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1. Abstract
Trichomes are fine epidermal outgrowths covering aerial organs of most land plants.
Although unicellular trichomes of Arabidopsis thaliana have long been used as a model
system in plant cell and developmental biology, surprisingly little is known about the
processes involved in cell wall biogenesis during the last stage of trichome maturation. A
role of EXO70H4, a putative subunit of the vesicle tethering complex exocyst, in trichome
maturation has recently been identified in our laboratory. Image analysis, histochemical
detection and FT-IR spectroscopy methods were used in this study to analyze cell wall
defects of the exo70H4 LOF mutant, revealing the mutation causes altered deposition of
pectins and possibly also lignins and hemicelluloses. Transgenic lines with EXO70
paralogues driven by the EXO70H4 promoter were prepared and their analysis revealed
that the closest paralogue EXO70H3, unlike EXO70A1 and EXO70B1, can complement the
exo70H4 mutation. Based on the results, questions concerning trichome cell wall
composition, the role of EXO70H4 in trichome maturation and functions of the plant
exocyst complex are discussed.

Keywords: Arabidopsis, trichome, cell wall, secretory pathway, exocyst complex,
EXO70H4, FT-IR spectroscopy

5

2. Abstrakt (česky)
Trichomy jsou jemné struktury epidermálního původu, které pokrývají povrch
nadzemních orgánů většiny rostlin. Jednobuněčné trichomy Arabidopsis thaliana jsou
dobře zavedeným modelem v buněčné a vývojové biologii rostlin, přesto je o procesech
ukládání buněčné stěny během finální fáze zrání trichomu známo jen velmi málo. V naší
laboratoři byla nedávno objevena role podjednotky poutacího komplexu exocyst EXO70H4
při zrání trichomu. V této práci byly za použití analýzy obrazu, histochemického barvení a
FT-IR spektroskopie studovány defekty v buněčné stěně u ztrátového mutanta exo70H4.
Bylo zjištěno, že mutace vede ke změně v ukládání pektinu a možná též ligninu a
hemicelulóz. Byly připraveny transgenní linie s paralogy EXO70 exprimovanými pod
promotorem EXO70H4 a jejich analýza ukázala, že nejbližší paralog EXO70H3 dokáže
komplementovat mutaci EXO70H4, na rozdíl od paralogů EXO70A1 a EXO70B1. Na
základě těchto výsledků jsou diskutovány otázky týkající se složení buněčné stěny
trichomů, role EXO70H4 ve zrání trichomu a funkcí komplexu exocyst u rostlin.
Klíčová slova: Arabidopsis, trichom, buněčná stěna, sekreční dráha, komplex exocyst,
EXO70H4, FT-IR spektroskopie
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3. List of abbreviations
abbreviation
Arabidopsis
BSA
CDS
CLSM
Cucumber
DAG
ELFO
F1-F5
FRAP
FT-IR
HG
LB
LOF
MeJA
MPA
MPB
MTs
OB
PBS
PBST
PCA
PCR
PM
ROS
RT-PCR
SEM
TEM
Tobacco
UV
UV-B
WT
Yeast

meaning
Arabidopsis thaliana (L.) Heynh.
Bovine serum albumin
Coding Sequence
Confocal Laser Scanning Microscopy
Cucumis sativus L.
Days After Germination
Agarose Gel Electrophoresis
Principal Component/Factor 1-5
Fluorescence Recovery After Photobleaching
Fourier Transform Infrared Spectroscopy
Homogalacturonan
Lysogeny Broth
Loss Of Function
Methyl Jasmonate
Masopeptone Agar
Masopeptone Bouillon
Microtubules
Ortmannian Band
Phosphate Buffered Saline
PBS + 0,01% Triton X-100
Principal Component Analysis
Polymerase Chain reaction
Plasma Membrane
Reactive Oxygen Species
Reverse Transcription Polymerase Chain Reaction
Scanning Electron Microscopy
Transmission Electron Microscopy
Nicotiana sp. L.
Ultraviolet radiation
Medium wave UV (wavelength 280 – 315 nm)
Wild Type
Saccharomyces cerevisiae Meyen ex E.C. Hansen
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4. Aims
1.

to further investigate mechanisms involved in secondary cell wall thickening during
maturation of Arabidopsis trichomes

2.

to analyze cell wall composition of wild type (WT) and exo70H4 loss of function
(LOF) mutant trichomes and try to identify defects caused by the mutation

3.

to prepare transgenic Arabidopsis lines expressing various fluorescently tagged
EXO70 paralogues under control of the EXO70H4 promoter and find out whether
they can complement the exo70H4 mutation

4.

to determine subcellular localization of fusion proteins encoded by the above
mentioned transgenes

5.

to try to formulate new hypotheses about the role of EXO70H4 and the exocyst
complex in trichome development based on the results of these experiments and
suggest how these can be further tested
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5. Introduction
Trichomes in the life of plants
In plant biology, the term trichome refers to a fine epidermal outgrowth on the shoot of
plants. Trichomes can be found in species covering essentially all major taxa of land
plants; they occur at various organs and developmental stages and show great variability in
number of cells, size, shape and structure. The fact that they are constituted only by cells of
the epidermis and not by any other cell types distinguishes trichomes from thorns, prickles
and other plant surface structures. Two classes of trichomes are traditionally distinguished:
glandular secreting trichomes and simple trichomes (Esau, 1965; Johnson, 1975; Wagner
et al., 2004).
Glandular trichomes are involved especially in pollinator attraction and herbivore
defense by means of synthesis and storage of diverse secondary metabolites (Wagner et al.,
2004; McDowell et al., 2011). As glandular trichomes are out of the main focus of this
work, from now on, the term trichome will be used to describe simple, non-glandular
trichomes, unless indicated otherwise.
Simple trichomes play an important role in reducing irradiation stress in general and
especially ultraviolet (UV) irradiation stress. WT plants suffer severe phenotypic changes
after UV irradiation, including decreased height and leaf size and delayed flowering. These
phenotypes are reduced in mutants with more trichomes, while mutations in trichome
density or morphology lead to increased sensitivity to UV (Yan et al., 2012); secondary
cell wall thickening, polyphenolic compound accumulation and other morphological
changes of trichomes after UV irradiation have been described (Yamasaki et al., 2007;
Vojtíková, 2013).
Trichomes also have a role in herbivore defense, where they serve as a mechanical
barrier thanks to their frequently sharp and stiff morphology. Trichomes of Gossypium
hirsutum, or cotton fibers, are a good example of trichomes whose rigidity is appreciated
not only by the plant in herbivore defense, but also by humans as one of the most widely
used plant materials especially in the clothing industry. One of the mechanisms linking
herbivore attack to trichome development seems to be the methyl jasmonate (MeJA)
signaling pathway (Traw and Bergelson, 2003; Wagner et al., 2004; Yoshida et al., 2009).
Other functions of plant trichomes include, but are not limited to, temperature
regulation, water loss reduction, seed and pollen dispersal or pollutant metal secretion
(Wagner et al., 2004).
9

Arabidopsis thaliana trichome as a model in cell and developmental biology
The Arabidopsis trichome is formed by a single oblong epidermal cell perpendicular to
the axis of the organ it grows on. The often unbranched trichomes found on the stems and
sepals are not a subject of this study. Mature leaf trichomes are found predominantly on the
adaxial leaf side, they have a thick stalk and two to five, most commonly three sharp
branches; they are up to 500 μm long and the base have a diameter of approximately 50 μm
(Marks, 1997) (fig. 1). Trichomes have been widely used to study pattern formation and
cell morphogenesis processes thanks to several traits that make them a great model system:
they are unicellular, relatively big, easily accessible on the plant surface and not essential
for Arabidopsis growth (Marks et al.,
1991; Hulskamp, 2004; Suo et al.,
2013).
Much attention has been paid to the
pattern formation process, or the factors
that determine whether a cell is going to
become a trichome or not, and to the
first stages of trichome development,
while studies of trichome maturation
are very scarce. Current knowledge
about trichome pattern formation and
morphogenesis will be briefly
overviewed in the next two chapters;
genes and other processes important for
trichome maturation are the most
relevant to this study and will thus be

Figure 1 : Trichome of Arabidopsis thaliana
Mature Arabidopsis leaf trichome is formed by a single
cell with epidermal origin. It consists of a stalk and
typically three sharp branches
Scale bar = 100μm

discussed in more detail in a separate
chapter.
Trichome pattern formation
Initially, all cells in a leaf primordium are competent to adapt trichome developmental
fate, but as trichomes appear in regular intervals and never in clusters on leaves of WT
plants, a carefully regulated pattern formation mechanism must exist to determine which
cell is going to become a trichome and which not. Indeed, several genes with pivotal roles
in trichome pattern formation have been identified over the past two decades and
10

theoretical models of their function have been created (Pesch and Hulskamp, 2009; Yang
and Ye, 2013).
TRANSPARENT TESTA GLABRA1 (TTG1), GLABRA1 (GL1), GLABRA3 (GL3),
ENHANCER OF GLABRA3 (EGL3) and MYB23 represent the most important positive
regulators of trichome development. TTG1 encodes a WD40 repeat protein with pleiotropic
effects, ttg1 mutants among other phenotypes lack trichomes on all aerial organs (Walker
et al., 1999). GL1 and MYB23 encode R2R3 MYB-type transcription factors with 63%
similarity on the amino acid level. Transgenic lines overexpressing both genes have the
same phenotype with ectopic trichomes; trichomes are absent in gl1 LOF mutant.
Furthermore, the gl1 mutation can be partially rescued by MYB23::MYB23 and completely
rescued by GL1::MYB23 constructs, indicating that the two genes are partially redundant
and their diversified functions are determined by transcriptional regulation rather than
different biochemical functions of the encoded proteins (Kirik et al., 2001; Kirik et al.,
2005). Two functionally redundant genes GL3 and EGL3 encode bHLH proteins that also
act as positive trichome development regulators. Both proteins act in concert with TTG1,
as shown by yeast two hybrid binding assay and by the fact that ectopic expression of GL3
and EGL3 can suppress the ttg1 mutation (Zhang et al., 2003).
Six genes act as mutually redundant negative regulators of trichome development, as
their mutations lead to ectopic trichome formation and overexpression lines have less
trichomes or lack them completely: TRIPTYCHON (TRY), CAPRICE (CPC),
TRICHOMELESS1 (TCL1), ENHANCER OF TRY AND CPC 1 (ETC1), ETC2 and ETC3.
All of these genes encode R3 MYB proteins that can bind to DNA, but do not possess a
transcription activator domain. Binding of TCL1 to GL1 and TRY, CPC, ETC1, 2 and 3 to
GL3 was discovered by yeast two hybrid assays, bimolecular fluorescence
complementation, RT-PCR and promoter::GUS staining (Wada et al., 1997; Schnittger et
al., 1999; Wang et al., 2007; Wester et al., 2009).
There is strong evidence that the positive regulators form a WD40- MYB-bHLH
heterotrimer that launches the transcription of downstream genes that facilitate trichome
development. TTG1 as the only WD40 protein is always present in the trimer, while only
one of GL1/MYB23 and GL3/EGL3 is required. Several targets of such a transcription
regulatory complex have been identified, including GLABRA2 (GL2) and TRANSPARENT
TESTA GLABRA 2 (TTG2) (Szymanski et al., 1998; Bouyer et al., 2008; Zhao et al., 2008;
Pesch and Hulskamp, 2009). Microscopic observation of plants transformed by particle
bombardment with fluorescent translational fusion proteins revealed that trichome
11

development inhibitors TRY, CPC and ETC3 and activator TTG1 can move between
neighboring cells, while other activators GL1 and GL3 act cell autonomously (Digiuni et
al., 2008; Zhao et al., 2008; Pesch and Hulskamp, 2009).
Based on the data summarized above, two theoretical models have been created to
explain the complex process of trichome pattern formation: Activator-inhibitor and
Activator-depletion model (fig. 2). According to the more traditional Activator-inhibitor
model, the WD40-MYB-bHLH complex activates the transcription of downstream
trichome development genes, itself and a motile inhibitor. This inhibitor, represented by
one of the R3MYB proteins, moves to neighboring cells, where it competes with the MYB
proteins in binding to WD40-bHLH, forming a non functional complex, which results in
the inability of the neighboring cell to develop into a trichome. In the Activator-depletion
model, cells with elevated concentrations of GL3 bHLH protein accumulate more freely
moving WD40 protein
TTG1 and turn into
trichomes, while
neighboring cells don’t have
enough TTG1 to adopt the
trichome fate. Both models
have their limitations (the
Activator-inhibitor model
relies on self-activation of
the trichome activators,
which has never been shown
experimentally, while the
Activator-depletion model
doesn’t take the R3MYB
suppressors much into account).
Hopefully, time and further
research of the topic will show
which model is closer to reality
or how these models operate
simultaneously (Pesch and
Hulskamp, 2009).

