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ABSTRACT

Microtubule organization was compared between the Arabidopsis thaliana TUB-GFP and MBD-GFP mutants. Plant
height and primary root length were measured, and microtubule dynamics were examined by confocal laser scanning
microscopy after UV-B radiation to reveal changes in microtubules. Damage caused by UV-B was comparable between
transgenic lines and wild-type plants, although transgenic lines were more sensitive to UV-B than the wild-type. Spots
and depolymerization of microtubules were detected in both TUB-GFP and MBD-GFP plants; however, MBD-GFP
showed better adaptation of changes induced by UV-B treatment. These results indicated that UV-B inhibits the growth
and development of transgenic lines, and the inhibitory effects might result from changes in microtubules, as determined
by comparison between the TUB-GFP and MBD-GFP lines.
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OZET

Bu ¢alismada, TUB-GFP ve MBD-GFP Arabidopsis thaliana mutantlarinda mikrotubuliis olusumu karsilastirilmistir.
Mikrotubuliislerdeki degisimleri belirlemek tizere UV-B 1s1gina maruz birakildiktan sonra bitki boyu ve ana kok
uzunlugu 6l¢lilmiis ve odaktas lazer goriintiileyici mikroskopla mikrotbuliis hareketi izlenmistir. Yabani bitkilere gore,
transgenik hatlar UV-B’ye daha duyarli olmasina karsin, UV-B 1s1ginin neden oldugu zararlanmanin transgenik hatlar ile
yabani tip bitkilerde karsilastirilabilir sekilde olustugu belirlenmistir. MBD-GFP, UV-B’nin neden oldugu degisikliklere
daha iyi uyum gostermesine karsin hem TUB-GFP hem de MBD-GFP bitkilerinin mikrotubuliislerinde beneklenme ve



Comparison of Microtubule Organization in Arabidopsis thaliana TUB-GFP and MBD-GFP Mutants..., Ma et al

depolimerizasyon oldugu belirlenmistir. 7UB-GFP ve MBD-GFP hatlarinin karsilagtirilmasiyla elde edilen bu sonuglar,
UV-B’nin transgenik hatlarda biiyiime ve gelismeyi engelledigini, bu engellemenin mikrotubuliislerdeki degisimlerden

kaynaklanabilecegini gdstermistir.

Anahtar Kelimeler: Mikrotubuliisler; UV-B 1sin1; Arabidopsis thaliana TUB-GFP; Arabidopsis thaliana MBD-GFP

1. Introduction

Microtubules (MTs) are cylindrical polymers
composed of o- and [-tubulin heterodimers.
They are essential for growth and development,
participating in several cellular processes such as
cell division, intracellular transport, and signal
transduction in plants (Granger & Cyr 2000;
Sedbrook 2004). MTs are highly dynamic structures
and undergo transitions between states of growth,
shrinkage and pause (Kawamura & Wasteneys
2008). However, abiotic stress is one of the
environmental stresses. Plants undergo changes in
MTs in response to exposure to abiotic stress. For
example, when Lolium rigidum leaves were treated
with high pressure, MTs in epidermal cellular arrays
changed from random to organized arrangements in
cells in which the length was greater than the width
(Cleary & Hardham 1993). When the epidermal
cells in the cotyledons of A. thaliana are touched by
a fine glass or tungsten needles, depolymerization of
MTs is induced to form a microtubule-depleted zone
surrounding a dense patch of GFP-tubulin beneath
the needle tip (Hardham et al 2008). Alterations
of turgor disrupt MT organization along with the
appearance of crystallization and the distortion of
MT arrangement (Shi et al 2011).

Ultraviolet-B radiation (UV-B, 280-320 nm)
is an abiotic stress present in the environment.
It affects the morphogenesis of plants, modifies
plant structure, promotes the production of various
secondary metabolites (Rozema et al 1997), and
induces changes in the plant cytoskeleton. Previous
studies have assessed the effects of UV-B on the
cytoskeleton. Han (2002) showed “partition bundle
division” in mitotic cells of wheat exposed to UV-
B. This research showed that protoplast MTs in
wheat seedlings were significantly depolymerized

© Ankara Universitesi Ziraat Fakiiltesi

under UV-B, leading to the appearance of spots
and dispersive MTs (Guo et al 2010). Chen & Han
(2015) showed that actin filaments participate in
the process of “partition bundle division” in wheat
seedlings injured by enhanced UV-B, supporting
that M Ts are injured by UV-B treatment (Krasylenko
et al 2012). These studies indicate that UV-B has a
severe impact on the plant cytoskeleton, especially
on the MTs of the cytoskeleton. The damage to
MTs affects the growth and development of plants
exposed to UV-B radiation.

