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Disruption of microtubules in plants suppresses
macroautophagy and triggers starch
excess-associated chloroplast autophagy
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Microtubules, the major components of cytoskeleton, are involved in various fundamental biological processes in
plants. Recent studies in mammalian cells have revealed the importance of microtubule cytoskeleton in autophagy.
However, little is known about the roles of microtubules in plant autophagy. Here, we found that ATG6 interacts with
TUB8/B-tubulin 8 and colocalizes with microtubules in Nicotiana benthamiana. Disruption of microtubules by either
silencing of tubulin genes or treatment with microtubule-depolymerizing agents in N. benthamiana reduces
autophagosome formation during upregulation of nocturnal or oxidation-induced macroautophagy. Furthermore, a
blockage of leaf starch degradation occurred in microtubule-disrupted cells and triggered a distinct ATG6-, ATG5- and
ATG7-independent autophagic pathway termed starch excess-associated chloroplast autophagy (SEX chlorophagy) for
clearance of dysfunctional chloroplasts. Our findings reveal that an intact microtubule network is important for efficient

macroautophagy and leaf starch degradation.

Introduction

Autophagy is an evolutionarily conserved degradation pathway
in eukaryotes that mainly contributes to the clearance of intracel-
lular proteins and organelles and sometimes targets lipids, carbo-
hydrates, nucleic acids and invading pathogens as well."
types of autophagy, microautophagy and macroautophagy, have
been described in plants.3 In canonical macroautophagy (hereafter
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referred to as autophagy unless otherwise specified), substrates are
wrapped in the cytoplasm by cup-shaped membranes called
phagophores, which expand to form double-membrane vesicles

known as autophagosomes, and are ultimately delivered to the
vacuoles or lysosomes for degradation.* This process occurs consti-
tutively at low basal levels under normal conditions to renovate
cytoplasmic components and maintain cellular homeostasis (basal
autophagy) and can also be massively induced by internal or exter-
nal stresses to cope with diverse physiological and pathological sit-
uations (induced autophagy).”® In plants, autophagy plays roles
in diverse biological processes, including adaption to various abi-
otic stresses, such as oxidation, drought and high sallinity,7’8
immune defense against virus, bacterial and fungal pathogens,”"”
development of roots, flowers and xylem,'>'®  chloroplast
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recycling,'” peroxisome degradation'®? and nighttime metabo-
lism of amino acids and leaf starch.*"*?

As the most remarkable feature of autophagy, the biogenesis
of autophagosomes requires the involvement of at least 18 key
autophagy—related genes, including A7G1 to ATG10, ATGI2 to
ATGI14, ATG16 to ATG18, ATG29, and ATG31."* Orthologs
of most of these genes have also been identified in plants except
for ATG14, ATG29 and ATG31.*** Yeast Vps30, whose mam-
malian and Arabidopsis orthologs are BECN1 and ATG6 respec-
tively, is a major component of the class III phosphatidylinositol
3-kinase (PtdIns3K) complex localized at the phagophore assem-
bly sites and is important for the construction of phagophores
through recruiting other effector proteins.” In addition, ATG6
participates in multiple interactions with other proteins to regu-
late both autophagic and nonautophagic process in mam-
2627 However, few ATGG-binding proteins have been
reported in plants.

mals.

Microtubules are polar cytoskeletal filaments assembled from
heterodimers of a- and B-tubulins and exhibit dynamic behav-
iors characterized by stochastic switching between periods of
growing and shrinking.”®*’ Plant microtubules are involved in
numerous fundamental biological processes such as cell division,
polarity of growth, cell wall deposition, and stress sensing.”*>"
Evidence supporting the involvement of microtubules in endo-
membrane organization and trafficking has emerged recently in
plants.”® Investigations of the relationship between cytoskeleton
and autophagy in mammalian cells reveal the importance of
microtubule cytoskeleton in various aspects of autophagy includ-
ing autophagosome biogenesis, movement and autolysosome for-
mation.®>? In plants, Arabidopsis ATG8 and JOKA2, a selective
autophagy receptor in tobacco, colocalize with microtubules,**?
which indicates a possible link between microtubules and
autophagy. However, litde is known about the exact role of
microtubules in plant autophagy.