Figure 2: Models of trichome pattern formation
In the Activator-inhibitor model (A), a complex including a
MYB trichome positive regulator upregulates its own
expression, as well as the expression of a motile R3MYB
trichome negative regulator, which moves to neighboring cells,
where it competes with the MYB for binding to the bHLH
protein, forming an inactive complex and thus disabling
trichome developmental program.
The Activator-depletion model (B) suggests that a WD40
trichome positive regulator moves between cells instead; cells
with elevated concentrations of bHLH and MYB proteins
outcompete their neighbors for the WD40 protein and thus
develop into trichomes, while the neighboring cells without
sufficient WD40 protein concentration adopt epidermal fate.
Courtesy of Pesch and Hulskamp, 2009
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Trichome cell morphogenesis
Six stages of trichome development have been established: 1 – initiation and radial
expansion, 2 – stalk emergence, 3 – branching, 4 – diffuse growth, 5 – blunt branch
sharpening and 6 – maturation (Hulskamp et al., 1994; Szymanski et al., 1998). As has
been mentioned above, GL2 is believed to be a key transcription factor responsible for
trichome morphogenesis, because it acts downstream of GL1 and TTG trichome positive
regulators, its expression persists throughout trichome development and gl2 LOF mutants
produce aberrant trichomes (Szymanski et al., 1998).
At the first developmental stage, incipient trichomes stop dividing and start radial
expansion while the genome undergoes 3-4 endoreduplication cycles (Hulskamp et al.,
1994). The gene SIAMESE (SIM) is an important factor in this process – sim mutants
produce multicellular trichomes whose cells have significantly lower levels of ploidy
compared to WT, suggesting that SIM supports endoreduplication by repressing
cytokinesis, but not affecting caryokinesis (Walker et al., 2000). Mutant analysis revealed
that two patterning regulators, GL3 and TRY are also involved in regulation of
endoreduplication, GL3 as a positive and TRY a negative regulator. Other mechanisms,
such as proteasome-dependent protein degradation, DNA catenation, programmed cell
death pathway and gibberellin signaling also probably play a role in regulating
endoreduplication in trichomes (Hulskamp, 2004; Yang and Ye, 2013).
The second phase is characterized by the outgrowth of the trichome stalk perpendicular
to the epidermal plane. The nucleus, which is rather large thanks to its increased level of
ploidy, follows the growing tip away from the leaf surface. Microtubules (MTs) seem to be
important for this process, while interestingly actin cytoskeleton is required only at the
later stages and is probably not necessary for polarity establishment at this point
(Szymanski et al., 1999; Szymanski et al., 2000). It is tempting to draw a parallel between
trichome stalk outgrowth and the well described processes of pollen tube or root hair polar
growth and speculate on the role of polar secretion, in which the exocyst complex might be
involved. However, this is a highly speculative hypothesis, as neither accumulation of
secretory vesicles, nor cytoskeletal structures similar to those of growing pollen tubes or
root hairs have been observed in emerging trichome stalks (Mathur, 2006).
Trichome branching takes place in two steps during the third developmental stage.
During the primary branching event, primordia of the first two branches form on the stalk
tip in proximal and distal positions relative to leaf orientation. This is followed by
secondary branching, when the distal branch primordium divides into two in a plane
13

perpendicular to the first branching. The two branching events seem to be partially
independent on each other: mechanisms regulating branching in general, but also
specifically primary or secondary branching have been described (Hulskamp et al., 1994;
Folkers et al., 1997). Cell size and/or ploidy levels seem to affect branching, as
endoreduplication mutants with reduced and increased levels of ploidy produce smaller
trichomes with less branches or bigger ones with more branches, respectively. Unbranched
trichomes observed in plants treated with microtubule-disrupting drugs imply regulation of
branching by MTs. This concept is further supported by aberrant branching phenotypes of
mutants in genes encoding proteins associated with MTs, such as FASS/TONNEAU2,
SPIKE or KATANIN-P60 and by the kinesin motor protein encoded by ZWISCHEL
(Mathur and Chua, 2000; Hulskamp, 2004). Primary branching is specifically regulated by
STACHEL, while products of ANGUSTIFOLIA, STICHEL and the MYB transcription
factor encoded by NOECK, which also plays a role in trichome maturation, are required for
proper secondary branching (Folkers et al., 1997; Jakoby et al., 2008).
The trichome cell grows in all directions during the fourth stage until it reaches its final
size and shape with pointed branch ends in the fifth stage. Observations of spatial
distribution patterns of latex beads placed onto the trichome cells showed that this is
happening by diffuse growth, as opposed to polar growth which occurs in root hairs and
pollen tubes (Schwab et al., 2003). A group of genes collectively referred to as
DISTORTED (DISTORTED-1 and -2, GNARKLED, KLUNKER, SPIRRIG, WURM,
CROOKED and ALIEN) are crucial at this stage of trichome development. Mutants in these
genes have very similar phenotypes – their trichomes are short and twisted or otherwise
irregularly shaped (Hulskamp et al., 1994; Schwab et al., 2003). Double mutant analysis
revealed that all eight genes are involved in the same process in a cumulative, nonredundant manner. Several lines of evidence point to the regulation of actin cytoskeleton
by DISTORTED genes: F-actin is abnormally distributed in mutant trichomes,
pharmacological disruption of actin phenocopies the mutations, and several members of
the group encode components of the ARP2/3 complex (Szymanski et al., 1999; Schwab et
al., 2003; Hulskamp, 2004). It has been hypothesized that the importance of actin
cytoskeleton in shaping the trichome cell lies in its regulatory effects on cortical MTs,
which in turn regulate proper cell wall growth and thus cell expansion. However, there is
no direct evidence for such an interaction (Schwab et al., 2003).
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Trichome maturation
In the final stage of trichome maturation (sometimes referred to as incrustation),
secondary cell wall deposition and surface papillae formation take place (Hulskamp et al.,
1994; Szymanski et al., 1998). Not many mutants with defects in trichome maturation have
been identified, the phenotypes of the exceptions are usually somehow connected to
papillae formation resulting in smooth trichome surface, which is often referred to as
glassy (fig 3).
Probably the best characterized trichome maturation mutant described so far is trichome
birefringence (tbr) (Potikha and Delmer, 1995; Bischoff et al., 2010). This mutant was
isolated in a forward genetics screen based on decreased permeability of polarized light, or
birefringence, of its trichomes, and on the absence of trichome papillae. Birefringence is a
trait typically observed in structures with high amounts of paracrystalline cellulose; indeed,
biochemical analyses showed that cellulose content is decreased by about 80% in tbr
trichomes and also by about 30% in tbr leaf tissue. Furthermore, galactose and arabinose
contents are decreased by approximately 15% in tbr trichome cell walls, while the amount
of major components of pectins, galacturonic acid and rhamnose, seem to be increased by
about 25% in the mutant. Additional phenotypes were described in tbr seedlings and
promoter::GUS staining experiments revealed that TBR is expressed also in stems and leaf
vascular bundles of mature plants, implying its functions well beyond trichome maturation.
Map–based cloning of TBR revealed that it encodes an uncharacterized DUF231 (Domain
of Unknown Function) protein. Several in silico identified TBR paralogues were named
TBL (Trichome Birefringence Like); only TBL3, which functions in stem and xylem vessel
development, has been partially characterized. Further inquiries showed that TBR and
TBL3 are coexpressed with CESA and other cell wall biosynthetic genes, confirming their
role in cell wall deposition (Potikha and Delmer, 1995; Bischoff et al., 2010).
CONSTITUTIVE EXPPRESSOR OF PATHOGENESIS-RELATED GENES (CPR5)
encodes a putative transmembrane protein that doesn’t show sequence similarity to any
other known proteins and has pleiotropic effects on cell proliferation, expansion,
senescence, pathogen response and also trichome maturation. The phenotype of cpr5
mutant trichomes is remarkably similar to tbr: lack of papillae, reduced birefringence and
reduced amount of cellulose. Interestingly, unlike in the case of tbr, cell wall
monosaccharide composition is not changed in cpr5 trichomes. On the other hand, cpr5
mutant trichomes are often smaller, less branched and contain less DNA, suggesting a
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possible broader role for CPR5 already earlier in trichome development (Brininstool et al.,
2008).
Another gene important for trichome maturation that acts also in its earlier
developmental stages is NOECK (NOK). A branching defect in nok mutants was already
mentioned above; in addition, these mutants also produce glassy trichomes without surface
papillae (Folkers et al., 1997). NOK encodes a putative member of MIXTA subfamily of
MYB transcription factors MYB106; homologues of this family from Antirrhinum regulate
proper petal epidermal cells morphogenesis and thus influence petal color (Noda et al.,
1994). Although NOK is expressed in flower organs as well as in trichomes in Arabidopsis
according to a promoter::GUS assay, no flower related phenotypes have been observed in
nok mutants. According to these results, it is likely that either the MIXTA subfamily
adopted various functions in different species during evolution; or that there are several
closely related MIXTA paralogues present in the Arabidopsis genome and they act
redundantly in petal development (Jakoby et al., 2008).
Recently, a systematic forward genetics approach has been employed to identify and
characterize new Arabidopsis mutants with defects in trichome surface morphology (Suo et
al., 2013). The EMS mutagenized population screen resulted in the discovery of new
alleles for previously described genes TBR, NOK and ECERIFERUM10 (CER10). In
addition, new GLASSY HAIR genes GLH1, GLH2, GLH3 and GLH4 were identified.
Surface papillae on trichomes of all glh mutants are strongly reduced or completely
missing; glh2 and glh4 trichomes are also significantly less birefringent compared to WT

Figure 3: Glassy trichome phenotype
SEM images of WT (A) and glh (glassy hair) 1-4,6 mutant trichomes (B-F) reveal the reduced number or
complete absence of surface papillae, which is characteristic for many trichome maturation mutants and is
referred to as glassiness. Whole trichomes (A-F) and middle parts of trichome stalks (A‘-F‘) are shown.
Scale bars = 200 μm (A-F), 20μm (A‘-F‘). Courtesy of Suo et al., 2013
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and contain only about 60% cellulose (fig. 3 C, E). glh6/cer10 mutant trichomes stained
more easily with Toluidine blue O, indicating aberrant cuticle formation, which is in
accordance with previously described phenotypes of the cer10 mutant. Furthermore, glh1,
2, 3 and glh6/cer10 trichomes have significantly more trichomes with abnormal number of
branches. Although proteins encoded by GLH1-4 have not yet been characterized, there is
good evidence they play important roles in trichome maturation (Suo et al., 2013).
A novel gene HOMEODOMAIN GLABROUS 2 (HDG2) was identified using a
transcriptomics-based approach, when genes that were upregulated in mature WT
trichomes compared to gl3-sst sim double mutants were studied. HDG2 encodes a
homeodomain transcription factor that probably regulates several targets important for
trichome maturation, as several phenotypic deviations, such as reduced number of papillae
with abnormal element composition, defective trichome cuticle and reduced cell wall
staining by osmium tetroxide were observed in hdg2 mutants (Marks et al., 2009).
Abnormal trichome cuticle composition and also trichome tangling with each other during
young leaf growth were described as novel trichome-related phenotypes of the previously
characterized mutant of PERMEABLE LEAVES3 (PEL3) in the same study (Marks et al.,
2009).
Defects in trichome papillae development were observed in murus mutants mur2 and
mur3 that have decreased amounts of fucose and in the case of mur3 also galactose in the
cell wall (Reiter et al., 1997; Madson et al., 2003). MUR2 encodes the FUT1
fucosyltransferase, a putative galactosyltransferase is encoded by MUR3, and the substrate
of both enzymes is xyloglucan. Both mur2 and mur3 have trichomes of regular size and
shape with normal numbers of surface papillae, however, the papillae are swollen or
collapsed in both mutants, the phenotype is stronger in case of mur3 (Vanzin et al., 2002;
Madson et al., 2003). These results imply that xyloglucan is an important component of
trichome papillae, although it is not crucial for the cell wall of the trichome as such.
The mutant underdeveloped trichomes, whose trichomes are smaller, less branched and
with retarded papillae formation (Haughn and Somerville, 1988), and three other mutants
with glassy trichomes chablis, chardonnay and retsina (Hulskamp et al., 1994) have not
been studied in detail and their functions in trichome development remain highly elusive. It
is conceivable that at least some of them might be allelic to already characterized genes
involved in papillae formation.
It is noteworthy that practically all trichome maturation mutations described to date
affect proper papillae formation. While it is possible that all respective genes are directly
17

involved in pathways regulating papillae development, it is also plausible that papillae can
only form on properly matured trichomes and their absence is a secondary phenotype
caused by defects in other steps earlier in trichome cell wall maturation.
Exocyst: a tethering complex
Vesicular trafficking is an essential mechanism used by eukaryotic cells to transport
material between various endomembrane compartments and to the cell surface. Land
plants, due to their sessile lifestyle, react to external stimuli mainly by modulation of
morphogenesis. Cell wall architecture is, together with turgor pressure, the most important
morphogenetic factor – secretory pathway, which delivers cell wall material and enzymes
to the apoplast, is thus especially important in plant cells (Žárský et al., 2009; Žárský et al.,
2013).
Vesicular trafficking is a highly
regulated process. Mechanisms of
fusion of vesicles with target
membranes, facilitated mainly by
SNARE proteins, have been
studied extensively. It has become
apparent that another process must
bring vesicles close to their target
membrane and hold them there
until SNARE proteins come into
action; this process is referred to as
vesicle tethering (Whyte and
Munro, 2002; Munson and Novick,
2006).
Figure 4: Model of exocyst function
According to a model proposed by Munson and Novick,
Exocyst complex is formed by parallel assembly of individual
rod-like subunits. Sec5 (pale yellow), Sec6 (red), Sec8
(white) Sec10 (pale blue), Sec15 (purple) and Exo84 (dark
blue) are bound to the secretory vesicle, while Sec3 (brown)
and Exo70 (cyan) are initially present at the target PM,
where they serve as exocytotic landmarks. Vesicle tethering
is achieved by assembly of the complete exocyst complex
upon arrival of the vesicle to its destination.
Courtesy of Munson and Novick, 2006