TUB-GFP was generated by the fusion of green
fluorescent protein (GFP) to the N-terminus of A.
thaliana B-tubulin 6. Its incorporation into MTs as a
functional protein analog allows analysis of changes
in MT dynamics in response to low concentrations
of drugs in A. thaliana epidermal cells (Nakamura
et al 2004; Wasteneys & Yang 2004). MBD-GFP
consists of GFP fused to the microtubule binding
domain of microtubule associated protein 4 (MAP4).
It allows visualization of MT dynamics not only in
mammals, but also in the leaf epidermis of fava
bean, A. thaliana, and tobacco. It can label MTs
in roots and shape dwarf phenotypes in the plants.
The expression of GFP-MBD does not affect the
phenotype of the plants (Marc et al 1998; Granger &
Cyr 2000; Granger & Cyr 2001; Wasteneys & Yang
2004). Furthermore, GFP, as a reporter, is important
for monitoring MT dynamics in A. thaliana
seedlings, and it allows direct observation of MT
dynamics in vivo. The comparison of TUB-GFP and
MBD-GFP is useful for the study of MT dynamics
and signaling in response to different kinds of stress.
However, the effects of TUB-GFP and MBD-GFP
on MTs under UV-B treatment are unclear. Here,
we used A. thaliana TUB-GFP seedlings and A.
thaliana MBD-GFP seedlings to compare MT
dynamics in response to UV-B treatment.
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2. Material and Methods

2.1. Plant materials and growth conditions

Wild-type (Arabidopsis thaliana L. Col-0), TUB-
GFP, and MBD-GFP plants were used. Seeds were
surface-sterilized with 1% sodium hypochlorite for
5 min and rinsed several times with sterilized water.
Sterilized seeds were germinated on plates containing
5 Murashige and Skoog medium (Hopebio) with 1%
(w v!) sucrose at 4 °C for 3 days, and plants were
grown at a temperature of 22 °C and 60-80% humidity
under a photoperiod of 16 h light and 8 h dark (100-
120 pmol m? s) placed vertically for 4 days.

2.2. Ultraviolet-B radiation treatment

There were two treatments with three replicates
as follows: wild-type, TUB-GFP and MBD-GFP
without UV-B treatment; and wild-type, TUB-GFP
and MBD-GFP with UV-B treatment. UV-B lamps
(Huaqiang, 40 W) were set vertically above the
plates. The intensity was controlled by modifying the
distance between the lamp and the plates. The dose
was 4.53 kI m? d! (4 h) for 6 days to reach 27.2 kJ
m?(Krasylenko et al 2012; Krasylenko et al 2013).

2.3. Plant height and primary root length
quantification

At 6 days after UV-B treatment, 20 seedlings per
replicate were randomly selected from each plate, and
plant height and primary root length were recorded.

2.4. In vivo microtubule observation

Before the observation, seedlings were placed in the
darkroom for at least 12 h under standard growth
conditions (Voigt et al 2005). The morphologic
variations of MTs were observed using a confocal
laser scanning microscope (FV-1000, Olympus,
Japan). Images were analyzed using the FV10-
ASW 1.7 Viewer supplied with the confocal laser
scanning microscope and Photoshop CSS5.

2.5. Statistical analysis

Data analysis was performed with SPSS 17.0 and
Original 8.0. Statistical significance was estimated
at P<0.05 according to Duncan’s multiple range test.
Data are expressed as the mean+SD.

3. Results

3.1. Comparison between the phenotypes of TUB-
GFP seedlings and MBD-GFP seedlings exposed
to UV-B radiation

Figure la shows the appearance of clustered
leaves and short petioles in plants without UV-B
treatment in TUB-GFP compared with wild-type
plants. MBD-GFP was similar to the wild-type, as
reported previously (Granger & Cyr 2001) (Figure
1a). Figure 1b shows dwarf phenotypes and smaller
leaves in plants exposed to UV-B in TUB-GFP;
clustered leaves and shorter petioles were more
obvious than those observed in TUB-GFP in Figure
la. Figure 1b shows the inhibitory effect of UV-B
on MBD-GFP compared with MBD-GFP in Figure
la. However, the inhibitory effects on T7UB-GFP
were more distinct than those on MBD-GFP. Figure
1b shows the curled-down leaf phenotype of wild-
type seedlings compared with that of seedlings in
Figure la.