In this study, we report that ATG6 interacts with microtu-
bules, and microtubule disorganization reduces autophagosome
formation upon rapid induction of macroautophagy and severely
blocks leaf starch degradation. Massive starch accumulation in
microtubule-disrupted cells triggers malformation and degrada-
tion of chloroplast in the central vacuole through an ATG6-,
ATG5- and ATG7-independent pathway termed starch excess-
associated chloroplast autophagy. Our study reveals roles of
intact microtubule cytoskeletons in macroautophagy and leaf
starch degradation.

Results

Autophagy-related protein 6 interacts with 3 tubulin 8

To better understand the role of ATG6 in plant autophagy,
we performed a yeast 2-hybrid (Y2H) screen of a tomato cDNA
library®® using Nicotiana tabacum ATGG6 (NtATGG) as bait to
identify ATG6-binding host proteins. One clone encoding par-
tial B-tubulin 8 was identified as a putative candidate for ATG6-
interacting factor. We cloned its V. tabacum homolog gene and
named it Nt7TUBS8. Sequence alignment analysis showed that
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N¢TUBS shares 96% amino acid identity with TUB8/B-tubulin
8 in Arabidopsis thaliana (AtTUB8) and 98.9% identity with
TUBS in Solanum lycopersicum (SITUBS8) (Fig. S1). To test
whether NtTUBS interacts with NtATGG6, we introduced TUB8
into the activation domain (AD) vector and cotransformed it
into yeast with a bait vector carrying ATGO6 fused with LexA
DNA binding domain (BD). As indicated by the galactose (Gal)
dependent growth of yeast on Leu-deficient plates and B-galacto-
sidase assays on 5-bromo-4-chloro-3-indolyl-D-galactoside (X-
gal) containing plates, NtTUBS interacts with NtATG6 in yeast
(Fig. 1A).

To test TUB8-ATGO interaction in plants, coimmunoprecipi-
tation (ColP) assay was performed. MYC-tagged ATG6 (ATG6-
MYC) or MYC-tagged C-terminal domain of firefly luciferase
(cLUC-MYC) were coexpressed transiently with HA-tagged
TUB8 (HA-TUBS) or HA-tagged N-terminal domain of firefly
luciferase (HA-nLUC) in N. benthamiana leaves for about 60 h.
ColP using anti-HA antibodies was subsequently performed on
the total proteins extracted from infiltrated leaves. ATG6-MYC
was specifically detected in the immunoprecipitates of HA-
TUBS8 but not of HA-nLUC (Fig. 1B). Similarly, cLUC-MYC,
another negative control, did not coimmunoprecipitate with
HA-TUBS (Fig. 1B). These results suggest an interaction of
TUBS8 with ATG6 in vivo.

The in vivo TUB8-ATG6 interaction was further confirmed
by firefly luciferase complementation imaging (LCI) assays.’”
Immunoblot analysis showed expression of nLUC- and cLUC-
fusion constructs in leaves (Fig. S2B). The positive luminescence
signals were only detected at sites where cLUC-TUB8 and
ATG6-nLUC were coexpressed but not at sites for the combina-
tions of controls (Fig. 1C). These data, along with the CoIP and
Y2H results, demonstrate that ATG6 interacts with TUBS.

The tubulin family consists of multiple evolutionarily con-
served proteins in plants (Fig. S3 and S4). In order to test the
interaction of ATGG6 with other tubulin proteins, we cloned
TUBI, TUBG and TUAG in tobacco and confirmed the corre-
sponding expression of cLUC-fusion proteins in inoculated
leaves (Fig. S2B). LCI assay showed that these tubulin proteins
also interact with ATG6 (Fig. S2A).