Several tethering protein
complexes have been described,
including the COG, GARP,
TRAPP, Dsl1p, Class C Vps, and
probably the best understood
octameric Exocyst complex (Whyte
and Munro, 2002). Exocyst was
first described in budding yeast
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Saccharomyces cerevisiae during analysis of sec mutants in the secretory pathway, when it
turned out that six SEC proteins, namely Sec3p, Sec5p, Sec6p, Sec8p, Sec10p and Sec15p,
form a heterooligomeric complex together with a newly identified protein EXO70
(TerBush et al., 1996). Analysis of the mammalian exocyst complex, which was
discovered shortly afterwards, revealed the last exocyst subunit EXO84 (Kee et al., 1997).
The discovery of homologues to all eight exocyst subunits in land plants (Eliáš et al., 2003;
Cvrčková et al., 2012) provided further evidence that Exocyst functions in vesicle tethering
as a stochiometric heterooctamer and that it’s widely conserved among eukaryotes and was
probably present in the LECA genome (Whyte and Munro, 2002; Eliáš et al., 2003;
Munson and Novick, 2006; Cvrčková et al., 2012; Žárský et al., 2013).
FRAP and immunoelectron microscopy experiments in yeast revealed that six out of
eight exocyst subunits arrive at the site of exocytosis with the secretory vesicles; the
exceptions being Sec3p, which is localized exclusively to the PM, and Exo70p, which can
be associated with both the plasma membrane (PM) and the secretory vesicles (Boyd et al.,
2004). Structure determination of purified proteins and in silico sequence analyses revealed
that all exocyst subunits probably contain multiple bundles of α-helices that form rod-like
structures (Munson and Novick, 2006). Several lines of evidence point to the regulation of
exocyst function by small GTPases of the Ras superfamily (Whyte and Munro, 2002;
Munson and Novick, 2006).
These results, together with findings about interactions between exocyst subunits, led to
the formulation of a model in which Sec6, Sec8 and Sec10 form the core of the exocyst
complex, while Sec5, Sec15 and Exo84 can be found at the periphery of the complex,
where they bind, directly or indirectly, to the membrane of the associated vesicle and/or
other regulating proteins, such as RAB GTPases. Exo70 and Sec3, regulated by Rho
GTPases, serve as exocytotic landmarks at the PM. Upon the arrival of a secretory vesicle
to its target PM, vesicle tethering is performed by the assembly of the complete exocyst
complex (Munson and Novick, 2006; Cvrčková et al., 2012) (fig. 4).
Plant Exocyst complex and its evolutionary diversity
Plant homologues to all eight Exocyst subunits have been identified in silico in
Arabidopsis as well as in several other angiosperm species, the lycophyte Selaginella
moellendorfii and the moss Physcomitrella patens (Cvrčková et al., 2001; Eliáš et al.,
2003; Cvrčková et al., 2012). Existence of the encoded proteins, as well as the fact that
they function as a complex during exocytosis, has been demonstrated experimentally in
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Arabidopsis and tobacco (Hála et al., 2008). The next few paragraphs summarize current
knowledge about the plant exocyst complex. Functions of the exocyst in cell wall
biogenesis are intentionally omitted and will be discussed in a separate chapter.
The yeast genome contains a single copy gene for each of the exocyst subunits;
metazoans have at most a few copies of each gene. In plants, this is true only for SEC3,
SEC5, SEC6 and SEC8 subunits, which are present in 1-2 copies. SEC10 has long been
thought to be encoded by a single gene in Arabidopsis (Cvrčková et al., 2012), but a
hidden duplication in the SEC10 locus, which in fact contains two paralogues SEC10a and
SEC10b, has been discovered recently (Vukasinovic et al., 2014). SEC15 and EXO84,
which are probably found on the surface of the complex close to the bound vesicle, are
encoded by families of two to five and three to eight genes, respectively (Cvrčková et al.,
2012). The EXO70 subunit, which is thought to be an exocytotic landmark bound to the
target PM, has undergone massive amplification in plants, as it is represented by 8-47
copies in the studied plant genomes and 23 paralogues in Arabidopsis (Eliáš et al., 2003;
Synek et al., 2006; Cvrčková et al., 2012). Such a diversity of homologous genes suggests
functional diversification, which could occur on several levels. There is direct evidence
that EXO70 expression is regulated in a tissue specific manner (Synek et al., 2006) and that
some paralogues play roles in response to environmental stimuli, such as pathogen attack
(Pečenková et al., 2011) or heavy metal stress (Lin et al., 2013). Some Exo70 paralogues
might have adapted exocyst-independent functions, as has been reported in the case of
animal EXO70 (Zhao et al., 2013). Although direct evidence from plants is still missing, it
is tempting to speculate that the presence of several homologues within a single cell could
also enable the operation of multiple secretory pathways at the same time (Žárský et al.,
2009; Žárský et al., 2013).
Exocyst’s functions in plant development
The first plant exocyst subunits whose role in exocytosis was demonstrated
experimentally were Arabidopsis SEC8 and maize Rth1 (Roothairless1), which is a SEC3
homologue. Homozygous mutant lines in the pollen expressed SEC8 show severe
transmission defects due to damaged pollen tube germination. Since their pollen grains
could respond to germination signals and the mutation can be complemented by the
expression of SEC8 under control of the LAT52 pollen specific promoter, it was concluded
that SEC8 is necessary for polarized secretion-dependent growth of the pollen tube (Cole
et al., 2005). Mutants in the maize SEC3 homologue Rth1 lack root hairs, although they
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initiate primordia normally, indicating the defect is caused by disrupted polar growth as in
the case of Arabidopsis sec8 pollen germination phenotype (Wen et al., 2005). Arabidopsis
SEC3a has recently been shown to play an important role in embryo development, as
mutant embryos are unable to proceed from globular to heart stage in a manner similar to
gnom mutants, indicating again defects in polar secretion. Interestingly, in the same work it
was shown that the dynamics of SEC3 are similar to other exocyst subunits, questioning
whether plant SEC3 serves as a PM bound exocytotic landmark as was proposed in yeast
(Zhang et al., 2013).
Arabidopsis sec5, sec6 and sec15a mutants suffer from pollen germination defects
similar to those of sec8 and the exo70A1 short hypocotyl phenotype (Synek et al., 2006) is
enhanced in exo70A1 sec5 and exo70A1 sec8 double mutants. Furthermore, SEC6, SEC8
and EXO70A1 proteins visualized by indirect immunofluorescence colocalize at the PM at

Figure 5: Map of exocyst interactions
Many interactions of exocyst subunits with each other as well as with other proteins important for the
regulation of vesicle fusion, cell polarity, cytoskeletal dynamics, protein degradation or transcription have
been proven experimentally, providing evidence that the exocyst complex is an important regulator of
membrane vesicle trafficking. The interaction of SEC3A with membrane lipids supports the putative
landmarking role of this subunit; interactions of lipids with EXO70A1 and EXO70E2 (dashed lines) were
predicted in silico and have not yet been proven experimentally.
Courtesy of Žárský et al., 2013
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the tip of tobacco pollen tubes, indicating that they do indeed form a complex in plants. As
these results were confirmed by liquid chromatography cofractionation, blue native
electrophoresis and yeast two hybrid binding assays, the existence of the plant exocyst
complex has been well established (Hála et al., 2008). Current state of knowledge about
experimentally proven interactions of exocyst subunits with each other, as well as with
other (regulating) proteins is depicted in fig. 5 (Žárský et al., 2013).
Mutants in EXO84b, one of the three EXO84 paralogues in Arabidopsis, suffer from
severe cytokinetic defects, resulting in dwarfed plants with misshaped leaves and
epidermal cells and irregular trichome development. EXO84b:GFP fusion protein rescues
the mutation and localizes to the cell plate during cytokinesis; TEM images of the mutants
revealed they accumulate exocytotic vesicles in the cytoplasm. Cell division in the
exo70A1 mutant is similarly aberrant and fluorescently tagged EXO70A1, SEC6, SEC8,
and SEC15b colocalize with EXO84b to the cell plate. These findings together
demonstrate an important role of the exocyst in cytokinesis, where it participates in
delivery of cell plate material by secretory vesicles (Fendrych et al., 2010). The exocyst
complex is also important for PIN proteins recycling and thus polar auxin transport, as
PIN1 and PIN2 relocalization to the PM after brefeldin-A treatment is delayed in exo70A1
and sec8 mutants (Drdová et al., 2013). Visualization of SEC6, SEC8, EXO70A1 and
EXO84b translational GFP fusions by Variable Angle Epifluorescence Microscopy
revealed they colocalize at the PM in dots with a lifetime of about 10s. These foci are
independent on cytoskeleton and do not overlap with endocytotic markers; a small portion
colocalizes with VAMP 721 v-SNARE tagged secretory vesicles. These observations
further support the model in which the exocyst is recruited to the PM to mark a facultative
exocytotic location. If a secretory vesicle arrives, it is tethered by the exocyst until it is
fused with the PM; otherwise the exocyst is disassembled and recycled for further use
(Fendrych et al., 2013).
Many very different functions of EXO70 subunits have been demonstrated, consistent
with the fact that they are represented by almost twice as many paralogues as all the other
exocyst subunits combined in Arabidopsis genome (Cvrčková et al., 2012). Based on EST
frequency and microarray data, EXO70A1 was identified as one of the most abundant
EXO70 paralogues in all tissues except developing pollen and it was the first one to be
characterized functionally (Synek et al., 2006). Apart from the phenotypes described
above, exo70A1 mutants have short primary roots, root hairs and hypocotyls; adult plants
are semi-dwarf with tiny rosette leaves, have damaged flowers and are almost sterile. All
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these phenotypes indicate defects in polar growth (Synek et al., 2006). Mutants in the
EXO70B1 paralogue show normal growth phenotype, but suffer from ectopic
hypersensitive response caused by elevated contents of salicylic acid and heavily disrupted
anthocyanin accumulation in the vacuole. YFP:EXO70B1 fusion protein rescues this
phenotype and colocalizes with an autophagic marker ATG8f:RFP and autofluorescent
anthocyanin containing compartments. When the interaction of EXO70B1 with SEC5A
and EXO84b in yeast two hybrid assays is taken into account, these results establish a role
of EXO70B1 harboring exocyst in autophagy instead of the expected exocytotic pathway
(Kulich et al., 2013). Although no visible phenotype was detected in exo70B2 and
exo70H1 insertion mutants under standard conditions, these lines are more vulnerable to
Pseudomonas syringae infection and form disrupted defensive papillae upon attack by
Blumeria graminis, suggesting a role of EXO70B2 and EXO70H1 in pathogen defense
mechanisms (Pečenková et al., 2011). The facts that rice (Oryza sativa) EXO70FX14 and
EXO70FX15 transcription is upregulated during Cu treatment and that tobacco EXO70-1
and EXO70-2 silenced lines produce much less ROS upon Cu stress point to a possible role
of some EXO70 paralogues in heavy metal tolerance mediated by secretory pathwaydependent ROS signaling (Lin et al., 2013).
Taken together, all these findings support the hypothesis that different EXO70
paralogues, bound to different domains of the PM or other membranes within the cell,
recruit the rest of the exocyst complex to tether secretory vesicles. The activity of different
EXO70s and thus of various secretory pathways is probably regulated at the level of cell
type, developmental stage and/or current environmental conditions (Kulich et al., 2013;
Žárský et al., 2013).
Cell wall deposition related functions of the plant exocyst complex
Biogenesis of the cell wall is one of the most important processes in plant development,
and many of the above mentioned roles of the exocyst, like pollen tube polar growth or
hypocotyl elongation, are related to cell wall deposition. In these cases however, the
mutant phenotype seems to be caused by disrupted secretion of cell wall material in
general; this chapter, on the other hand, focuses on exocyst roles in specifically regulated
secretion of only a subset of cell wall components.
A role for EXO70A1 in the delivery of secondary cell wall material, such as
hemicelluloses and lignin, and cellulose synthase complexes to the apoplast in developing
xylem has been proposed based on irregular cell wall thickening of exo70A1 mutant
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tracheary elements (Li et al., 2013). It might indeed be one of the functions on EXO70A1,
however, the authors claim that EXO70A1 is only expressed in developing xylem and that
the mutant defects described earlier (Synek et al., 2006) can be explained by compromised
water transport (Li et al., 2010; Li et al., 2013). This controversial hypothesis should be
taken very cautiously, as it is based only on promoter::GUS staining and in situ RNA
hybridization assays that are in contradiction not only with the robust microarray,
immunolocalization and functional GFP-tagged protein localization evidence reported
before (Synek et al., 2006; Hála et al., 2008; Fendrych et al., 2013), but also with RT-PCR
results presented by the very authors of the statement (Li et al., 2010).
Mutants in EXO70A1 and SEC8 exocyst subunits are almost sterile; however, sec8-1c
line complemented with a LAT52::SEC8 construct that ensures SEC8 expression
exclusively in pollen and exo70A1-2 line in Landsberg erecta background are capable of
producing viable seeds. Volcano cells on the surface of seeds of these lines differ in shape
from WT ones and produce significantly decreased amounts of seed mucilage, which
indicates a role of the exocyst in polar secretion of pectin in this particular cell type
(Kulich et al., 2010).
Exocyst in trichome development: current state of knowledge
According to microarray data, transcription of EXO70H4 is strongly upregulated in leaf
trichomes, indicating that it might be important for proper trichome development (Jakoby
et al., 2008). Indeed, two exo70H4 LOF mutants exo70H4-1 and exo70H4-3 have a distinct
trichome phenotype: their trichomes are soft to touch, when compared to stiff trichomes of
WT plants (Vojtíková, 2013). A method to quantify trichome stiffness has not yet been
established, but the difference is obvious, as mutant plants can be identified in a blinded
test by gently touching the leaves with 100% accuracy (Vojtíková, 2013). Microscopic
observation of WT and mutant trichomes has shown a difference in cell wall deposition in
trichome branches: mature WT trichome branches are filled with secondary cell wall and
their cytoplasm ends close to the branching point, while the branches of mutant trichomes
contain less cell wall and more cytoplasm. This was quantified as the distance between the
end of cytoplasm and the tip of a branch, which is reduced by about 50% in the mutant
(Vojtíková, 2013).
Microarray data has also shown that EXO70H4 transcription is upregulated ca 2 times
when plants are exposed to UV irradiation (Oravecz et al., 2006). Cell wall deposition in
trichome branches was increased in WT, but not in exo70H4 mutant plants after UV-B
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treatment, indicating that EXO70H4-mediated trichome cell wall deposition might play a
role in defense against UV irradiation stress (Vojtíková, 2013). These findings support the
hypothesis of Yan et al. (2012) that trichomes help protect the plant by acting as UV
shields; however, as exo70H4 mutants do not show increased UV-B sensitivity, the
question of EXO70H4 role in UV defense remains to be resolved (Yan et al., 2012;
Vojtíková, 2013).
A novel trichome cell wall structure, a callose ring at the base of mature trichome stalk,
has recently been discovered in our lab. A similar structure was noticed already 20 years
ago, but it was misinterpreted as a
result of leaf wounding (Potikha and
Delmer, 1995). This ring, which was
proposed to be called after its
discoverer Jitka Ortmannová the
Ortmannian band (OB), is almost
completely absent in exo70H4
mutants, indicating that EXO70H4 is
necessary for its formation
(Ortmannová and Kulich, personal
communication) (fig. 6). Observation
of trichomes in MAP4:GFP
microtubule marker lines and DAPI
stained plants has revealed that the
OB often colocalizes with a bundle of
MTs, and that the nucleus is also often
found near the site of OB formation.
Plants treated with UV-B show an
increase in OB formation, while
treatment with MeJA, a herbivore
defense related phytohormone, leads to
its reduction; a role of EXO70H4dependent deposition of callose (and
possibly other cell wall components yet
to be described) in trichome cell walls