Figure 1- Comparison between TUB-GFP
Arabidopsis seedlings and MBD-GFP Arabidopsis
seedlings exposed to UV-B radiation; a, Without
UV-B treatment (CK), the Arabidopsis seedlings
from left to right are TUB-GFP, MBD-GFP,
and wild-type; b, With UV-B treatment (B), the
Arabidopsis seedlings from left to right are TUB-
GFP, MBD-GFP, and wild-type

Sekil 1- UV-B Isigina maruz bwakilmis TUB-GFP
Arabidopsis fideleriyle ve MBD-GFP Arabidopsis
fidelerinin  karsilastiriimasi;;  a, UV-B 15181
uygulanmamis (CK), soldan saga dogru TUB-GFP,
MBD-GFP ve yabani Arabidopsis fideleri; b, UV-B
15181 uygulanmis (B), soldan saga dogru TUB-GFP,
MBD-GFP ve yabani Arabidopsis fideleri
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3.2. Comparison between plant height and primary
root length of TUB-GFP and MBD-GFP exposed
to UV-B radiation

Plant height and primary root length in the presence
or absence of UV-B were randomly measured in
the present study. In Figure 2, quantitative analysis
showed that TUB-GFP plants were significantly
shorter than wild-type and MBD-GFP plants,
whereas plant height was comparable between
MBD-GFP and wild-type plants that were not
exposed to UV-B radiation. Under UV-B radiation,
the plant height of TUB-GFP showed the greatest
reduction. MBD-GFP plants were shorter than
wild-type plants. The plant height was significantly
changed compared with that of the control (P<0.05).
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Figure 2- Comparison between the plant height
of TUB-GFP and MBD-GFP exposed to UV-B
radiation, data represent the mean+SD (n= 3)

Sekil 2- UV-B sigina maruz bwrakilmis TUB-
GFP ve MBD-GFP bitkilerinin bitki boylarinin
karsilastiriimasi, ortalama=SD (n= 3)

The effects of UV-B on primary root length in
TUB-GFP and MBD-GFP were also investigated
(Figure 3). Quantitative analysis revealed that the
primary root length of TUB-GFP was significantly
shorter than that of others without UV-B, and
the primary root length of MBD-GFP was not
significantly different than that of the wild-type
plants. In plants exposed to UV-B radiation, the
primary root length of TUB-GFP was decreased.

The primary root length of MBD-GFP was also
decreased, although it was greater than that of TUB-
GFP. The primary root length was significantly
changed compared with that of the control (P<0.05).
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Figure 3- Comparison between the primary root
length of TUB-GFP and MBD-GFP exposed to
UV-B radiation, data represent the mean+SD (n=3)
Sekil 3- UV-B wsigina maruz bwrakilmis TUB-GFP
ve MBD-GFP bitkilerinin ana kék uzunluklarinin
karsilagtiriimasi, ortalama=SD (n= 3)

3.3. In vivo visualization of microtubules in TUB-
GFP and MBD-GFP under UV-B treatment.

Based on the results described above, we compared
the microtubule dynamics of TUB-GFP and MBD-
GFP in response to UV-B treatment by confocal
microscopy. In this experiment, we observed
the microtubule dynamics of stomata. Total
fluorescence was intense in TUB-GFP, and guard
cells were symmetrical in the absence of UV-B
(Figure 4a). However, UV-B treatment caused
severe depolymerization of MTs and a reduction in
total fluorescence in TUB-GFP. Guard cells were
asymmetric, twisted and patched MTs were observed
in stomata (Figure 4a’). By contrast, MTs in guard
cells of MBD-GFP appeared radial and fluorescence
intensity was high without UV-B (Figure 4b).
Exposure to UV-B caused the appearance of spots,
the depolymerization of MTs, and a reduction in
fluorescence in guard cells of MBD-GFP (Figure
4b").
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CK B