ATG6 colocalizes with microtubules in vivo

Since ATG6 interacts with tubulins, the major components of
microtubules, we hypothesize that a putative interaction exists
between ATGG6 and microtubules. To test this, we performed a
colocalization assay in plant cells. MAP4 is one of the well-stud-
ied microtubule-associated proteins (MAPs) in mammalian cells
and GFP-tagged MAP4 or its microtubule binding domain
(MBD) has been used as a microtubule reporter in mammals and
plants.z's’39 Here, we constructed a GFP-tagged MBD domain of
HsMAP4, GFP-MBD, to label the cortical microtubule networks
in leaf cells of N. benthamiana. Cyan fluorescent protein (CFP)-
tagged ATGG6 (CFP-ATGO) was transiently coexpressed with
GFP-MBD in leaves for 48 h, followed by microscopic observa-
tion under confocal laser scanning microscopy (CLSM). Interest-
ingly, CFP-ATG6 decorated a number of punctate structures
and all of them displayed localizations on or adjacent to cortical
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Figure 1. ATG6 interacts with TUB8 in yeast and N. benthamiana. (A) Interaction of NtATG6 with NtTUB8
in yeast. Yeast cells harboring both BD-ATG6 and AD-TUB8 were able to turn blue on X-Gal-containing
plate and grow on Leu-deficient medium in the presence of galactose and raffinose. Yeast harboring
other control constructs showed no growth or color-changes, on corresponding induction plates. (B)
NtTUB8 coimmunoprecipitates with NtATG6. Immunoprecipitation (IP) by anti-HA antibody was per-
formed on total protein extracts from N. benthamiana leaves transiently expressing HA-TUB8 or other
control groups. Precipitates were then analyzed by immunoblotting (IB) using anti-MYC (top panel) or
anti-HA (middle panel) antibodies. Expression of MYC-tagged proteins was checked with anti-MYC (bot-
tom panel). (C) Firefly luciferase complementation imaging (LCl) assay shows the interaction of ATG6
with TUB8. Coexpression of cLUC-TUB8 with ATG6-nLUC, but not other negative controls, reconstituted
LUC activities and generated luminescence in the presence of luciferin. Infiltration areas of various com-
binations of constructs are indicated by the dashed circle.
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microtubules (Fig. 2). Detailed obser-
vation of movement of CFP-ATG6 by
time-lapse microscopy showed that
some dots of CFP-ATG6 could move
along microtubules for short distances
(Fig. S5B and C; Movie S1). We also
captured one CFP-ATGO6-decorated
structure showing synchronous move-
ment with the shrinking microtubule
(Fig. S5C; Movie S1). Similar colocali-
zation of ATGG6 with microtubules was
observed when CFP-ATG6 was coex-
pressed with YFP-MBD (Fig. S5A).
Taken together, these data suggest that
ATGG6 binds to microtubules in vivo.

Silencing of tubulin genes results
in disordered cortical microtubule
arrays and aberrant plant
development

To investigate the function of tubu-
lin genes, we used a Tobacco rattle virus
(TRV)-based virus-induced gene silenc-
ing (VIGS) system40 to silence tubulin
genes. 7UB8-silenced plants developed
a leaf curling and crinkling phenotype at
2 wk post-agroinfiltration (Fig. 3A) and
showed more severe developmental
aberrations including stunted top and
root growth, leaf chlorosis and flower
defects at later stages of silencing
(Fig. 3C and D; Fig. S6A and B).
Similar phenotypes were also observed
in TUAG/-tubulin 6 (TUBULIN
ALPHA-6)-silenced plants (Fig. S6C).
Real-time RT-PCR showed that silenc-
ing of TUBS8 or TUAG in N. benthami-
ana greatly reduces the mRNA level of
its respective target gene but has no sig-
nificant effect on mRNA abundance of
Actin (ACT7) and other nontargeted
tubulin genes such as 7UBI or TUA5
(Fig. 3B and Fig, 7).

