the EXO70H4 exocyst subunit, one of the most up-regulated genes in the mature
trichome. We uncovered EXO70H4-dependent development of the secondary cell wall layer, highly autofluorescent and callose
rich, deposited only in the upper part of the trichome. The boundary is formed between the apical and the basal parts of mature
trichome by a callose ring that is also deposited in an EXO70H4-dependent manner. We call this structure the Ortmannian ring
(OR). Both the secondary cell wall layer and the OR are absent in the exo70H4 mutants. Ecophysiological aspects of the trichome
cell wall thickening include interference with antiherbivore defense and heavy metal accumulation. Ultraviolet B light induces
EXO70H4 transcription in a CONSTITUTIVE PHOTOMORPHOGENIC1-dependent way, resulting in stimulation of trichome
cell wall thickening and the OR biogenesis. EXO70H4-dependent trichome cell wall hardening is a unique phenomenon, which
may be conserved among a variety of the land plants. Our analyses support a concept that Arabidopsis trichome is an excellent
model to study molecular mechanisms of secondary cell wall deposition.

Driven by selection pressure on reproductive success,
the surface layers of land plants continually evolve to
endure biotic and abiotic stresses. This has resulted in
the dynamic evolution of different epidermis and de-
rived structures, such as trichomes, across species and
genotypes. Trichomes particularly can be of different
forms, even within one individual plant. Because they
are unessential for plant survival in laboratory condi-
tions, trichomes became popular targets of genetic de-
velopmental analyses in the model plant Arabidopsis
(Arabidopsis thaliana); until now, the focus was mostly
on trichomes patterning/initiation and early morpho-
genetic processes. Nevertheless, trichome development
has been shown to be modulated by abiotic stresses in

Arabidopsis and other systems. Yamasaki et al. (2007),
for instance, showed that UV-B irradiation was re-
sponsible for increasing the number of cells and the
amount of polyphenolic compounds in trichomes.
Roles in the drought and heat stresses (Ehleringer, 1982;
Grammatikopoulos and Manetas, 1994; Espigares and
Peco, 1995; Pérez-Estrada et al., 2000) and heavy metal
detoxification and deposition (Salt et al., 1995; Pérez-
Estrada et al., 2000; Servin et al., 2012; Jr and Kupper,
2014) also have been described. Additionally, different
forms of trichomes have been linked to increased plant
resistance against herbivores across different species of
plants (for review, see Riddick and Simmons, 2014).

Arabidopsis trichomes are nonglandular hairs with
epidermal origin. Unlike most plants with multicellular
trichomes, Arabidopsis trichomes are unicellular (but
undergo four endoreduplication cycles; Hülskamp et al.,
1994). Despite unicellularity, Arabidopsis trichomes
reach an extremely polarized shape, with bulged stalk
and three to four branches. Development has been well
characterized genetically (Hülskamp et al., 1994; Folkers
et al., 1997; for review, see Marks et al., 1991), and it has
been divided into six stages: initiation, polar expansion,
branching, branch growth, diffuse growth, and matura-
tion of cell wall (Szymanski et al., 1998, 2000). Never-
theless, interest has remained firmly focused on the first
five stages, when trichome growth and formation occur,
with rather less attention paid to the stage of trichome
maturation. Only a few mutants with defective trichome
maturation have been identified to date. For instance, the
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group of glassy mutants lacks surface papillae, rendering
them a lustrous and transparent appearance. These
include chablis, chardonnay, retsina (Hülskamp et al.,
1994), glassy hair1 (GLH1), GLH2, GLH3, GLH4, and
GLH6 (Suo et al., 2013). Unfortunately, only phenotype
description and chromosomal position mapping of
glassy genes have been published. A similar situation
prevails with mutant underdeveloped trichome (Haughn
and Somerville, 1988) and constitutive expression of
PR genes5 (Brininstool et al., 2008). Mapped muta-
tions affecting the trichome cell wall include several
transcription factors and cell wall enzymes. murus2
mutation is in the fucosyltransferase1, resulting in
underdeveloped trichome papillae (Vanzin et al.,
2002), similar to murus3 mutation in the xyloglucan
galactosyltransferase (Madson et al., 2003). Mutants
named trichome birefringence lack the birefringence of the
trichomes, which is primarily caused by paracrystalline
cellulose. The precise role of these proteins is, however,
still unclear (Potikha and Delmer, 1995; Bischoff et al.,
2010). Transcription factors involved in the trichome
cell wall development include HOMEODOMAIN
GLABROUS2 (Marks et al., 2009) and MYB DOMAIN
PROTEIN106 (NOECK; Jakoby et al., 2008). Both of these
mutants also have underdeveloped trichome papillae.
Only recently has the potential of Arabidopsis tri-

chomes as a model for cell wall biogenesis been recog-
nized (Suo et al., 2013). In fact, most of the published
work on cell walls formation was done on stem/xylem
or whole-plant analysis and is related to cell wall com-
ponent biosynthesis (Liepman et al., 2010), with recent
emphasis on transcriptional networks reconstructed
from transcriptional analyses (Wang et al., 2012).
Exocytosis is a constituent process in cell wall for-