Figure 6: Ortmannian band
WT (A-C) and exo70H4 (D-F) trichomes stained with
basic aniline blue visualized in brightfield (A,D), under
UV excitation (B,E) and in overlay (C,F). Arrows
indicate the Ortmannian band (OB) – a callose-rich ring
cell wall structure at the base of trichome stalk, which
was discovered in our lab. The OB is missing in
exo70H4 mutant trichomes.
Scale bar = 100 μm
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in defense against UV irradiation and/or herbivore attack has thus been hypothesized
(Vojtíková and Kulich, personal communication).
A function of EXO70D2 and EXO70D3 in trichome development has been postulated
based on a promoter::GUS staining assay. Until trichome related defects in respective LOF
mutants are described, this statement should be taken with caution, as it was presented in
the very same study as the highly controversial theory that EXO70A1 is expressed solely
in xylem tracheary elements (Li et al., 2010). EXO70H7 is slightly upregulated in
trichomes according to microarray data and might also be involved in trichome
development (Jakoby et al., 2008).
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6. Materials and methods
Polymerase Chain Reaction
Polymerase Chain Reaction (PCR) was used a) to amplify desired DNA fragments for
cloning and b) to verify the presence of a DNA fragment in plasmid or genomic DNA. All
reactions were carried out on TPersonal, TGradient or TProfessional TRIO thermocyclers
(all Biometra). With respect to the different nature of the applications, different enzymes
and protocols were used for each one:
a) Phusion High-Fidelity (New England Biolabs); 50 μl reactions (10μl 5x Phusion HF
reaction buffer, 1 μl dNTPs mix 2,5 mM each, 2x 0,25 μl 100 μM primers, 0,2 μl Phusion
HF polymerase, 0,2 – 5 μl template DNA, deionized H2O up to 50 μl); 2min 96°C initial
denaturation, 25-35x (30 s 96°C denaturation, 1 min 55-62°C annealing, 20 s/kBp 72°C
elongation), 5 min 72°C final extension. PCR products were either purified directly with
the PCR Product Purification Kit (Roche) or they were first separated by agarose gel
electrophoresis so that only the desired band could be isolated.
b) DreamTaq (Fermentas); 20 μl reactions (2 μl 10x DreamTaq reaction buffer, 0,25 μl
dNTPs mix 2,5mM each, 2x 0,20 μl 100 μM primers, 0,2 μl DreamTaq polymerase, 0,2 – 2
μl template DNA, deionized H2O up to 20 μl); 2 min 96°C initial denaturation, 25-35x (30s
96°C denaturation, 1 min 55-62°C annealing, 1 min/kBp 72°C elongation), 5 min 72°C
final extension.
A list of primer sequences used can be found in tables 1 and 2.
Agarose gel electrophoresis
Agarose gel electrophoresis (ELFO) was used to verify the presence of desired DNA
fragments after PCR or restriction and to separate DNA fragments after digestion so that
the required fragment could be isolated. 1% Agarose gel was used (1% w/v Agarose
/Invitrogen/ in TBE buffer /10 mM Tris, 20 mM boric acid, 1 mM EDTA, pH 8,0/ + 0,01%
v/v GelRed /Biotium/). DNA samples were mixed with 6x Loading Dye (Fermentas) and
loaded into the gel together with 2 μl GeneRuler DNA Ladder Mix (Fermentas).
Electrophoresis was carried out in TBE buffer at 75 - 130 V for 15 – 60 min depending on
the size of the gel and resolution required using a Consort EV 231 power supply. DNA
fragments required for further processing were cut out with a scalpel blade and purified
using the HighPure PCR Product Purification Kit (Roche).
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CLONING PRIMERS

SEQUENCE

proH4_XhoI_for

GACCTCGAGCAGAGAATAAAATAGAATGGAGG

A1_EcoRI_rev

TTTGAATTCGGCGTGGTTCATTCATAGAC

H4A1_link_for

GAAATTTCCACGACGACTTGATGGCTGTTGATAGCAGAAT

H4A1_link_rev

ATTCTGCTATCAACAGCCATCAAGTCGTCGTGGAAATTTC

proH4_EcoRI_for

TCGAATTCTCGACAAATTGCAGA

B1_SalI_rev

TTTGTCGACTTTCTTCCCGTGGT

H4B1_link_for

GAAATTTCCACGACGACTTGATGGCGGAGAATGGTGAAGA

H4B1_link_rev

TCTTCACCATTCTCCGCCATCAAGTCGTCGTGGAAATTTC

proH4_EcoRI_for

TCGAATTCTCGACAAATTGCAGA

H3_SalI_rev

TTTGTCGACCAAAATCTTCTGCATGA

H4H3_link_for

GAAATTTCCACGACGACTTGAAGATGAGGAGCAAGAGCGG

H4H3_link_rev

CCGCTCTTGCTCCTCATCTTCAAGTCGTCGTGGAAATTTC

SEQUENCING PRIMERS

SEQUENCE

TagRFP_AS-N_for_seq

GACTGATAGTGACCTGTTCGT

TagRFP_AS-N_rev_seq

GTTCAATTTGTGACCTAGCTTG

pH4_seq1

CATAGAAATGATTTTGTGAA

A1_seq1

CTACTCAGATTAGGACTCAT

A1_seq2

ACAGTTGCTACAAATTTATA

A1_seq3

ATGGAGATGACTCAAATTCG

B1_seq1

AGCTGCTTTCCTCGACACAA

B1_seq2

TGTGACCGTGTCTTCTTCGG

B1_seq3

TGGAGACCTAGGATTGCTGT

H3_seq1

CAGAGTATGTTTCCGATAAG

H3_seq2

GAGCTCTTCTTCTGTTTGGA

H3_seq3

TTCTCGGCAACGATTGGATA

Table 1 (above)
List of primers used for
cloning

Table 2 (left)
List of primers used for
sequencing. Primers in
italics have also been used
for genotyping