To test the effect of silencing 7UBS8
on microtubule cytoskeletons, we visu-
alized GFP-MBD-labeled  cortical
microtubule arrays in pavement cells
of TUBS-silenced N. benthamiana.
Unlike the intact, dense and randomly
oriented arrays in the nonsilenced
TRV control leaf cells, microtubule
networks in  7UBS8-silenced plants
appear sparse and  disorganized
(Fig. 3E). Some microtubules were
bent, parallel or broken into short seg-
ments and detached from cell
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(Fig. 4D; Fig. S9). Concomi-
tantly, autophagosome formation
was markedly decreased and
fewer CFP-ATGS8-labeled struc-

tures appeared when the micro-

tubules  were  depolymerized
(Fig. 4D). Quantitative analysis
revealed that treatment with

GFP-MBD

CFP-ATG6

Merge

either APM or oryzalin resulted
in an approximately 50% reduc-

Figure 2. ATG6 colocalizes with microtubules in vivo. Images were taken when CFP-ATG6 and the microtubule
reporter, GFP-MBD, were transiently coexpressed in N. benthamiana leaves for 48 h. GFP-MBD-labeled micro-
tubules appear green and CFP-ATG6-labeled punctate structures are pseudocolored red. Scale bars: 20 pwm.

tion in nocturnal autophagic
activities compared to that in
mock treatment (Fig. 4C).

We also investigated roles of

membrane (Fig. 3E). Similar disordered arrays were found in the
TUAG-silenced plants (Fig. S6D). These results show that silenc-
ing of tubulin genes results in disorganized cortical microtubule
arrays and aberrant plant development.

Disruption  of microtubule  cytoskeleton  reduces
autophagosome  formation  during  upregulation  of
macroautophagy

We have previously shown that nocturnal autophagy in /.
benthamiana leaves undergoes an upregulation before midnight
and a downregulation by dawn.*' Using this as a model system,
we tested the role of microtubule in macroautophagy. CFP-
tagged ATG8f (CFP-ATGS8) was used to label autophagic struc-
tures in mesophyll cells as described previously.”' As expected, a
lot of punctate structures labeled by CFP-ATGS8f appeared in
mesophyll cells of nonsilenced plants after 4 h of exposure to
darkness (Fig. 4A, upper panel). However, many fewer auto-
phagic structures were detected in the 7UBS8-silenced leaves
(Fig. 4A, lower panel). Quantitative analysis of autophagic struc-
tures showed that a 66% reduction of autophagic activities
occurred in 7UBS-silenced leaves at midnight (Fig. 4B). Similar
reduction of autophagic activity was observed in 7UA6-silenced
leaves (Fig. S8C and D). We also tested the basal autophagic
activity occurring in plants exposed to 0 h or 8 h of darkness.
No obvious differences, however, were detected between 7UBS-
silenced and nonsilenced plants (Fig. S8A and B). These results
indicate that microtubules may not be required but are still
important for efficient autophagosome biogenesis during upregu-
lation of nocturnal autophagy.

We further confirmed the involvement of microtubules in the
nocturnal autophagic process by antimicrotubule herbicides.
Amiprophos-methyl (APM) and oryzalin have been well-studied
as microtubule-disrupting agents in plants, both of which cause
microtubule depolymerization through their binding to tubu-
lins.*"*? We infiltrated 10 uM APM or oryzalin into leaves to
depolymerize microtubules at the end of day to allow 4-h drug
treatment, and we visualized microtubule organizations and auto-
phagic activities, respectively, at midnight. As indicated by GFP-
MBD, most cortical microtubules were disrupted, leaving only
some short segments of depolymerized microtubules in pavement
and mesophyll cells after the application of APM or oryzalin
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microtubules  in  oxidation-
induced autophagy. Methyl viologen (MV), an inducer of reac-
tive oxygen species (ROS), could induce macroautophagy in
plalnts.7’43 Similarly, 1-d treatment with 10 uM MV in nonsi-
lenced N. benthamiana plants caused a 3.25-fold increase in basal
activity of autophagy as indicated by quantitative analysis of
CFP-ATGS8{-labeled structures. However, silencing of either
TUBS or TUAG significantly blocked MV-triggered formation of
autophagosomes (Fig. S8E).

Taken together, microtubule integrity is important for effi-
cient autophagosome formation when macroautophagy is
induced by either internal signals or external environment
changes.