mation, and we are interested in how delivery/targeting
and tethering of secretory vesicles to the plasma mem-
brane are involved in Arabidopsis trichome cell wall
maturation. Exocyst is an evolutionarily conserved
protein complex in all eukaryotes and plays an impor-
tant role in polarized exocytosis (Elias et al., 2003;
Munson and Novick, 2006; Cvr�cková et al., 2012). The
exocyst complex consists of eight subunits (SEC3, SEC5,
SEC6, SEC8, SEC10, SEC15, EXO70, and EXO84). Although
it has been initially described in yeast (Saccharomyces
cerevisiae; TerBush et al., 1996), homologs of all of the
subunits have been described in plants (Elias et al.,
2003), where they also form a complex (Hála et al.,
2008). The role of the exocyst complex is tethering and
docking of the post-Golgi vesicles to plasma membrane.
SEC3 and EXO70 proteins are believed to be spatial
landmarks on the plasma membrane, marking the place
of the vesicle fusion (Finger et al., 1998; He et al., 2007).
This can be shown by artificial targeting of the SEC3 to
the mitochondrial outer membrane, which is followed
by relocalization of the remaining exocyst subunits and
secretion into the mitochondrion (Luo et al., 2014). The
vesicle is attached by the exocyst near to the acceptor
target membrane, whereas SNARE proteins mediate the
rest of the fusion process. Polarized exocytosis mediated
by exocyst enables effective control of growth and final

shape of plant cells and tissues. The role of polarized
exocytosis in cell wall formation is crucial and makes
possible the creation of extremely polarized cells, such
as root hairs, or pollen tubes (Cole et al., 2005; Cole and
Fowler, 2006; Synek et al., 2006; Zárský et al., 2009).

Interestingly, some of exocyst subunits are found in
multiple copies in terrestrial plant genomes (Elias
et al., 2003; Hála et al., 2008; Cvr�cková et al., 2012). The
most protruding is multiplication of subunit EXO70.
For example, the genome of Physcomitrella patens en-
codes 13 paralogs of the EXO70 subunit, Vitis vinifera
encodes 15 paralogs, and Oryza sativa encodes 47
paralogs (Cvr�cková et al., 2012). The Arabidopsis ge-
nome encodes 1 copy of exocyst subunits SEC6 and
SEC8, 2 copies of SEC3, SEC5, SEC10, and SEC15, 3
copies of EXO84, and strikingly, 23 copies of EXO70
(Elias et al., 2003; Hála et al., 2008; Cvr�cková et al.,
2012). It still remains unclear whether the functions of
EXO70 paralogs are redundant or specialized, but new
findings suggest that at least some EXO70 paralogs
have entirely different functions than the most studied
and most conserved EXO70A1. Early data show that the
transcription of some EXO70 paralogs is up-regulated in
specific tissues or under specific conditions. For example,
EXO70B2 and EXO70H1 are strongly up-regulated by
pathogen elicitors (Pecenkova et al., 2011). Other recent
works report the first evidence, to our knowledge, of
functional diversification of some EXO70 paralogs, with
possible roles in autophagy (Kulich et al., 2013). Forma-
tion of other double-membrane bodies has been reported
for the EXO70E2 subunit (Wang et al., 2010). Over-
expression of EXO70E2 also induces double-membrane
structures in animal cells (Ding et al., 2014). This may
reflect an exocyst-independent effect of EXO70 on the
membrane curvature, which was reported in animal cells
(Zhao et al., 2013).

Here, we focus on the EXO70H4 paralog, which is the
11th most up-regulated gene in the mature trichome
(Jakoby et al., 2008). Arabidopsis trichomes functions are
mostly associated with herbivore defense and UV pro-
tection (Yan et al., 2012). Corresponding with this, it was
indicated that EXO70H4 is up-regulated by UV-B irra-
diation in a CONSTITUTIVE PHOTOMORPHOGENIC1
(COP1)-dependent manner (Oravecz et al., 2006) and
that it is down-regulated by methyl jasmonate (MeJA;
Hruz et al., 2008). MeJA is a volatile plant defense
hormone, which is important, especially in response to
herbivores and wounding. A recent transcriptome pro-
filing study has identified the cucumber (Cucumis sativus)
EXO70H4 paralog as also being highly up-regulated
during the cucumber fruit trichome development, sug-
gesting that similar mechanisms are present among var-
ious land plants (Chen et al., 2014).

In this report, we studied and compared Arabidopsis
trichomes maturation between the wild type and
EXO70H4 subunit mutants. Our work has resulted in the
description of a component and structure in Arabi-
dopsis trichomes, which we named Ortmannian ring
(OR). Additionally, our data highlight that EXO70H4
plays a role in Arabidopsis trichome cell wall maturation
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as well as plant response to UV-B irradiation and
herbivore attack.

RESULTS

Two Arabidopsis SALK insertional mutants in
the EXO70H4 single-exon gene were used for this
study: exo70H4-1 and exo70H4-3 (SALK_023593 and
SALK_003200, respectively). Annotated position of the
insertions was verified by sequencing of the flanking
regions. Both lines have transfer DNA insertion in
the single exon of the EXO70H4 gene, and recessive
homozygotes exhibit identical phenotypic deviations.
exo70H4-1 has a tandem insertion, disrupting the coding
sequence (CDS) 47 bp from the start codon, and
exo70H4-3 has a single insertion, disrupting CDS 580 bp
from the start codon (Fig. 1A). According to reverse
transcription (RT)-PCR, both mutations prevent syn-
thesis of the full-length RNA, with partial transcripts
present (Fig. 1B). Because the phenotypes were identi-
cal, most of the following work has been done on the
exo70H4-1 allele. Transformation of the exo70H4-1 mu-
tant with the genomic fragment, including the pro-
moter (895 bp) and the C-terminal fluorescent marker
tagRFP (Entacmaea quadricolor red fluorescent protein),
has restored the wild-type phenotype of the trichomes
(Supplemental Fig. S1).

To test whether EXO70H4 is an exocyst subunit, we
performed yeast two-hybrid analysis, which has resulted
in interactions with SEC5a, SEC6, and the C terminus of
EXO84b and also, a weak interaction with SEC15a
(Supplemental Fig. S2).