DNA handling: digestion, ligation and Gateway LR reaction
DNA was digested either to detect the presence of a restriction site and thus to
preliminarily verify the sequence (analytical digestion) or as a preparation step for
subsequent ligation (cloning digestion). The reaction mix was always the same (0,2-6 μl
template DNA, 0,2 μl selected restriction enzyme /New England Biolabs or Thermo
Scientific/, 2 μl of appropriate buffer according to the manufacturer’s instructions,
deionized H2O up to 20 μl). The reactions were incubated at 37°C for 1 h (analytical
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digestion) or 3 h (cloning digestion) and then visualized by ELFO or purified with the
HighPure PCR Product Purification Kit (Roche).
The ligation mix contained 0,2 – 10 μl each digested template DNA (purified PCR
product and TagRFP AS-N vector), 0,2 μl T4 DNA ligase (New England Biolabs), 2μl 10x
T4 DNA ligase buffer and deionized H2O up to 20 μl, reactions were incubated overnight
at 16°C and used for competent cells transformation directly without purification.
Gateway LR reaction was performed as follows: 3,5 μl pBWG binary vector, 0,5 μl
entry clone and 1 μl LR Clonase mix (Clonetech) were incubated for 2-12 h, then 10 min at
37°C after the addition of 1μl Proteinase K (Clonetech). The reaction mix was used
directly for competent cells transformation.
Bacterial cells handling: transformation and cultivation
E. coli strain DH5α cells were used for entry clone and expression clone propagation.
Agrobacterium tumefaciens strain GV 3101 cells transformed with the expression clones
were used to stably transform Arabidopsis plants with the cloned constructs.
50 μl competent cells aliquots mixed with 1,5 μl plasmid DNA were electroporated at
2400 – 2600 V (E.coli) or 1900 – 2100 V (A.tumefaciens) for 4 – 6 ms using an Eporator
electroporator (Eppendorf). Transformed cells were cultivated for 40 min at 37°C (E.coli)
or 28°C (A.tumefaciens) in 400μl LB or MPB medium without antibiotics, then they were
transferred to selection plates containing MPA medium + selected antibiotic (50 μg/ml
kanamycin for TagRFP AS-N entry clones; 50 μg/ml spectinomycin for pBWG expression
clones in E.coli; 50 μg/ml spectinomycin, 15 μg/ml rifampicin and 25 μg/ml gentamycin
for pBWG expression clones in A.tumefaciens) and cultivated overnight at 37°C (E.coli) or
for 2 - 3 days at 28°C (A.tumefaciens). 2 ml (E.coli) or 50 ml (A.tumefaciens) LB or MPB
medium with the appropriate antibiotic inoculated with cells from a single colony and
cultivated overnight at 37°C/28°C were used for plasmid DNA isolation/plant
transformation.
Plasmid DNA verification and sequencing
Plasmid DNA was isolated from 2 ml E.coli overnight culture with the High Pure
Plasmid Isolation Kit (Roche). Presence of the desired clone was preliminarily verified by
analytical restriction and/or colony PCR (a small amount of bacterial cells collected from
the selection plate is used as template). Plasmid DNA was then sequenced (Faculty of
Science core facility DNA sequencing lab) and results were analyzed using Geneious 6.0
software (Biomatters). Primers used for sequencing can be found in table 2.
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Plant cultivation and stable transformation
All experiments were carried out on Arabidopsis thaliana ecotype Columbia-8 plants. If
not mentioned otherwise, plants were grown in peat pellets (Jiffy) under long day
conditions and illumination value 100 µm/m2/s PAR (OSRAM L 58W/930) after the seeds
were stratified for 2 days at 4°C. Since exo70H4-1 and exo70H4-3 have identical
phenotypic deviations, only exo70H4-1 has been used and is referred to as exo70H4.
5-6 weeks old plants which had already developed several siliques were used for stable
transformation. 50 ml overnight culture of A.tumefaciens transformed with the desired
binary vector was centrifuged for 15 min at 3700 g, 4°C and resuspended in 50 ml 5%
sucrose with 0,05% Silwett L-77 (Ambersil) and 0,1% Acetosyringon (Sigma). After the
removal of siliques and open flowers, whole inflorescences were dipped into the bacterial
solution, covered with a plastic bag and cultivated for 12-24 h in the dark. The plastic bag
was then removed and the plants grown under normal condition until they were harvested.
Seeds were sown in sterilized peat and selected with 150 ng/ml BASTA (AgroBio) 5-10
days after germination (DAG). Basta treatment was repeated 2-3 times with 1-2 day
intervals; resistant seedlings were then transferred to Jiffy pellets and cultivated under
normal conditions. Successful transformation was further verified by PCR-based
genotyping.
UV and MeJA treatments were performed on plants grown in self-made transparent
boxes made of ROSCO filters #130 (clear filter; UV-treated plants) or #226 (UV filter;
control plants). UV treatment was applied by placing the boxes under LT 36W/958 T8
BIOVITAL® NARVA fluorescent tubes that contain UV wavelengths in their emission
spectra; liquid MeJA was applied to small pieces of filter paper placed in the boxes in the
amount 0,8 μl / dm3 of the box volume. Both treatments were applied simultaneously for
five days.
Trichome isolation
The trichome isolation method was adapted from Zhang and Oppenheimer, 2004, with
minor modifications. 5th and 6th leaves from 24 DAG plants were fixed for 1h in PBST
buffer (PBS /Dulbecco and Vogt, 1954/ + 0,05% v/v Triton X-100) with 1,5 % v/v
formaldehyde and washed three times with fresh PBST. The leaves were then transferred
into PBST + 100 mM EGTA (Sigma), vacuum infiltrated for 10 min and incubated 1h at
50°C. Trichomes were subsequently isolated by gently rubbing the leaf surface with a
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toothbrush or an artist’s brush, washed 3 times with fresh PBST and kept in 4°C for further
analysis.
Light microscopy
Bright field images of isolated histochemically stained trichomes were taken on
Olympus IX71 microscope with a ColorView III FW1 camera. Nikon Eclipse 90i with
Nikon Digital Sight DS-U3 camera and UV, GFP and TagRFP filter cubes were used for
epifluorescence microscopy. Confocal Laser Scanning Microscopy (CLSM) was
performed on a ZEISS LSM 510 system.
FT-IR spectroscopy
Isolated trichomes were washed several times in deionized H2O to remove PBS and
resuspended in 0,01% Triton-X 100. Trichomes were transferred to a fine metal grid with
ca 80 μm wide holes and lyophilized. Spectra were collected on a Nicolet 6700
spectrometer attached to a Nicolet Continuum microscope with 15x Cassegrain objective
(Thermo scientific) in transmission mode at 8cm-1 resolution, 384 scans, and 42x74 μm
aperture. OMNIC 8.0 software was used to normalize and baseline-correct the spectra,
calculate average spectra and resolve peaks based on 2nd derivative of the spectra. Principal
Component Analysis (PCA) was performed using the XLSTAT 2014 plug-in for
Microsoft Excel.
Histochemical staining
Decolorized aniline blue: isolated trichomes or whole leaves were washed in 1:3 acetic
acid - EtOH solution for 3 h, washed 3 times with deionized H2O and incubated overnight
in decolorized aniline blue solution (0,01% w/v in 150 mM KH2PO4, pH 9,5)
Mäule reaction: isolated trichomes were treated 10 min with 1% KMnO4, 5 min with
1:3 HCl (washed several times with deionized H2O after each step), resuspended in 25%
NH4OH and observed directly under the microscope, as the stain is only visible in alkaline
environment and disappears rapidly. The NH4OH treatment was omitted in the negative
control.
Phloroglucinol: isolated trichomes were stained with a saturated solution of
Phloroglucinol (Sigma) in 20% HCl and observed immediately.
Sudan black: isolated trichomes were treated with 0,1% w/v Sudan black in 80% EtOH
for 10 min and washed with fresh 80% EtOH.
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Safranin – Aniline blue: isolated trichomes were stained with 1% Safranin O in 96%
EtOH for 30 min, washed several times with PBST, stained with 1% w/v aqueous solution
of Aniline blue and washed again with PBST.
JIM5/JIM7 wholemount immunostain: isolated trichomes were treated 10 min with
100 mg/ml BSA in PBST to block non-specific binding sites, then they were incubated in
primary antibody (rat JIM5/JIM7, PlantProbes) solution 1:20 in PBST for 3 h. After
washing with PBST several times, secondary antibody (chicken anti-rat IgG – DyLight 488
conjugated, Agrisera) solution 1:50 in PBST was applied for 2h. The trichomes were
washed several times with fresh PBST and observed directly.
Toluidine blue O: Trichomes were treated with a solution containing 1 part 0,07%
Toluidine blue O in citrate puffer, pH 4,4, and 3 parts PBST buffer, for 10 minutes at room
temperature, washed 3 times with fresh PBST and observed directly. Reddish-purple
staining intensity of trichome stalks and branch tips was determined semiquantitatively on
a scale 0-4 (0 meaning no visible staining, 4 very intensive staining). The measurements
were blinded to eliminate bias by randomly renaming the image files with three digit
numbers in BatchRename Free software and restoring the original filenames only after all
measurements were carried out. Frequency of each intensity as well as average staining
were calculated and plotted out in Microsoft Excel; statistical significance was examined
with Student’s t-test (unpaired, unequal variances).
Trichome cell wall thickness measurements
Microphotographs of isolated trichomes of each of 8 samples (WT and exo70H4 after
UV, MeJa, UV + MeJa or no treatment) were taken with a 20x objective and ImageJ
software was used to measure the diameter of the trichome and absolute thickness of
secondary cell wall in the trichome stalk, approximately at 2/3 between the end of the
trichome and first branching point (figure 7 B). At least 50 trichomes were measured in
each sample in two biological replicates, resulting in at least 100 measurements per
sample. The measurements were blinded to eliminate bias by randomly renaming in the
same manner as in semiquantitative analysis of Toluidine blue O staining (see above).
Microsoft Excel was used to calculate and plot out relative cell wall thickness as the
average ratio between absolute cell wall thickness and trichome diameter; statistical
significance of measured differences was examined with Student’s t-test (unpaired,
unequal variances).
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7. Results
Cell wall thickness in trichome stalk changes after UV-B and MeJa
treatments in exo70H4 and WT plants
To further test the hypothesis that EXO70H4 is involved in trichome cell wall
deposition and that this process is regulated by UV and MeJA treatments, cell wall
thickness in the trichome stalk at the final stage of maturation was measured in exo70H4
mutant and WT plants after UV-B, MeJA, UV-B + MeJA or no treatment. Under control
conditions, there was no difference between WT and exo70H4 mutants and cell wall
thickness didn’t change after MeJA treatment in either WT or the mutant. UV-B treatment
resulted in an approximately 10% increase in cell wall thickness in the WT; combined
treatment with UV-B and MeJA had the same effect as UV-B alone. Interestingly, despite
exo70H4 mutants showed no increase in cell wall thickness when treated with UV-B alone,
they showed a 10% increase after UV-B + MeJA treatment same as the WT (fig. 7). This
suggests that an unknown factor can complement the missing EXO70H4 in UV response
only after MeJA treatment.
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Figure 7: Trichome stalk cell wall thickness measurements after UV-B and MeJA treatments
(A) Relative cell wall thickness at the trichome stalk of WT and exo70H4 mutant plants after UV-B, MeJA,
UV-B + MeJA or no treatment. There is no difference between WT and mutant plants under control conditions
nor after MeJA treatment; UV-B causes a 10% increase in WT but not mutant plants, the effect of UV-B +
MeJA is the same as UV-B alone in WT; in the mutant, it causes the 10% increase as in the wild type, which
does not occur after UV-B treatment alone.
+/- SE, statistical significance based on Students t-test * p<0,05,** p<0,01, *** p<0,001, n=103-115
(B) Example of an exo70H4 mutant trichome stalk after UV-B + MeJA treatment. Black lines indicate typical
measurements of absolute cell wall thickness and stalk diameter. Scale bar = 20μm
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Analysis of trichome cuticle and cell wall composition by means of
histochemical staining and polarized light microscopy
Arabidopsis (Marks et al., 2008) and cucumber (Yamasaki et al., 2007) trichome cell
walls have been previously reported to be lignified. A reduced content of lignin could
readily explain the softness of exo70H4 trichomes compared to WT. To test this
hypothesis, isolated trichomes were stained with phloroglucinol, safranin-aniline and the
Mäule reaction to detect lignin. Toluidine blue O stained trichomes and FT-IR spectra were
also analyzed as they could provide information about the presence of lignin.
After dual staining with Safranin O and Aniline blue, lignified and cutinized cell walls
should appear bright red, while cellulose should stain blue (Kutscha and Gray, 1972).
There was a blueish hue visible in the outermost layer of the cell wall and also in the OB;
purple-blue color also appeared in the cytoplasm of the bulge and sometimes to a different
extent also in the stalk. The bulge seemed to stain a little more blueish in the WT and
reddish in exo70H4, pointing to possibly reduced amounts of cellulose in this part of the
mutant trichome. The rest of the cytoplasm, as well as inner layers of the cell wall, stained
orange; nuclei were sometimes detectable as structures redder than the rest of the
cytoplasm. However, no bright red stain indicative of lignin could be observed in the cell
walls (fig. 8 A-D).
Phloroglucinol stains lignin purple red; staining was completely negative in both WT
and exo70H4 trichomes (data not shown). Surprisingly, neither brown nor purple color
characteristic of lignin was visible in trichomes after staining with the Mäule reaction
(fig. 8 E,F), which is in contradiction with previously published results (Marks et al.,
2008). Polychromatic Toluidine blue O staining should, among other effects, stain
lignified cell walls green or bluish green (Obrien et al., 1964); no such color was visible in
any of the stained trichomes (fig. 9 A,B). These results suggest that trichome cell walls are
probably not lignified; however, FT-IR spectra of the trichomes (fig. 11) do contain peaks
characteristic of lignin, which supports the previously published concept that lignin is
indeed present in trichome cell walls (Marks et al., 2008).
Sudan black stain was applied to the trichomes to see whether there was any difference
in cuticle deposition between WT and exo70H4 trichomes, as such a phenotype has been
described in other trichome maturation mutants. The staining pattern was exactly the same
(fig. 8 G,H), indicating that the cuticle is not affected by the mutation. A defect in cellulose
deposition in the tbr mutant was identified based on reduced birefringence of trichomes
under polarized light (Potikha and Delmer, 1995) ; the same approach was used here to test
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whether cellulose had something to do with the soft trichome phenotype of exo70H4
mutant. However, cellulose seems to be unaffected by the mutation as trichome
birefringence was the same as in WT trichomes (fig. 8 I,J).

Figure 8: Trichome cell wall and cuticle analysis by histochemical staining and polarized light
microscopy
(A-D) Trichomes stained by Safranin and Aniline blue. In both WT (A,B) and exo70H4 (C,D) trichomes the
outermost cell wall layer, OB (purple arrows) and lower parts of cytoplasm stained blueish-purple, rest of
the cell wall and cytoplasm stained orange, nuclei were sometimes visible as somewhat redder structures
within the cytoplasm (orange arrows). No red stain in the cell wall could be detected and apart from OB
staining, there were no differences between WT and exo70H4 trichomes. Scale bar = 30μm
(E-F) Trichomes stained by the Mäule reaction. There was no brown or red hue indicative of lignin visible
in WT (E) trichomes. In the negative control (F), the last step of the procedure was omitted. Scale
bar = 100 μm
(G-H) Trichomes stained by Sudan black. The surface of both WT (G) and exo70H4 (H) trichomes stained
grey-black in the same manner, suggesting both posses intact cuticle. Scale bar = 100 μm
(I-J) Trichome birefringence under polarized light. There was no difference of birefringence of WT (I) and
exo70H4 (J) trichomes, there is thus no difference in the amount or orientation of cellulose in their cell
walls. Scale bar = 100 μm
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Pectin deposition in trichome stalk and branch tips is affected in exo70H4
mutant
According to microarray data, the gene PME35 encoding a pectin methylesterase is
expressed at a comparable, even slightly higher level than EXO70H4 (Jakoby et al., 2008)
in mature trichomes. Pectins have previously been reported to play a role in strengthening
the cell wall (O'Neill et al., 2004) and exocyst mutants have been reported to lack pectins
in their cell wall (Kulich et al. 2010). It would thus make sense if the soft trichome
phenotype of the exo70H4 mutant had something to do with altered amount of pectins in
the cell wall, their localization and/or the degree to which they were (de)esterified. To test
this hypothesis, isolated WT and exo70H4 trichomes were stained with Toluidine blue O to
determine relative pectin amount and localization, and with JIM5 and JIM7 antibodies to
detect possible changes in pectin esterification levels (fig. 9).
Toluidine blue O is a metachromatic dye that stains plant cell wall components with
different colors; among others, lignified cell walls appear green to blue-green and pectin
rich walls stain reddish purple (Obrien et al., 1964) While no color characteristic for lignin
was observed in either WT or mutant trichomes (see above), both were stained reddish
purple indicating the presence of pectin. When higher concentrations of the dye and longer
incubation times were used, the stain could be detected throughout the trichomes without a
difference between WT and the mutant (data not shown). However, with dilution and
incubation time described above, the purple stain could be observed mostly in the stalks of
WT trichomes, while exo70H4 mutant trichomes stained predominantly in the branch tips
(fig. 9 A-D). This interesting difference could be explained either by different amounts of
pectin in respective parts of mutant and WT trichomes, different amounts of cell wall in
general or by differential cell wall permeability for the dye.
JIM5 antibody recognizes non-methylesterified homogalacturonan (HG) pectin
epitopes, JIM7 binds selectively methylesterified HG. Strong signal from both antibodies
could be detected predominantly in the trichome bulge and the lower part of the stalk,
weaker signal was sometimes visible also at the innermost layer of the cell wall throughout
the stalk, none or very weak signal could be detected in the branches. JIM7 staining
seemed overall somewhat less intensive, otherwise there was no significant difference
between JIM5 and JIM7 signal (data not shown). In some cases, JIM5 signal colocalized
with decolorized aniline blue signal to the OB, suggesting that the callose rich OB might
also contain deesterified pectin (fig. 9 E). However, this is a preliminary result that needs
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Figure 9: Analysis of pectin in trichomes by Toluidine blue O and JIM5 antibody staining
(A,B) WT (A) and exo70H4(B) trichomes stained by Toluidine blue O. A reddish-purple stain, typical for
pectin-rich cell walls, can be observed mainly in the trichome stalk in WT and in branch tips in exo70H4
mutant. Scale bar = 100μm
(C) Semiquantitative determination of reddish-purple staining frequency of stalks and branch tips of WT
and exo70H4 trichomes after Toluidine blue O treatment. 0 = no visible staining, 4 = very intensive
staining
(D) Average reddish-purple stain intensity in stalks and branch tips of WT and exo70H4 trichomes after
Toluidine blue O treatment based on values from (C). +/- SE, statistical significance based on Student’s
t-test *** p<0,001, n=61-75
(E) Staining of WT and exo70H4 trichomes with decolorized aniline blue and JIM5 antibody sometimes
shows colocalization of callose and deesterified pectins in the OB site. Arrows indicate OB, scale bar =
100μm