Figure 4- Microtubule dynamics of stomata in TUB-
GFP and MBD-GFP exposed to UV-B radiation
(Scale bar= 10 pm); a, a' show the microtubule
dynamics of stomata in TUB-GFP without UV-B
treatment (CK) and with UV-B treatment (B),
respectively; b, b’ show the microtubule dynamics
of stomata in MBD-GFP without UV-B treatment
(CK) and with UV-B treatment (B), respectively
Sekil 4- UV-B sigina maruz bwrakilmis TUB-GFP
and MBD-GFP stomalarinda mikrotubuliis hareketi
(Olgek boyutu= 10 um); a ve a' swraswyla UV-B 15181
uygulanmamis (CK) ve UV-Buygulanmis (B) TUB-GFP
stomalarindaki mikrotubuliis hareketi; b ve b' sirasiyla
UV-B 15181 uygulanmamis (CK) ve UV-B uygulanmis
(B) MBD-GFP stomalarindaki mikrotubuliis hareketi

4. Discussion

The effects of UV-B radiation have attracted
significant attention. UV-B radiation inhibits the
growth and development of plants, and causes
changes in architecture, such as curled leaves and
other leaf changes, shorter petioles, and decreased
stem elongation among others (Robson & Aphalo
2012; Robson et al 2015). Hectors et al (2010)
reported that UV-B resulted in transient changes
in the length: width ratio of A. thaliana leaves. In
the present study, the same characteristics were
observed in the transgenic 4. thaliana TUB-GFP and
MBD-GFP; however, the extent of the changes was
different (Figure 1). Previous studies suggested that

UV-B decreases stem elongation and inhibits root
growth (Jansen 2002; Robson et al 2015), which is
consistent with the present results shown in Figure
2 and 3. These phenotypes reflect the resistance
to stress in plants and their protective effects in
response to UV-B stress. The phenotypes of TUB-
GFP and MBD-GFP exposed to UV-B indicate
damage to MTs caused by UV-B, and this damage
was more severe in 7UB-GFP than in MBD-GFP.
These results support that MTs play a critical role
in the growth of plants and their adaptation to the
environment, and could be used as an indicator of
UV-B associated damage.

Leaves are the principal direct recipient site in
plants exposed to UV-B, and the responses of leaves
to UV-B, and the effects of UV-B on stomata were
significant. Therefore, we observed the MT dynamics
of stomata in our study. In Figure 4a’, guard cells
appeared asymmetric and showed a deformed kidney
shape, with patches and depolymerization of MTs
under UV-B, compared with Figure 4a. In Figure
4a, MTs were not arranged radially, which may be
caused by stomatal movement (Yu et al 2001; Lucas
et al 20006). Figure 4b’ shows depolymerization of
MTs and their disappearance compared with Figure
4b. MTs are necessary for maintaining the kidney
shape of guard cells (Yu et al 2001). Under UV-B
stress, MTs aggregated in MBD-GFP, whereas they
appeared patched and depolymerized, leading to
slower growth in TUB-GFP. These results indicated
that depolymerization of MTs is one of the main
factors leading to the effects described above, and
MBD-GFP could be better adapted to the changes
induced by UV-B.

Studies have shown that UV-B induces
MT depolymerization and leads to a series of
effects (Guo et al 2010; Krasylenko et al 2012;
Krasylenko et al 2013). However, the mechanisms
of depolymerization of MTs under UV-B remain
unclear. Abiotic stress is one of the factors causing
MT reorientation, such as drought, turgor pressure,
and osmotic stress (Bisgrove 2008; Hong et al
2010; Liu et al 2014).Turgor pressure maintains cell
tension, regulates stomatal opening and closing, and
is closely related to the growth of plant cells. At the
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same time, turgor pressure regulates MTs (Iwata
et al 2001; Yu et al 2001; Liu et al 2014). When
stomata close, fewer MT structures are detected
in guard cells and MTs are disassembled (Eisinger
et al 2012). UV-B could change the membrane
permeability of guard cells, and induce stomatal
closure (Zhang & Zhou 2009). Therefore, MTs are
closely related to turgor pressure, and MTs can be
altered under UV-B, leading to changes in plants.
This implies that UV-B may indirectly affect turgor
pressure and lead to changes of MT dynamics,
causing changes in the plants.
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