Overall plant size, structure, and trichome mor-
phogenesis of mutant plants are not affected. How-
ever, mutant plants have leaf trichomes that lack
rigidity and are more flexible and bendable compared
with the wild type. For example, in a blinded study,
we were able to precisely distinguish 100% of the
mutants from the wild types by touching the leaves
(n = 40). This difference is because of the apparently

thinner cell walls of mutant trichomes compared with
the wild type (Fig. 1C). These observations imply that
deposition of cell wall components is defective in
exo70H4 mutants during the trichome maturation
phase. At this phase, wild-type trichome cell wall un-
dergoes massive secondary thickening, which progres-
sively fills up trichome inner space. This thickening is
mostly pronounced in the branch tips (Fig. 1C) and can
be easily measured (Fig. 1D). This extensive deposition
results in cytoplasm reduction and recession toward the
stalk.

OR, Cell Wall Structure of the Mature
Arabidopsis Trichome

During our observation of the trichome cell wall
thickening, we noticed a distinct circular thickening
of cell wall at the basal region of the stalk (Fig. 1C).
This ring, present above the surrounding epidermal
cells, appears to divide the trichome into two differ-
ent domains. Staining with decolorized aniline blue
has revealed that the ring is a callose-rich structure
(Fig. 2A).

To show that such circular formation is a normal
part of Arabidopsis trichome maturation, we captured
photographs of whole 24-d-old rosettes stained by
aniline blue (Fig. 2B) by automated stitching of indi-
vidual microscopic frames in three focal depths. With
this resolution, we could detect the presence of the
callose ring in all leaf trichomes. First, callose rings
appear in the oldest trichomes and grow on the apex.
Second, a wave of maturation continues, and rings also
appear in the leaf base. Because this ring was not
studied before, we propose naming it OR after author
J.O., who first spotted it.

The OR acts as a boundary and apparently di-
vides the trichome cell wall into two clearly distinct
domains—apical (branches and stalk) and basal (bulge).
The cell wall in the apical domain shows strong auto-
fluorescence upon UV-B excitation (Fig. 3), it has
surface papillae, and it undergoes massive secondary

Figure 1. exo70H4 mutants show trichome cell wall thickening defects. A, Insertions in exo70H4-1 and exo70H4-3 mutants
disrupt the single exon of EXO70H4. B, H4-S and H4-C fragments (shown in A as dashed and dotted lines, respectively)
amplified by RT-PCR. C, Phenotypes of the wild type (WT) versus exo70H4-1mutant in the trichome tip cell wall (double arrow
line) and basal (orange triangle) parts. Bar = 20 mm. D, Quantification of the apical thickening on exo70H4-1 and exo70H4-3
mutants. Letters above bars mean significant differences (honestly significant difference [HSD] Tukey post hoc test, P , 0.01).
Error bars represent SE. Similar results were obtained in three biological replicas.
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thickening during the maturation phase. In contrast, the
basal domain lacks autofluorescence (Fig. 3A) and pa-
pillae (Fig. 1C), and its cell wall remains thin. The
exo70H4-1 mutant lacks the OR and most of the callose
in the vast majority of the trichomes (more than 95%).
exo70H4-1 trichomes either lack the callose entirely or it
can be detected within the cytoplasm in the form of
ectopic fibrous bodies (Fig. 2A). No major differences in
callose deposition were spotted elsewhere (plasmo-
desmatal plugs after wounding and vasculature; data
not shown). Papillae do develop in the exo70H4mutant;
however, their distribution is not limited by any clear
border area (Fig. 1C).

exo70H4 Mutants Lack a Highly Autofluorescent Internal
Cell Wall Layer That Is Bordered by the OR in the
Wild Type

In the trichomes of the wild type, the internal cell
wall layer can be easily recognized. This layer shows
strong autofluorescence, especially upon excitation
with 405 nm and emission maxima at 485 nm (Fig.
3B). Interestingly, this high autofluorescence is found
only in the upper part of the trichome above the OR
(Fig. 3A).

Autofluorescence of the inner cell wall layer is
rapidly increased by trichome breakage or damage
(Fig. 3, C and D). Because the damaged trichomes were
killed by their breakage, gain of autofluorescence
was likely caused by oxidation of the inner cell
wall layer. This statement is supported by treatment
with reducing agents (40 mM mercaptoethanol),
which suppressed the autofluorescence buildup af-
ter breakage (Fig. 3E). With or without physical
damage, exo70H4 mutants show dramatically de-
creased autofluorescence compared with the wild
type because of the absence of the whole inner cell
wall layer. The remaining autofluorescence was
more equally distributed within the mutant cell wall
(Fig. 3A). The absence of the inner trichome cell wall
layer also explains differential calcofluor white (CW)
staining of isolated exo70H4-1 trichome versus the wild
type. Whereas in wild-type trichome, only the trichome
base was stained, in the mutant, the apical domain was
also stained (Supplemental Fig. S3). Hence, the callose-
rich inner trichome cell wall layer likely insulates the
apical trichome domain and prevents cellulose from
staining.

To further characterize EXO70H4-dependent cell
wall thickening, we have observed transmission elec-
tron microscopy (TEM) sections in isolated trichomes.
Our sectioning confirmed that the wild-type trichome
contains two clearly distinct cell wall layers—an
electron-dense external layer and an internal layer. The
internal layer is limited to the apical part of the tri-
chome above the OR, where it forms a bulge of thick
cell wall. This second internal cell wall layer is com-
pletely absent from exo70H4 mutant trichomes
(Fig. 4, A–D). Immunogold labeling of the callose
has revealed that OR is usually U-shaped on cross
section bordering the secondary cell wall (Fig. 4,
E and F). Results of the immunogold labeling
were consistent with aniline blue staining, with cal-
lose detected primarily in the OR and less frequently
in the secondary cell wall above it. Because the
staining was rather weak and specific, we have de-
tected no immunogold particles in the other parts of
the section.