37

to be repeated before any conclusions can be drawn. Overall, results of JIM5 and JIM7
antibody staining are contradictory to those of
Toluidine blue O staining in terms of contents of pectin. This is probably indicative of low
permeability of the trichome cell wall for the antibodies rather than of absence of pectin in
majority of the trichome; the protocol for pectin immunolocalization of pectins in
trichomes should thus be optimalized before further experiments are carried out and any
conclusions are made.
FT-IR spectroscopy analysis of trichome cell wall composition
Methods based on FT-IR spectroscopy have proven to be useful to study the plant cell
wall and especially to detect differences in cell wall composition between two or more
groups of samples (Chen et al., 1998; Mouille et al., 2003; Glanc, 2012). Hence, FT-IR
microspectroscopy of isolated trichomes was used here to address the question whether
there are differences in trichome cell wall composition between WT and exo70H4 mutants.
Transmission spectra of 16 WT and 17 exo70H4 randomly chosen isolated trichomes were
collected and average spectra of both samples were calculated and analyzed visually (fig.
10). Individual peaks were resolved based on 2nd derivative of the average spectra and their
presence and relative heights were compared (fig 11). PCA of all spectra was also
performed and principal component/factor loadings (F1-F5) were plotted out (fig 12).
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Figure 10: Average FT-IR spectra of WT and exo70H4 trichomes
Spectra of isolated trichomes acquired by FT-IR microspectroscopy in transmission mode covering the
wavenumbers 1800 – 800 cm-1. The spectra are similar, however, certain differences can be seen
especially in the polysaccharide fingerprint area between 1200-800 cm-1. The 1057cm-1 and 1030 cm-1
peaks characteristic of cellulose and hemicelluloses are higher in WT and mutant, respectively, and the
peak at 1103 cm-1 that could indicate pectin is stronger in WT.
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Figure 11: FT-IR peaks resolved based on 2nd derivative of average spectra
(A,B) Peaks resolved based on 2nd derivative of average FT-IR spectra of WT (A) and exo70H4 (B)
trichomes
(C) Table of significant differences observed between peaks in A and B. Peaks that were either present in
only one spectrum or their height was more than 1,5-fold higher in one of the spectra were considered
significant. Peaks were considered equivalent if they appeared at the same wavenumber +/- 10 cm-1(the
spectra were collected at 8 cm-1 resolution).
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Visual inspection of the average spectra revealed that there is a difference between WT
and exo70H4 in the area around 1050 cm-1: the peak at 1057 cm-1 is higher in WT, while
the one at 1030 cm-1 is more pronounced in the mutant. Both peaks could correspond to
cellulose, absorption around 1030 cm-1 has also been reported for several hemicelluloses,
such as glucan, xyloglucan or glucomannan (Kačuráková et al., 2000), suggesting there
might be subtle differences in the amounts and/or organization of these compounds. The
same could be true for pectins, which might be responsible for the slightly higher peak at
1103 cm-1 in WT. The amount of intracellular starch is probably not altered, as suggested
by the similar height of the peak at 1157 cm-1 (Kačuráková et al., 2000) (fig. 10).
Absorbance in the 1600 – 1400 cm-1 region, which could contain information about the
presence of lignin, seems to be overall greater in WT, while mutant trichomes absorb more
in the 1000 – 800 cm-1 poly-saccharide fingerprint region.
Significant differences discovered by analysis of peaks resolved from 2nd derivatives of
the average spectra (peaks that were either present in only one spectrum or their height was
more than 1,5-fold higher in one of the spectra were considered significant) are
summarized in fig. 11. Interestingly, from this point of view, the major
cellulose/hemicellulose peak occurs at 1032 cm-1 instead of 1030 cm-1 in both spectra and
it is two times higher in exo70H4 when compared to WT. This suggests its shift to
1030 cm-1 apparent by visual inspection of the spectra is caused by other hidden peaks, and
it is a good example of the great complexity and difficult interpretation of FT-IR spectra in
general. The 945 cm-1 and 929 cm-1 peaks present in exo70H4 spectrum have no
equivalents in WT, and the peak around 870 cm-1 is stronger in the mutant. These three
peaks might be indicative of xyloglucan, cellulose and arabinogalactan, respectively
(Kačuráková et al., 2000), providing further support for the hypothesis that amounts and/or
organization of cellulose and hemicelluloses might be altered due to the exo70H4
mutation. Peaks around 1600 cm-1, 1510 cm-1 and 1465 cm-1 have been reported as
characteristic for lignins (Colom et al., 2003). All of them are present in the trichomes’
spectra, the latter two being significantly stronger in WT compared to exo70H4. This
finding, unlike histochemical staining results presented above, supports the statement of
Marks et al. (2008) that trichome cell walls are lignified; furthermore, it suggests that the
amount of lignin in trichomes might be reduced in the exo70H4 mutant. This attractive
scenario would contribute to the explanation of exo70H4 trichomes’ softness reported
before (Vojtíková, 2013). The peaks at 1400 cm-1 and 1254 cm-1, which are missing in the
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mutant spectrum, are outside of cell wall components fingerprint region and cannot be to
the author’s best knowledge assigned to a specific cell wall compound.
PCA analysis of the spectra didn’t reveal any further information in terms of significant
shifts at specific wavenumbers, however, WT and exo70H4 spectra separated into partially
overlapping, but more or less distinct clusters in biplots of several combinations of
principal components/factors combinations (fig. 12 A-D), indicating that the spectral
differences described above, although very subtle, might be statistically significant. F1 and
F3 loadings are almost complementary to each other and cover most of the spectrum, so
although they explain almost two thirds of overall variability, their separation isn’t very
informative regarding parts of the spectra are responsible for it. F1 and F4 loadings explain
60% of variability and are cumulatively influenced by wavenumbers 1000 cm-1 – 800 cm-1;
separation by these two factors could thus be caused partly by differences in pectins and
hemicelluloses, which absorb in this part of the spectrum (Kačuráková et al., 2000). F2 and
F3 loadings have negative values in most of the polysaccharide fingerprint region, but they
are largely affected by wavenumbers between 1600 cm-1 and 1400 cm-1. Hence, although
they explain only 23% of variability, their separation pattern could reflect differences in
content of lignin (fig. 12 E) (Colom et al., 2003).
Altogether, FT-IR spectroscopy results reveal subtle, but probably significant
differences in cell wall composition between WT and exo70H4 mutant. However, further
experiments are necessary to reliably determine which cell wall components are altered.

Figure 12 (next page): PCA analysis of FT-IR spectra
(A-D) PCA biplots of different principal component/factor combinations, (E) loading plots of individual
principal components/factors.
WT and exo70H4 spectra separate into partially overlapping, yet more or less distinct clusters in
biplots of F1 and F3 (A), F1 and F4 (B), F2 and F3 (C) and F3 and F4 (D), that explain 63,28; 59,74;
22,67 and 17,99 % total variability, respectively. Taken together with the factor loading plots (E) ,
separation by F1 and F4 (B) could reflect different amount and/or organization of cellulose and
hemicelluloses, F2 and F3 (C) separation might be connected to contents of lignin.
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Cloning of promoter swap gene constructs with a tagRFP reporter fusion
To test whether the exo70H4 mutant phenotype can be rescued by other exocyst
subunits of the EXO70 family, transgenic lines were prepared by transforming exo70H4
mutants with constructs for translational fusions of EXO70A1 (the most abundant plant
EXO70 paralogue), EXO70B1 (a paralogue with a function in autophagy) and EXO70H3
(the closest paralogue of EXO70H4) proteins with C-terminal tagRFP reporter under the
control of pEXO70H4 promoter (1000bp upstream of ATG). Promoter and coding
sequences for each construct were first amplified by PCR separately; reverse primer for the
promoter sequence and forward primer for coding sequence (CDS) included 20 bp
overhangs complementary to the respective end of the other sequence. A small amount of
both PCR products were then used together as a template for another PCR reaction, which
resulted in the desired sequence consisting of the EXO70H4 promoter and EXO70A1,
EXO70B1 or EXO70H3 CDS, respectively (fig. 13 A). The presence of final transgenes in
the genome of transformed plants was verified by BASTA selection and PCR based
genotyping (Fig. 13 B). The genotyping PCR product seemed shorter than expected in case
of the pEX070H4::EXO70H3:tagRFP construct. This could indicate a problem during the
cloning process, but as the gene product seems to be functional (see below), it is more
likely that it was caused by an unknown problem during ELFO.