By extensive observation of trichomes in different
stages of their maturation, we were able to summarize
the thickening progress. The secondary cell wall
thickening is accompanied by growth of the OR, which
is U-shaped on the cross section and widens in the
latest stages of the trichome maturation (Fig. 5).

Figure 2. Visualization of the OR. A, Aniline blue staining of
the wild type (WT) and exo70H4-1 mutant. The distinct callose
ring is what we termed OR. Bar = 20 mm. B, Whole-rosette aniline
blue staining of the 23-d-old wild-type and exo70H4-1 mutant
plants. White dots, Trichomes with the OR already visible; red
rectangles, the positions of the zoomed areas. Bars = 1 mm (left);
50 mm (right).
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UV-B-Induced EXO70H4 Expression Promotes Cell Wall
Thickening and OR Biogenesis

According to several published microarray experi-
ments (Hruz et al., 2008), EXO70H4 transcription is in-
duced by UV-B irradiation. This induction is, moreover,
COP1 dependent, linking expression of EXO70H4 with
an already known UV response pathway (Oravecz et al.,
2006). However, MeJA (a major regulator of necrotrophic
pathogen and herbivore response; Jander and Howe,
2008) inhibits EXO70H4 transcription (Hruz et al., 2008).
Therefore, we have designed experiments to test whether
these environmental factors do affect trichome matura-
tion in an EXO70H4-dependent manner.

We have isolated trichomes from fifth and sixth
leaves of 24-d-old plants that were treated by UV-B
irradiation and/or MeJA for 5 d. Isolated trichomes
were then stained with decolorized aniline blue to vi-
sualize the OR. As can be seen in Figure 6A, UV irra-
diation clearly stimulates the callose ring formation,
whereas MeJA suppresses it. If both treatments were
applied simultaneously, their effects subtracted, result-
ing in OR abundance similar to in wild-type plants.

We have also examined the effect of UV-B on cell
wall thickening in the trichome stalk above the OR.
Despite the large defects of cell wall thickening in
the trichome apices (Fig. 1C), the differences were
rather small but highly significant; UV-B treatment
stimulated wild-type thickening by about 10% in
contrast to no stimulation in the exo70H4 mutant.
Combined UV and MeJA treatment caused the 10%
thickening in both the wild type and exo70H4, in-
dicating that this particular mutant phenotype is
complemented by an unknown MeJA-dependent
mechanism under these combined treatment condi-
tions (Fig. 6B).

Ecophysiological Aspects of Trichome Cell
Wall Thickening

Because trichomes have been previously reported to
also play a role in anti-herbivore protection, we next
asked whether thick secondary walls of wild-type tri-
chomes facilitate plant resistance against insect pests.
For this, we performed a weight gain experiment using

Figure 3. Autofluorescence of the exo70H4-1 andwild-type (WT) trichomes. A, Autofluorescence of the mature trichome cell wall
of wild-type and exo70H4-1 trichomes. Bar = 20 mm. B, l-Scan of the trichome autofluorescence reveals a single peak at 485 nm.
C, Visualization of the autofluorescence gain after physical damage of trichomes. Bar = 1 mm. D, Quantification of the auto-
fluorescence of the untouched (un.) and broken (br.) trichomes from C. Error bars represent SE. Different letters above bars mean
significant differences (HSD Tukey post hoc test, P , 0.05). Eighty trichomes per sample were measured. Similar results were
obtained from more than three biological replicas. E, Reduction of autofluorescence gain in reducing environment. Bar = 1 mm.
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a specialist herbivore (cabbage butterfly [Pieris brassicae])
and a generalist herbivore (Egyptian cotton leafworm
[Spodoptera littoralis]). First instar caterpillars were
placed on both wild-type and exo70H4 plants for
7 d, after which dry weight gain was measured. For
both herbivore species, caterpillars grew less on
the exo70H4 mutants compared with on wild-type
plants (Supplemental Fig. S4A). In accordance, we
also observed that endogenous MeJA content in
exo70H4 mutants was generally higher than in wild-
type plants (Supplemental Fig. S4B). Because jasmonic
acid (JA) induction has been linked to increased herbi-
vore resistance in Arabidopsis, we suggest that the in-
fluence of trichome stiffness is hazed by other effects,
likely MeJA-induced glucosinolate synthesis and over-
all resistance.

Copper Is Accumulated in the Cell Wall of the OR and
above It

Trichomes of other species are well known to ac-
cumulate heavy metals, so we were interested if
they could be detected in the secondary cell wall
and the OR. We have observed second and third
true leaves of 24-d-old plants watered by 2 mM

CuSO4 and water. Then, copper was stained using
dithiooxamide. The copper mainly accumulated in
the OR and the cell wall band right above it,
whereas it was not detected in the samples watered
by regular water. Also, copper was not detected in
the exo70H4-1 mutant, where the whole secondary
cell wall is absent (Supplemental Fig. S5).

OR Is Not Likely a Rudiment of Cytokinesis

Arabidopsis trichomes are of unicellular origin; how-
ever, DNA endoreduplication suggests their multicellu-
lar origin (Hülskamp et al., 1994). In the multicellular
trichomes of cucumber, EXO70H4 paralogs are also
highly up-regulated (Chen et al., 2014). In these tri-
chomes, the two apical cells also accumulate big
amounts of callose, and callose rings are common at
the cell divisions (Supplemental Fig. S6).

Figure 4. TEM micrographs of wild-type and exo70H4-1 trichomes. A, Wild-type cell wall above the OR has two distinct
layers. B, Wild-type cell wall at the OR. Above the OR, two layers can be recognized, but only one layer is visible beneath the
OR. C, exo70H4-1 cell wall at the place corresponding to A. Only one cell wall layer is visible. D, exo70H4-1 cell wall at the
place corresponding to B. No OR is visible. E, The blue dotted line highlights the region that forms the OR according to
the immunogold labeling. The orange square represents the approximate position of F. F, Detail on the immunogold labeling by
the anticallose antibody. The position of F is highlighted by the orange square in E. G, Position and orientation of micrographs
depicted for better orientation. Bars = 2 mm (A–E) and 100 nm (F).

Figure 5. Development of the OR. A, Stages of the trichome matura-
tion accompanied by the secondary cell wall thickening and OR
growth. Bar = 20 mm. B, Graphical portrayal of A. Cyan, The OR;
purple, the secondary cell wall above the OR; brown, the primary cell
wall (respective cellulose-rich cell wall).
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Hence, we asked whether Arabidopsis OR is a rudi-
ment of cell plate formation. To address this question,
we used the microtubules reporter MICROTUBULE
ASSOCIATED PROTEIN4-GFP (MAP4-GFP)-expressing
Arabidopsis plant. A band of microtubules distantly re-
sembling a preprophasic band was observed in many
trichomes during our observations, and we spotted a
correlation between the nucleus position and OR bio-
genesis (Fig. 7, A–D). Previous studies concluded the final
position of the nucleus at the point of the third branching
(Hülskamp et al., 1994). We carefully monitored position
dynamics of the nucleus in maturing trichomes and re-
alized that, in finally matured/thickened wild-type tri-
chomes, the nucleus, in fact, moved back to basal
position. In wild-type trichomes without OR, the nucleus
was mostly spotted at the branching point. However, the
position of the nucleus was much more basal in the tri-
chomes with OR (Fig. 7, A–C). To test the possibility that
OR is a rudiment of cytokinesis, we observed OR in the
Siamese (sim) mutant (GABI_170C01). SIM encodes an
Interactors of Cdc2 kinase/Kip-related protein cell cycle
inhibitor, and mutation in this gene results in ectopic
trichome cell divisions (Walker et al., 2000). Surprisingly,
these trichomes did not divide in the OR domain (Fig.
7E). Moreover, additional ORs were present in newly
divided branches. Hence, this observation did not sup-
port the hypothesis that the OR would be a simple ru-
diment of preprophase or cytokinesis.

DISCUSSION

Here, we show that the final stages of trichome de-
velopment (i.e. trichome maturation) are characterized by
the deposition of an additional layer of the cell wall. Be-
cause it is clearly distinguishable and deposited in the last
stage of trichome development, we refer to this layer as
the secondary cell wall, although biochemical analysis
suggested that it has primary wall-like composition
(Marks et al., 2008). Strong argument for this cell wall
being secondary is the fact that this layer is only formed
in the apical part of the trichome and not in the base. The

secondary cell wall layer is bordered by a previously
undescribed structure, which we propose to name the
OR. OR not only borders the secondary cell wall but also,
limits the surface papillae distribution, which is much
more delimited in the exo70H4 mutant.

The scenario of OR being a phylogenetic relic of pre-
prophase is unlikely, although our observations do not
rule out any other link to the cell cycle. Other phenomena
observed can also be explained by different mecha-
nisms. It was shown previously in multiple cases that
the nucleus moves toward places with massive secretion
(for example, during plant-microbe interactions; Griffis
et al., 2014). Also, microtubular structures are often
present in active secretory plasma membrane domains,
such as the mucilage secretion domain of the outer layer
of Arabidopsis seed coat (McFarlane et al., 2008).

OR has been anecdotally spotted before, however,
without any additional attention. In figure 1m in Potikha
and Delmer (1995), a callose ring was noticed in the tri-
chome, but it was interpreted as a circular wound re-
sponse. Here, we show that the OR constantly appears
with trichome maturation, resulting in nearly 100% of
the mature trichomes having the OR. In sum, we pro-
pose that, as the trichome maturates, most of its volume
is filled up by the callose-rich cell wall, and this thick-
ening is accompanied by the growth of the OR. It should
be also noted that callose patterns in the secondary cell
wall may vary and are not always as we described here
as general pattern. The most common patterns above the
OR are small speckles spreading down from the branch
tips. Other than the OR, a wide callose band repeatedly
appears on the stalk. Interestingly, sometimes not only
one OR but two or more are formed. Controlling
mechanisms and conditions of these patterns remain
unclear and have yet to be studied.

Role of the OR and the Autofluorescent Secondary Cell
Wall Layer

The precise role of OR is yet unknown; however,
because it borders the autofluorescent and callose-rich
inner layer of the cell wall, it likely has a structural