Figure 13: Molecular cloning of promoter-swap gene constructs
(A) Genomic fragments of EXO70H4 promoter (yellow) and respective EXO70 paralogue CDS (blue)
were first PCR amplified separately with 20 bp complementary overhangs(top); small amounts of both
PCR products were then used as template in another reaction, producing and amplifying the fused
product (center). Presence of the constructs in the genome of transformed lines was verified by PCR
based genotyping with primers specific for CDS of tagRFP and the respective EXO70 paralogue.
Primers are depicted in black, restriction sites used for cloning in grey, tag RFP CDS in red. The figure
is not calibrated; the dimensions don’t refer to number of BPs.
(B) Results of PCR based genotyping visualized by ELFO. Numbers indicate independently transformed
lines, letters progeny of identical parents. The amplified fragments appear shorter than expected in
case of the pEX070H4::EXO70H3:tagRFP construct, indicating a problem during cloning or ELFO.
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Complementation of exo70H4 mutation by EXO70A1, EXO70B1 and
EXO70H3 paralogues
The clearest and most robust phenotypic deviation caused by the exo70H4 mutation
described so far is the absence of OBs in mutant trichomes; OB formation is fully restored
in a pEXO70H4::EXO70H4:tagRFP line (Kulich, personal communication). Hence,
rosette leaves of pEX070H4::EXO70A1:tagRFP, pEX070H4::EXO70B1:tagRFP and
pEX070H4::EXO70H3:tagRFP lines, as well as WT positive and exo70H4 negative
controls were stained with decolorized aniline blue to visualize callose in mature trichomes
and determine whether different EXO70 paralogues can complement the exo70H4
mutation.
As expected, WT trichomes had clearly distinguishable OBs as well as evenly
distributed callose in the cell wall of the branches and stalk above OB, while almost no
callose was detected in exo70H4 mutant trichomes (fig. 14, top). Interestingly, trichomes
of plants complemented with EXO70A1 and EXO70B1 constructs did contain callose;
however, its localization was very different from WT. A clear, focused OB was almost
never observed in these lines, instead, callose signal was diffused across the whole stalk or
there was none at all. Ectopic disoriented callose patches were observed in the upper part
of the stalk and branches, as opposed to evenly distributed callose in the WT (fig. 14,
center). Overall signal intensity seemed a little higher in both lines compared to WT, this
difference appeared more pronounced in the EXO70A1 line. However, this observation
shouldn’t be taken into account until signal intensity is quantified and analyzed
statistically. The line complemented by EXO70H3 looked almost like the wild type:
trichomes formed regular OBs in a standard maturation pattern, although callose deposition
in the branches seemed somewhat more intensive, yet less oriented than in the WT (fig. 14,
bottom).
These findings suggest that the exo70H4 mutation can be to a large extent
complemented by the closest EXO70H4 paralogue EXO70H3 when it’s expressed in
trichomes. More distant paralogues EXO70A1 and EXO70B1can complement the mutation
only partially as they restore callose deposition in trichome cell walls, but in a highly
irregular pattern. However, the results are only preliminary and they need to be quantified
and confirmed in more independently transformed lines before any conclusions can be
made.
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Figure 14: Decolorized aniline blue staining of control and transgenic plant lines
Decolorized aniline blue staining confirmed previous findings of Ortmannová and Kulich that mature WT
trichomes have a callose-rich OB in the stalk cell wall, while this structure is almost absent from exo70H4 mutant
trichomes. Mutants transformed with pEX070H4::EXO70A1:tagRFP and pEX070H4::EXO70B1:tagRFP
constructs showed strong callose signal unlike the mutant, however, this signal was often present in the form of
ectopic patches and seemed disorganized; WT-like OB was observed only rarely. Trichomes of the line
transformed with pEX070H4::EXO70H3:tagRFP construct had clear, focused OBs that looked like those in the
WT, as well as small amounts of ectopically deposited callose in the branches. Scale bars = 100 μm
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Subcellular localization of EXO70A1:tagRFP, EXO70B1:tagRFP and
EXO70H3:tagRFP fusion proteins
Confocal Laser Scanning Microscopy (CLSM) of trichomes from plants carrying
constructs for EXO70A1:tagRFP, EXO70B1:tagRFP and EXO70H3:tagRFP fusion
proteins driven by pEXO70H4 promoter was performed to determine subcellular
localization of the proteins (fig. 15). Despite the fusion proteins are probably expressed in
trichomes (see previous chapter), their fluorescent characteristics are poor, if any at all, and
it has not been possible to find out much about the proteins’ localization.
Trichomes, and especially their cell walls, are highly autofluorescent. Most of the
autofluorescence is in the green part of the spectrum (Kulich, personal communication),
however, trichomes of non-transformed exo70H4 mutants that were used as negative
controls often emit also red autofluorescence upon excitation by green light (fig. 15).
Fluorescence of the cell wall was often seen in EXO70A1:tagRFP and EXO70B1:tagRFP
lines with frequency and intensity that might have been somewhat greater than in the
negative control. However, it is highly probable that the observed signal was caused by
autofluorescence rather than tagRFP signal. Until tagRFP signal undoubtedly
distinguishable from autofluorescence is observed, it is impossible to make any statements
about subcellular localization of the proteins, although the possibility that they localize to
the cell wall remains open.
In the EXO70H3:tagRFP line, red fluorescence signal was observed also within the
trichome cytoplasm (fig. 15). A similar signal was observed in a line expressing
EXO70H4:tagRFP that fully complements the exo70H4 mutant phenotype (Kulich,
personal communication) and not in the negative controls, suggesting it might be
a genuine tagRFP signal rather than autofluorescence. If it is so, EXO70H3 shows
a cytoplasmic localization pattern similar to EXO70H4 when expressed in trichomes. This
would provide further support for the concept that these two closely related paralogues are
functionally redundant and their different roles in plant development are caused
by differential expression regulation.
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Figure 15: Autofluorescence and/or tagRFP signal of the transgenic lines
Red autofluorescence was often observed in trichome cell walls of non-transformed exo70H4 lines (top).
Signal coming from the cell wall was observed in lines expressing EX070A1:tagRFP and EXO70B1:tagRFP
(center); however, it is probably a result of autofluorescence. Even if there is some tagRFP signal caused
by a fusion protein located in the apoplast, it cannot be distinguished from autofluorescence.
Cytoplasmic signal was observed in trichomes of the EX070H3:tagRFP line (bottom). As this kind of signal
was not noticed in the exo70H4 negative control, it is likely that it’s caused by an expressed fusion protein
rather than autofluorescence, suggesting that EXO70H3 localizes to the cytoplasm when expressed in
trichomes. Scale bars = 20 μm
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8. Discussion
Methodological difficulties
The results presented above bring interesting new insights into the question of
EXO70H4 role in trichome maturation. However, many of them should be considered
carefully, as they either haven’t been confirmed in an appropriate number of biological
replicates, or they might be influenced by complications experienced during experimental
procedures.
Histochemical staining of trichomes is generally problematic. Trichomes are almost
impossible to stain with most dyes while they are still attached to leaves due to their
impermeable cuticle and cell wall (Marks et al., 2008); for this reason, isolated trichomes
are a better system for histochemical staining analysis (Zhang and Oppenheimer, 2004;
Marks et al., 2008). However, cuticle and cell wall remain intact and the dyes can enter
isolated trichomes only through their bulge and their penetration through the cell wall
might remain only partial. It has been shown that calcofluor white stains cellulose more
intensively in exo70H4 trichomes compared to WT, probably due to better permeability
of the mutant cell wall for the dye, rather than because of increased amounts of cellulose
(Kulich, personal communication). It is possible that results of safranin-aniline, Mäule
reaction, phloroglucinol and/or Toluidine blue O staining are affected by low permeability
of trichome cell walls for these dyes.
Signal from JIM5 and JIM7 antibodies against pectins was strong in trichome bulges,
yet almost absent from the upper parts of the stalk and branches. Ruthenium red (Marks et
al., 2008) and Toluidine blue O (this work) staining reveal that trichome cell walls are rich
in pectins, suggesting that low intensities of JIM5/JIM7 signal are most probably largely
caused by low permeability of isolated trichomes for the antibodies rather than low
amounts of pectin in the cell walls.
FT-IR spectroscopy is a useful method for cell wall studies. However, its results are
very complex and often difficult to interpret. Although peaks at specific wavenumbers can
be usually assigned to specific cell wall components (Kačuráková et al., 2000; Dokken et
al., 2005), the spectra are in most cases too complex to be interpreted directly by visual
inspection and multivariate statistical methods such as PCA are required to extract
relevant information (Chen et al., 1998; Mouille et al., 2003). Due to limited availability
of equipment, only a small number of spectra (16 WT and 17 exo70H4) could be analyzed
in this study. It is possible that cell wall composition differences between WT and
48