Figure 6. Stimulation of secondary cell wall deposition by UV-B. A, Percentage of trichomes with the OR is increased by the
UV and decreased by the MeJA treatment in wild-type (WT) trichomes. B, Relative cell wall thickness of the cell wall in the
trichome stalk above the OR. Different letters above bars mean significant differences using the x2 test in A (P , 0.01) and
ANOVA with the HSD Tukey post hoc test (P , 0.05) in B. Error bars represent SE. The measurements were made in three
biological replicas on more than 20 plants and more than 100 trichomes per treatment and genotype.
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role. The role of the inner layer may be more general
and important for many ecophysiological aspects, in-
cluding UV protection and heavy metal detoxification.
Because many toxic compounds, including secondary
metabolites, are expected to be deposited in the trichome
cell wall, the OR may limit their localization from
spreading into other tissues. For example, sequestration
of heavy metals in trichomes has been described in both
hyperaccumulating and nonaccumulating plant species
(Martell, 1974; Salt et al., 1995; Krämer et al., 1997;
MacFarlane and Burchett, 1999; Servin et al., 2012; Jr and
Kupper, 2014). Arabidopsis halleri is a well-known heavy
metal hyperaccumulator, with strong evidence for ac-
cumulation of zinc, cadmium, and other heavy metals in

trichomes. Subcellular localization is in accordance with
our results with striking cellular distribution in a narrow
ring or thick band at the trichome base (Küpper et al.,
2000; Zhao et al., 2000; Sarret et al., 2002; Fukuda et al.,
2008), corresponding to the secondary cell wall above
the OR. There is also evidence of cadmium hyper-
accumulation in trichomes of Arabidopsis (Ager et al.,
2002). Jakoby et al. (2008) have shown that zinc trans-
porters and copper chaperones are on the list of the
5% most up-regulated genes in the mature trichome.
Hence, the Arabidopsis trichome secondary cell wall
may be a permanent storage for toxic heavy metals,
which we show here with copper. In this regard,
Arabidopsis simple trichomes are analogous to the

Figure 7. OR biogenesis: link to the nucleus
movements and the cell cycle. A, Position of the
nuclei in the trichomes before and after the OR
formation. Percentage of nuclei located in the
lower part of the stalk (black), the middle of the
stalk (gray), and the upper part of the stalk (white).
Different letters above bars mean significant dif-
ferences (x2 test; P , 0.0005); more than 100
trichomes per sample from more than 10 plants
were used. Similar results were obtained from
three biological replicas. B, Scheme displaying
how nucleus position was categorized into three
groups. C, Examples of the nucleus (stained by
49,6-diamino-phenylindole) positions evaluated
in A. D, Band of microtubules at the base, which
can be spotted before OR biogenesis. E, simmutant
ectopic cell divisions (yellow arrow) do not take
place at the OR (blue arrow). Bars = 20 mm.

Plant Physiol. Vol. 168, 2015 127

Exocyst in Arabidopsis Trichome Maturation

 www.plantphysiol.orgon May 7, 2019 - Published by Downloaded from 
Copyright © 2015 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


glandular trichomes of other species, which also usually
have cell wall domains specialized for phytochemical
deposition (Turner and Croteau, 2004; Ramirez et al.,
2012). Heavy-metal stress has been shown previously
to up-regulate the secretory pathway genes in O. sativa,
including EXO70FX14 and EXO70FX15, which were in-
duced by the copper stress. Similarly,Nicotiana benthamiana
EXO70 is up-regulated by the copper stress and required
for the heavy metal-induced reactive oxygen species pro-
duction (Lin et al., 2013).

We do not yet know the nature of the autofluorescent
compounds stored in the trichome secondary cell wall.
We have tried multiple lignin stainings, which all gave
us negative results, with both healthy and broken tri-
chomes (data not shown).

Interestingly, the whole process of callose accumu-
lation, cell wall thickening, and OR development is
enhanced by UV-B irradiation. Trichomes, indeed,
play a role in the UV stress response, and their density
is increased in plants exposed to UV-B (Yan et al.,
2012). UV-B-induced trichome cell wall thickening is in
accordance with these results. Induction of EXO70H4
by UV light, resulting in trichome cell wall thickening,
indicates a possible function in apical meristem pro-
tection against damaging ROS production, although we
have not yet performed experiments to confirm this.

The inner trichome cell wall layer also contains a lot
of callose, and its absence in exo70H4 mutants does not
cause a change in the trichome birefringence (data not
shown). Therefore, the birefringent cell wall layer is
likely the outer one, which is also more electron dense
on the TEM and contains dense cellulose fibers. This
observation is also supported by our CW staining, in
which the inner cell wall layer was not stained by the
CW in contrast to the exo70H4 mutant. The presence of
ectopic fibrous callose patches in exo70H4 mutants
suggests that callose rather than callose synthase is one
of EXO70H4-dependent cargoes. Because the whole
internal cell wall layer is callose rich, its development
may be callose dependent. Occasional presence of the
OR in the exo70H4 mutant is likely caused by existence
of a very close paralog EXO70H3, which is a twin gene
next to EXO70H4, similar to SEC10a and SEC10b
(Vukašinovi�c et al., 2014). EXO70H3 shows a pollen-
specific expression; however, like many other genes,
there may be some ectopic expression in the sporophyte.
In Arabidopsis pollen, more EXO70 subunits of the H
group are expressed, which is probably why exo70H3 has
viable and functional pollen with normal size of the
callose plugs (data not shown).

To our surprise, simultaneous application of both
UV-B and MeJA induced cell wall thickening in both
the exo70H4 mutant and the wild type without the
induction of the OR biogenesis. This may be caused by
up-regulation of another EXO70 paralog (for example,
EXO70H7, which is stimulated by MeJA on the tran-
scriptional level; Hruz et al., 2008) or another exocyst-
independent mechanism.

Because our larval weight experiment did not reveal
any importance of exo70H4-mediated cell wall thickening

for herbivore resistance, we speculate that EXO70H4 is
essential for default UV-B-induced thickening, which
may be modulated upon herbivore attack. Trichome
stiffness itself, however, may still be important to
protect against another herbivore species (for example,
slugs), and it may be a more general way to improve
plant fitness.

Exocyst and Trichome: Questions of the Future Cell Wall
Biogenesis Investigation

According to the transcriptomic data (Oravecz et al.,
2006; Jakoby et al., 2008), EXO70H4 is one of the most
up-regulated genes in the mature trichome. Surpris-
ingly, this high expression was not noticed in GUS
reporter promoter activity assays (Li et al., 2010). This
may be because of early observations of too young
trichomes combined with very low permeability of old
ones.

The EXO70H4 paralog up-regulation in cucumber
trichomes (Chen et al., 2014) is a clue that mechanisms
of the cell wall thickening in Arabidopsis described
here may be a more general phenomenon for land
plants that also include multicellular trichome types.

Other (core) exocyst subunits are not dramatically
up-regulated in the trichome. Hence, there is a ques-
tion of the stoichiometry of the complex. Recently,
mammalian EXO70 was shown to also function inde-
pendently from the rest of the exocyst complex in a
way analogous to Bin–Amphiphysin–Rvs domain
proteins functioning in a membrane deformation (Zhao
et al., 2013). We cannot yet exclude the possibility of
exocyst-independent function; however, it is worth
noting that EXO70H4 interacts with other exocyst subunits
in the yeast two-hybrid assays (Supplemental Fig. S2). The
stoichiometry question could be explained by post-
transcriptional regulation of the EXO70H4 level, which is
the case in many other Arabidopsis EXO70s (Stegmann
et al., 2012), or possibly, high doses of this subunit are
important to compete with the other EXO70s for the rest
of the complex, thus modulating its function as proposed
in �Zárský et al., 2013. Our work aims to answer some of
these questions and includes more general analysis of
exocyst-dependent callose deposition processes in de-
fense responses.

MATERIALS AND METHODS

Plant Growth and Conditions

T-DNA insertion lines of Arabidopsis (Arabidopsis thaliana) were obtained
from the Nottingham Arabidopsis Stock Centre (Scholl et al., 2000). These
lines were crossed with MAP4-GFP lines (Marc et al., 1998). Plants were
grown in Jiffy soil pellets under long-day conditions with illumination of
100 mm m22 s21 photosynthetically active radiation (OSRAM L 58W/930).
Plants were planted, placed into paper boxes, and sealed from above
by filter foils. Rosco 226 (UV filter) and Rosco 130 (control filter) were
used.

Subsequently, plants were exposed to UV-B radiation for 5 d under LT
36W/958 T8 BIOVITAL NARVA fluorescent tubes (which contain UV-B
emission peaks) and/or treated with MeJA by installation of slices of filter
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papers soaked in the MeJA amount corresponding to a concentration of
0.8 mL L21 box volume (also for 5 d).

In high-light conditions, plants were grown under 700 mm m22 s21 photo-
synthetically active radiation with Philips HPI-T Plus 400W/645 E40 light bulbs
(also with UV-B peak).

Genotype Analysis

The following primers were used for genotyping: exo70H4-1, left primer (LP),
TGGGATTTCGTTTCACAGTTC and right primer (RP), AATCCGTCAT-
GACGTTGGTAG; exo70H4-3, LP, AACAAACCTGAAGCCATGATG and RP,
GTTGCTGTAGTCAGCGAGGAG; Salk LBb 1.3, ATTTTGCCGATTTCGGAAC;
GABI_170C01, LP, ATGGATTAACTTGGCATGTGG and RP, TGAAAATG-
TACTTTTTGGCCAC; and Gabi LB 08409, ATATTGACCATCATACTCATTGC.

The following primers were used for cloning fragments for genomic comple-
mentation: EXO70H4 Pst1_for, AAGCTGCAGGCTACAGGAGGCTGGATCATC;
and EXO70H4 Kpn1_rev, TCAGGTACCGACATGGATTGCCTTGACCG.

The following primers were used for testing its presence: H4seq3
for, CCGGAGATCATTAATACTAAAA; and TagRFPrev, ATCAACTCTT-
CACCTTTACTCACCAT.

This fragment has been subcloned into the TagRFP AS-N vector (Evrogen),
transferred to the binary vector pBGW (Karimi et al., 2002) by the Clontech LR
clonase recombination, and sequenced.

Transcript Detection and Semiquantitative RT-PCR

For detection of transcript in exo70H4-1 and exo70H4-3 mutants, RNA was
isolated from 100 mg of 7-d-old seedlings grown on Murashige and Skoog
plates. RT-PCR was done with the Fermentas First-Strand cDNA Synthesis Kit
with 1 mg of total RNA, which was double DNAsed. The following primer
pairs were used for transcript detection: GTTTTCCGGCTGCTTGACAT
with TATAGCTGCCGGCGAATTGT for the 39-terminal region and
TTTCCATGGTGACGAGAAAAGCAATGAT (forward primer for cloning
EXO70H4 cds) with TATAGCTGCCGGCGAATTGT for the insertion
spanning RT-PCR.

Trichome Isolation and Staining

Fifth and sixth leaves were selected from plants (24 d after germination)
grown in various conditions (see “Plant Growth and Conditions”). Trichomes
were then isolated using a method described in Marks et al. (2008) with minor
modifications (phosphate-buffered saline buffer and 100 mM EGTA incubated
for 1 h at 50°C).

To stain for the callose, isolated trichomes or whole rosettes were washed for
3 h in acetic acid:ethanol (1:3), washed three times in deionized water, and in-
cubated overnight in aniline blue solution (150 mM KH2PO4 and 0.01% [w/v]
aniline blue, pH 9.5). This solution without aniline blue was used as a control to
check autofluorescence background. For copper staining, after acetic acid-
ethanol fixation, samples were washed in 70% (v/v) ethanol and then incu-
bated overnight in a 0.1% (w/v) solution of dithiooxamide in 70% (v/v) ethanol.