exo70H4 mutants were masked by differences caused by maturation, as the measured
samples were randomly selected from a mixture containing trichomes from whole leaves
and thus of different developmental stages. This question could be probably answered by
statistics if more spectra were collected and analyzed.
Different callose staining patterns of exo70H4 mutant lines complemented with
pEX070H4::EXO70A1:tagRFP, pEX070H4::EXO70B1:tagRFP and
pEX070H4::EXO70H3:tagRFP are possibly the most interesting result presented here.
However, until they are confirmed in more independently transformed lines, they must be
taken as preliminary results only. Because of difficulties with tagRFP signal detection, it is
possible, although highly unlikely, that the different staining patterns are random and don’t
indicate results of functional protein expression.
It was difficult to detect tagRFP signal in the transformed lines due to weak
performance of the fluorophore and due to trichome autofluorescence. Unfortunately, the
more sensitive spinning disc microscope, which might have solved the weak fluorescence
issues, was unavailable due to technical problems during my work.
It can’t be ruled out completely that the T-DNA was inserted into such a place in the
genome that the fusion proteins were not expressed in the tissue; however, this is unlikely
considering the results of callose staining of the transformed lines (fig. 14), which suggest
that the proteins were expressed and partially complemented the exo70H4 mutant
phenotype. There were problems with detecting fluorescence and discriminating it from
autofluorescence even in a line transformed with the pEX070H4::EXO70H4:tagRFP that
rescued the exo70H4 mutation completely (Kulich, personal communication), providing
further evidence that the problem is probably not caused by a mistake during cloning,
transformation or selection procedures.
The tagRFP signal might be weak and thus undetectable in context of strong trichome
autofluorescence. However, this is unlikely, considering that pEXO70H4-driven expression
should be very strong in trichomes (Jakoby et al., 2008) and that tagRFP has good
brightness and quantum yield characteristics (Merzlyak et al., 2007). On the other hand, if
the proteins localize to the cell wall, even very strong signal would be very difficult to see
on the autofluorescence background. Maybe the most plausible explanation for poor
fluorescence of the transformed lines lies in chromophore maturation. TagRFP has a
maturation halftime (the time required for half of the newly translated protein to become
fluorescent) of 100 min in 37°C (Merzlyak et al., 2007); this is relatively long compared to
25 min of EGFP (Cormack et al., 1996) and probably even longer in 25°C (plant
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cultivation temperature). There is evidence that EXO70A1 (Samuel et al., 2009) and
EXO70B2 (Stegmann et al., 2012) are degraded upon polyubiquitination by E3 ubiquitin
ligases, however not much is known about the dynamics of this process. It is possible that
EXO70 proteins are rapidly turned over in vivo; the fusion proteins might therefore be
degraded before the fused tagRFP maturates and thus no signal could be seen even if the
proteins are fully functional. Even if this is not happening to native EXO70 proteins,
degradation could be faster in case of the transgenic lines due to the artificial tagRFP
fusion or spatial misexpression caused by swapping the promoter.
Generating lines with different fluorescent proteins as well as studying more
independently transformed lines should provide answers to these questions. Work has
already begun to change the fluorophore in my constructs from tagRFP to the brighter
mRuby2, which should improve signal strength. However, this fluorophore won’t help if
the problem is caused by slow maturation, as its maturation halftime is even longer than
that of tagRFP at 150 min. In that case, it will be necessary to use mCherry, which is the
fastest maturating red fluorescent protein with a maturation halftime of 40 min (Lam et al.,
2012), or GFP, although in that case it would be even more difficult to discriminate signal
from autofluorescence.
Trichome cell wall composition
According to previous reports, mature Arabidopsis trichome cell walls are composed
mainly of cellulose and pectins with smaller amounts of hemicelluloses. Findings from our
group, some of which are presented in this work, change this concept substantially by
proving that callose deposition is crucial for proper trichome maturation. The high content
of cellulose was elucidated based on birefringence of the trichomes, biochemical methods
(Potikha and Delmer, 1995; Bischoff et al., 2010) and positive tinopal LPW staining
(Marks et al., 2008). Monosaccharide analysis, which revealed glucose was one of the
most abundant monosacchcarides in the acid hydrolyzed trichome fraction (Marks et al.,
2008), was interpreted as another proof of cellulose; however, in context of findings from
our lab it is clear that a significant part of total trichome glucose originates in fact from
callose. Large relative amounts of rhamnose, arabinose, galactose and galacturonic acid in
the trichome monosaccharide fraction, together with positive Ruthenium red staining,
established significant amount of pectins in the cell wall, while the presence of neutral
sugars such as xylose or fucose points to the presence of hemicelluloses (Marks et al.,
2008; Bischoff et al., 2010). In this work, cellulose content was confirmed by repeating
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trichome birefringence observations under polarized light (fig. 8 I,J), pectins were detected
with Toluidine blue O staining and to some extent also with JIM5/JIM7
immunolocalization (fig. 9) and peaks characteristic of all three major cell wall
components (cellulose, hemicelluloses, pectins) were identified in FT-IR spectra of the
trichomes (fig. 10, 11).
To the author’s best knowledge, the presence of callose in the trichome cell wall has
only been mentioned in a single study (Potikha and Delmer, 1995) and interpreted as a
result of leaf wounding. Decolorized aniline blue staining experiments presented here
confirm previous findings from our lab (Ortmannová and Kulich, personal communication)
that callose is deposited in all WT trichomes during their maturation most strongly in the
OB and later also in the branches.
Marks et al. (2008) stated that Arabidopsis trichome cell walls contained lignin based
on the Mäule reaction staining and guaiacyl-characteristic signal in GC-MS of
thioacidolyzed trichomes; cucumber trichomes have also been reported to contain lignin
(Yamasaki et al., 2007). Several approaches were used in this work to confirm or disprove
the presence of lignin in Arabidopsis trichome cell walls. Both phloroglucinol and Mäule
reaction procedures, which robustly stain lignified cell walls red, resp. purple/brown, were
null in WT isolated trichomes. Brown staining pattern, very reminiscent of the one which
has been used as evidence of lignin before (Marks et al., 2008), was only observed when
the Mäule reaction was performed incorrectly due to nonspecific staining by the KMnO4
reagent (not shown), questioning the published results. No green or blueish green color
was observed in trichomes stained with Toluidine blue O, also suggesting lignin might not
actually be present in their cell wall. On the other hand, peaks characteristic of lignin were
indeed identified in FT-IR spectra of the isolated trichomes. The question of trichome cell
wall lignification thus remains open, as different experimental procedures presented in the
literature and this work contradict each other.
In every case, Arabidopsis leaf trichome cell wall is very different from the cell wall of
another well described trichome model, the cotton fiber: the cell wall of this unbranched,
up to 3 cm long seed trichome consists from more than 95% of cellulose, no lignin and a
small amount of callose near the plasma membrane (Kim and Triplett, 2001). This
difference reflects distinct functions of the two types of trichomes and highlights the
importance of cell wall composition for plant cell differentiation.
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Role of EXO70H4 and the exocyst complex in trichome cell wall deposition
The putative exocyst subunit EXO70H4, one of the 23 EXO70 paralogues in
Arabidopsis, has been identified as the 11th most strongly expressed genes in trichomes in
silico (Jakoby et al., 2008). Other transcriptome studies showed that EXO70H4 is
upregulated by UV and downregulated by MeJA treatments (Oravecz et al., 2006). LOF
exo70H4 mutant analysis revealed that they suffer from defects in cell wall biogenesis,
resulting in soft trichomes. The mutant trichomes are also insensitive to UV treatment,
which causes further cell wall thickening in WT, pointing towards a possible role of
EXO70H4-dependent trichome cell wall in UV protection (Vojtíková, 2013). Several
different approaches were used here to further characterize trichome phenotypic deviations
of the exo70H4 mutant.
Trichome stalk cell wall thickness was measured to address the question whether the
cell wall deposition defect reported before (Vojtíková, 2013) was limited to the branches or
whether it occurred throughout the trichome. No difference was observed between
exo70H4 and WT plants cultivated in control conditions; cell wall thickening increase of
about 10% was however observed in WT, but not mutant plants after UV treatment. In the
experimental setup, conditions without UV irradiation were considered standard; this is
however somewhat misleading, as the UV treatment is much closer to natural conditions,
in which plants are normally exposed to UV irradiation. From this point of view, it is
conceivable that cell wall thickening mediated by EXO70H4 happens primarily in response
to UV in the whole trichome, while the modified cultivation conditions without UV,
referred to as “control”, weaken this phenomenon and limit it to the trichome branches.
Increased sensitivity to UV has been reported in several trichome defective mutants, while
mutants possessing more trichomes showed greater resistance to UV, consistent with the
hypothesis that trichomes serve as shields to protect the plant from UV damage (Yan et al.,
2012). It is tempting to speculate that the thicker cell wall would improve this shielding
effect and that EXO70H4 would thus play an important role in UV protection.
Nevertheless, no difference in leaf area sensitivity to UV was observed between WT and
exo70H4 mutants, speaking against this attractive scenario (Vojtíková, 2013). Measuring
UV absorption and/or reflection characteristics of WT and exo70H4 trichomes could shed
more light onto this question.
MeJA is a phytohormone involved in herbivore defense signaling pathways that
downregulates EXO70H4 expression. While MeJA treatment caused no difference in stalk
cell wall thickening in WT trichomes whether applied alone or in combination with UV
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treatment, and in exo70H4 trichomes when applied alone, interestingly combined UV and
MeJA treatment of the mutant caused the same increase in cell wall thickness as in WT.
This suggests that an unknown MeJA-dependent factor, possibly one of the 22 other
EXO70 paralogues, acts redundantly with EXO70H4 in UV-triggered cell wall thickening
only when exposed to MeJA. EXO70H7, which is also expressed in trichomes and is
upregulated by MeJA, is a good candidate. This question should be addressed by repeating
the experiment with the exo70H4 exo70H7 double mutant and/or double mutants with
other EXO70 paralogues. Apart from this effect, MeJA treatment causes a reduction of OB
formation in WT trichomes (Kulich, personal communication). Although some preliminary
experiments testing the grazing of several herbivores on WT and exo70H4 leaves have
been performed (Kulich, personal communication), the question of EXO70H4
involvement in trichome-mediated defense against herbivore attack is far from understood.
The pectinmethylesterase PME35 is necessary for in muro demethylesterification of
HG, an important part of primary wall pectins. LOF pme35 mutants have pendant
inflorescence stems caused by reduced amounts of deesterified pectins, proving that pectin
deesterification by PME35 is important for cell wall rigidity (Hongo et al., 2012). PME35
ranks 9th among most strongly expressed genes in trichomes, being expressed at similar,
even higher level than EXO70H4 (Jakoby et al., 2008). These findings indicate that
EXO70H4 might be involved in PME35 trafficking and thus that defects in pectin
deesterification might be at least partially responsible for the soft trichome phenotype of
the exo70H4 mutant. WT and mutant trichomes were stained with Toluidine blue O and
JIM5/JIM7 immunolocalization of esterified and deesterified HG was performed to address
this question.
Toluidine blue O stained both WT and exo70H4 trichomes reddish-purple, however, the
staining pattern was different as it appeared primarily in the trichome stalk in WT and in
the branch tips in the mutant. This could be caused either by a difference in pectin
deposition, different amount of cell wall material in general or by differential permeability
of the cell walls for the dye caused by other components. Two layers of cell wall are
present in WT trichomes, while the mutant lacks the inner layer, as revealed by TEM
micrographs of trichome sections. The missing inner cell wall layer is probably responsible
for increased calcofluor white staining intensity of cellulose in the outer layer in exo70H4
trichomes (Kulich, personal communication). This rather impermeable inner cell wall layer
might also cause more intense staining of mutant trichome branches by Toluidine blue O.
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The differential stalk staining may on the other hand actually reflect a difference in the
amount of pectin, which in turn could explain the reduced stiffness of exo70H4 trichomes.
All three explanations of the staining pattern are plausible and it is not possible to be
conclusive in this respect before further experiments are performed.
Immunolocalization with JIM5 and JIM7 antibodies against deesterified and esterified
HG, respectively, was performed to gain more insight into the esterification level of WT
and exo70H4 trichome pectins. JIM5 signal could be sometimes detected in the OB,
suggesting that this structure might contain deesterified pectins in addition to callose.
Otherwise, the immunological assay was unfortunately not very informative, probably due
to problems with permeability of the trichome cell walls for the antibodies, which only
stained the lower parts of trichome stalks, although multiple lines of evidence suggest
pectins are present in large amounts in cell walls throughout the trichome. However, recent
observations that pme35 mutants do not display trichome phenotypes similar to exo70H4
(Kulich, personal communication) speak against the hypothesis that the soft trichome
phenotype of the latter is caused by disrupted trafficking of PME35.
Staining with dyes specific for lignin did not reveal any differences between WT and
exo70H4 trichomes; in fact, it didn’t provide any information about the presence of lignin
at all (see above). Similar levels of polarized light birefringence were observed in both
samples, suggesting that cellulose levels and orientation also seem to be the same, and the
exo70H4 mutation also probably doesn’t affect cuticle formation, as the same pattern of
Sudan black staining was observed.
Dual staining with safranin and aniline blue gave very similar results in WT and
exo70H4. A subtle color shift could be observed in the bulge at the bottom of the trichome
stalk, which was purpler in the mutant as opposed to the more blueish hue of WT. This
could be indicative of a decreased amount of cellulose, which stains blue under this
treatment, in this part of the mutant trichome. The difference might as well be an artifact
caused by automatic white balance setting used to record the images. Repeating the
experiment with a more sensitive and user friendly camera, as well as quantification of the
color change, will most likely give an answer to this issue.
FT-IR spectroscopy together with PCA analysis of the spectra was used to address the
question of cell wall composition with a completely different methodological approach.
The differences between average spectra were not great and the clusters in PCA biplots
were partially overlapping, so the relevance of their interpretation is questionable.
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However, if the results are considered reliable, they do provide several interesting hints
about which cell wall components might be altered due to the exo70H4 mutation.
Peak resolving based on 2nd derivative of average spectra identified peaks around
1510 cm-1 and 1460 cm-1 to be ca. 2 and 3 fold smaller in the mutant compared to WT,
respectively; these differences are probably reflected in the PCA division along F2 and F3,
which are both positively affected by wavenumbers in the 1600 – 1400 cm-1 region. Peaks
at these wavelengths have previously been assigned to lignin (Colom et al., 2003). The
presence of lignin in trichomes as such is debatable, as different lines of evidence
contradict each other on the topic. If trichome cell walls are indeed lignified though, the
amount of lignin might be reduced in the exo70H4 mutant, which would be another
plausible explanation for the softness if its trichomes.
Four peaks in the polysaccharide fingerprint region were higher in the mutant spectrum
(870 and 1032 cm-1) or completely missing from the WT spectrum (945 cm-1 and
929 cm-1); this is probably reflected in the PCA division along factors F1 and F4. The
1032 cm-1 peak has been reported as characteristic of cellulose and several hemicelluloses,
945 cm-1 of xyloglucan, 929 cm-1 of starch and cellulose and 870 cm-1 of arabinogalactan
(Kačuráková et al., 2000), bringing about an interesting hypothesis that the lack of lignin,
callose and/or other cell wall components might be compensated by increased amounts of
hemicelluloses in exo70H4 trichomes.
The difference in amounts of callose between WT and mutant trichomes should
probably be reflected in the FT-IR spectra as well. However, no reference to FT-IR
characteristics of callose has been found in the literature so this topic cannot be discussed
here relevantly. Collecting spectra of purified callose and/or well defined callose rich
material and comparing them to the spectra of trichomes would most likely help identify
callose-characteristic peaks and enable further discussion.
Altogether, results presented in this work indicate that the soft trichome phenotype of
exo70H4 mutant reported before (Vojtíková, 2013) is probably caused by a deficiency in
several cell wall components rather than a single one. The reduced stiffness and lack of
callose are the best described phenotypes of exo70H4 trichomes, therefore it is most likely
that they correlate with each other. This supports the concept that callose has an important
mechanical support role in plant cells, which was postulated based on analysis of growing
pollen tubes (Parre and Geitmann, 2005). Reduced amounts and/or altered structure of
lignin and pectins are also probably partially responsible for the mutant phenotype,
consistent with the well-established load-bearing roles of these substances.
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Evolutionary and functional divergence of EXO70 exocyst subunits
Exocyst subunit EXO70 is encoded by a single gene in yeast, yet land plant genomes
contain many paralogues, their number ranging from 13 in the moss Physcomitrella patens
up to 47 in rice; 23 EXO70 paralogues are encoded by the Arabidopsis genome (Eliáš et
al., 2003; Cvrčková et al., 2012). It is very likely that at least some paralogues have
adapted new roles in the plant cell and that they act non-redundantly in a tissue-, cell typeor developmental stage-specific manner. Animal EXO70 has been reported to function
independently of the exocyst complex (Zhao et al., 2013); this might be true also for some
of the plant paralogues (Žárský et al., 2013). Answering these questions is one of the key
aspects of understanding the exocyst complex and its role(s) in plant development.
A genetic approach was used in this study to address the question whether the exo70H4
mutation could be rescued by some other EXO70 paralogues and thus whether the
respective gene products are functionally redundant or not. Transgenic constructs for
EXO70A1, EXO70B1 and EXO70H3 paralogues driven by pEXO70H4 promoter were
transferred to exo70H4 mutant plants and callose deposition and OB formation, which are
the most obvious phenotypic deviations observed in the mutant so far, were examined to
determine whether the mutation could be rescued or not. The line complemented with
EXO70H3, the closest paralogue of EXO70H4, exhibited callose deposition in the
trichomes similar as WT with clearly distinguishable OBs. The expression of EXO70A1
and EXO70B1 did restore callose deposition, however, its localization was different from
WT, as it appeared in ectopic irregular patches. Regular OBs were not observed, although
in some trichomes blurry callose signal was observed at the bottom of the stalk.
These results suggest that EXO70H4 and EXO70H3 are functionally redundant and their
specific roles in plant development are probably caused by different expression patterns.
EXO70H3 is primarily expressed in pollen and it has not been characterized functionally.
However, preliminary results speak against the attractive hypothesis that it is involved in
callose deposition into the caps in a manner similar to EXO70H4 in trichomes (Kulich,
personal communication). EXO70A1 and EXO70B1, the relatively well described and
ubiquitously expressed paralogues (Synek et al., 2006; Kulich et al., 2013), clearly have
functions different from EXO70H4 as they cannot complement its loss.
It is of prime importance to determine subcellular localization of proteins encoded by
the abovementioned constructs and compare it to the localization of EXO70H4 driven by
its own native promoter. Unfortunately, due to methodological issues, such a result cannot
be presented here even though it was one of the aims of this work.
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Another important and interesting question is whether EXO70H4 acts in cell wall
deposition during trichome maturation as an exocyst subunit or in a different manner on its
own or as part of a different protein complex. Trichome maturation phenotypes have not
been observed in LOF mutants of other exocyst subunits, suggesting that EXO70H4 might
function in an exocyst-independent manner; however, more thorough examinations of
these lines with focus on trichomes should be performed in order to be conclusive.
Altogether, recent findings about the putative exocyst subunit EXO70H4, including
those presented in this work, provide clear evidence that it is important for cell wall
deposition during trichome maturation; nevertheless, its precise molecular functions
remain elusive. It might function as part of the exocyst complex in delivery of cell wall
component precursors and/or key biosynthetic enzymes to the apoplast, or it could have a
direct, possibly exocyst-independent role in some of the cell wall biogenetic processes,
either in the apoplast or within the cell. Future research will hopefully provide answers to
at least some of these questions.
If nothing else, one thing is becoming undoubtedly clear: at least some plant EXO70
paralogues, including EXO70H4, have most likely adopted novel molecular functions
during evolution and that they act in a mutually non-redundant manner.
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9. Conclusions and outlook
Most of the aims listed at the beginning of this work were at least partially fulfilled,
in particular:
1.

A role of UV in trichome cell wall thickening was confirmed and MeJA was
identified as a novel player in the regulation of this process

2.

An aberrant pattern of pectin deposition was observed in exo70H4 trichomes –
pectin was deposited primarily in the branch tips rather than in the stalk as in WT
trichomes. Subtle differences were identified between FT-IR spectra of WT and
mutant trichomes, indicating amounts of lignin, hemicelluloses and/or other cell wall
components might be altered

3.

Three transgenic lines expressing EXO70A1, EXO70B1 and EXO70H3 fused to
tagRFP and driven by pEXO70H4 promoter were prepared; visualization of callose
deposition in mature trichomes led to the conclusion that EXO70H3, unlike
EXO70A1and EXO70B1, can complement the exo70H4 mutation

4.

Subcellular localization of the fusion proteins could unfortunately not be determined
due to methodological issues

5.

Some insight into the role of EXO70H4 in trichome development was gained as
discussed above
Following experiments should be performed in close future in order to improve our

understanding of trichome maturation and the role of EXO70H4, as an exocyst subunit or
otherwise, in this process:


Troubleshooting the visualization of subcellular localization of prepared fusion
proteins by using the spinning disc microscope, analyzing more independently
transformed lines and/or changing the fluorophore to mRuby2, mCherry or EGFP



Confirming complementation of the mutant by promoter swap transgenes in more
independently transformed lines by analyzing callose deposition and cell wall
deposition in trichome branches



Optimizing the JIM5/JIM7 immunostaining protocol and/or using other antibodies to
analyze pectin (de)esterification in trichomes



Analyzing effects of UV and MeJA on trichome cell wall thickening in exo70H4
exo70H7 double mutants



Improving FT-IR spectroscopy performance by measuring a callose standard and
collecting and analyzing more spectra of WT and exo70H4 trichomes



Screening mutants in other exocyst subunits for trichome-related phenotypes
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