Microscopy

Imageswere acquiredwith a Leica LCS 510 ConfocalMicroscopewith363/1.2
and 320/0.8 water immersion objectives. A 405-nm laser with an emission
window of 470 to 490 nm was used for autofluorescence observation, and a
405-nm laser with an emission window of 490 to 510 nm was used for aniline
blue. A 488-nm laser with an emission window of 510 to 530 nm was used for
GFP observations. For whole-rosette pictures, a Nikon Eclipse 90i with a 34
objective was used. Each rosette picture consists of numerous frames that were
fused automatically by NIS Elements AR software. Each frame is a maximal
projection of three frames with 50 mm of Z distance.

TEM and Immunogold Labeling

For TEM, isolated trichomes were fixed for 24 h in 2.5% (v/v) glutaraldehyde in
0.1 M cacodylate buffer (pH 7.2) at 4°C and postfixed in 2% (w/v) OsO4 in the same
buffer. Fixed samples were dehydrated through an ascending ethanol and acetone
series and embedded in Epon-Araldite.

On-section immunogold labeling was done using mouse anticallose pri-
mary antibody and goat anti-mouse 10-nm golden particles (25128; Aurion)

with a standard procedure recommended by the supplier with these conditions:
5% (w/v) bovine serum albumin in phosphate-buffered saline buffer was used
as a blocking reagent, and goat monoclonal anti-b-1-3 Glucan from Biosupplies
Australia Pty. Ltd. in a concentration 10 mg mL21 was applied for 1 h.

Herbivore Weight Gain Experiments

To measure the specificity of resistance in the Arabidopsis wild type and
exo70H4 mutants, including exo70H4-1 and exo70H4-3, we performed an ex-
periment with two different herbivores: the highly generalist herbivore
Egyptian cotton leafworm (Spodoptera littoralis; Lepidoptera, Noctuidae) and
the cabbage family specialist herbivore cabbage butterfly (Pieris brassicae;
Lepidoptera, Pieridae). Eggs of Egyptian cotton leafworms were provided by
Syngenta, and first instar larvae were obtained by placing eggs at 30°C for 3 d.
First instar larvae of cabbage butterflies were provided by Philippe Reymond
(University of Lausanne) and obtained from rearing insects on cabbage
(Brassica oleracea) in controlled greenhouse conditions. All plants were grown
in a growth chamber (short days, 20°C, and 55% relative humidity) with a 3:1
mix of commercial potting soil (Orbo-2; Schweizer AG):perlite, and they were
6 weeks old at the time of the experiment. After initial growth, plants were
individually surrounded with 330-mL-volume deli plastic cups with the bot-
toms cut off, and one Egyptian cotton leafworm or one cabbage butterfly
larvae (n = 11–13 larvae per herbivore treatment) was added to each plant.
Cups were then covered with fine-meshed nylon nets to prevent larvae from
escaping, and larvae were allowed to feed for 7 d, after which all surviving
larvae were flash frozen in liquid nitrogen, oven dried for 4 d at 50°C, and
weighed. An additional four to six plants were set aside, and they were treated
in the same way but left herbivore free for measuring constitutive jasmonate
production (see below). The main effects of the three different genotypes (the
wild type, exo70H4-1, and exo70H4-3), the two herbivore species (Egyptian
cotton leafworm and cabbage butterfly), and their interaction were analyzed
with two-way ANOVA.

JA content in leaves was analyzed by collecting one leaf per plant. The
extraction was performed by grinding 200 mg of fresh leaves to a powder and
mixing with 990 mL of extraction solvent (ethylacetate:formic acid at 99.5:0.5)
and 10 mL of internal standards (containing isotopically labeled d5-JA at a
concentration of 100 ng mL21) in a mixer mill at 30 Hz. After centrifugation
and evaporation of the supernatant, the residue was resuspended in 100 mL
of 70% (v/v) MeOH. Five microliters of solution was injected for ultra-high-
performance liquid chromatography-mass spectrometry/mass spectrometry
analysis following the same conditions as in Glauser et al. (2014). The final
concentration of JA is expressed in nanograms per gram times fresh weight.
The main effects of the three different genotypes (the wild type, exo70H4-1,
and exo70H4-3), the herbivore treatment (Egyptian cotton leafworm, cabbage
butterfly, and control), and their interaction on JA concentrations were ana-
lyzed with two-way permutation ANOVA using the lmPerm package in R
(Wheeler, 2010).

Yeast Two-Hybrid Assays

The yeast (Saccharomyces cerevisiae) two hybrid was performed as described
previously (Hála et al., 2008). We used the Matchmaker GAL4 Two-Hybrid
System 3 (Clontech) following the manufacturer’s instructions. We used con-
structs prepared byHála et al. (2008), Fendrych et al. (2010), and Pecenková et al.
(2011), and EXO70H4 cds was amplified from genomic DNA and subcloned
into the pGBKT7 vector between NcoI and SalI using these primers:
For_EXO70H4_NcoI, TTTCCATGGTGACGAGAAAAGCAATGAT; and
Rev_EXO70H4_SalI, TTTGTCGACTTAGGACATGGATTGCCTTGAC. From
this vector, EXO70H4 cds was recloned into pGADT7 using NdeI and XhoI re-
striction sites.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Genetic complementation of the exo70H4-1mutant.

Supplemental Figure S2. Yeast two-hybrid interactions of EXO70H4 and
other exocyst subunits.

Supplemental Figure S3. Calcofluor white staining of the wild-type and
exo70H4-1 mutant trichomes.

Supplemental Figure S4. Herbivore studies on exo70H4 mutants.
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Supplemental Figure S5. Copper accumulation in wild-type and exo70H4-
1 trichomes.

Supplemental Figure S6. Callose in the cucumber trichome.
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