Silencing of TUBS severely blocks leaf starch degradation

Since macroautophagy contributes to leaf starch degradation®*
and silencing of 7UB8 blocks the upregulation of nocturnal
autophagy, we reasoned that 7UBS silencing could affect the
breakdown of transitory starch in leaves. Indeed, we detected
large amounts of starch reserves in 7UBS8-silenced leaves at the
end of night using iodine staining (Fig. 5). Strikingly, these
reserves were conspicuously higher than those found in A7G6-
silenced plants (Fig. $10) and could not be consumed efficiently
even when the time of dark treatment was prolonged to 120 h
(Fig. 5A). This extremely strong starch-excess (SEX) phenotype
in TUB8-silenced plants implies that leaf starch degradation is
largely blocked when microtubule cytoskeletons are disorganized.

To exclude the possibility that the SEX phenotype in 7UBS-
silenced plants is caused by enhanced starch synthesis, we studied
the mobilization process of starch when starch synthesis was
inhibited in 7UB8-silenced plants. ADP-glucose pyrophosphory-
lase (AGPase) catalyzes the first rate-limiting step in starch bio-
synthesis in plants,”> and mutations in the gene encoding its
small subunit 1 (APS1/ADG]1) lead to a significant reduction in
starch synthesis.*® Here, we successfully silenced APSI and
TUBS individually or simultaneously in N. benthamiana and
determined starch content of leaves harvested at the end of day or
night by iodine staining and quantitative measurement (Fig. 5B
to D). Only 35.8% of leaf starch content of control plants was
detected in APSI-silenced plants after a 16-h illumination period
(Fig. 5B and D), suggesting silencing of APSI decreases starch
synthesis in V. benthamiana as well. We noticed that there was

Volume 11 Issue 12



>

VIGS-Vector

VIGS-TUBS

1.0
0.8
0.6
0.4
0.2
0.0

Relative mRNA level

VIGS-TUBS VIGS-Vector

VIGS VIGS VIGS  VIGS
-Vector -TUBS -Vector -TUBS

GFP-MBD

VIGS-Vector VIGS-TUBS

Figure 3. Silencing of TUBS affects plant development and disorganizes microtubule arrays. (A) Leaf curling and crinkling phenotype in TUB8-silenced
plants. Photos were taken at 2 wk post-agroinfiltration (wpi) for VIGS. (B) Realtime RT-PCR shows relative mRNA levels of TUB8 in silenced or nonsilenced
plants. ACT7 was used as the internal control. Values are means =+ SE of 5 replicate samples. The Student t test was applied to determine statistically sig-
nificant differences (**P <0.01). (C and D) Developmental defects in TUBS-silenced plants at later stages of silencing, including defective flower develop-
ment in (C) and leaf chlorosis in (D). Photos were taken at 7 wpi for VIGS. (E) Disordered cortical microtubule arrays in TUB8-silenced leaves. Various
aberrations of GFP-MBD-labeled microtubules, including segmentation (magenta dashed oval), bending (white dashed square) and parallel distribution
(yellow dashed rectangle) are shown in the pavement cells of TUB8-silenced plants. Scale bars: 10 pm.

lower starch accumulation in APSI- and TUB8-cosilenced leaves Starch overaccumulation in TUBS-silenced leaves triggers
than 7UB8-silenced leaves at cither time point (Fig. 5B and D).  starch excess-associated chloroplast autophagy

However, the APSI- and 7TUBS8-cosilenced leaves still had a To better understand the extreme SEX phenotype of 7UBS-
much higher level of starch reserves than nonsilenced leaves silenced plants, transmission electron microscopy (TEM) was
(Fig. 5B and D). These data clearly demonstrate that silencing of  used to analyze the cellular ultrastructure of 7UB8-silenced
TUBS severely blocks leaf starch degradation. mesophyll cells when the nocturnal metabolism was finished.
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Figure 4. Disruption of microtubules suppresses upregulation of nocturnal autophagy. (A and B) Suppressed nocturnal autophagy in TUB8-silenced
leaves at midnight. (A) Representative images of CFP-ATG8f-labeled autophagic structures in leaves. CFP-ATGS( is in cyan, and chloroplasts are in red.
White arrows indicate CFP-ATG8f-labeled autophagic structures. Scale bars: 20 wm. (B) Relative autophagic activity in TUB8-silenced plants. The autopha-
gic activity in nonsilenced plants was set to 1. This experiment was repeated 6 times. Values represent means =+ SE. The Student ¢ test was used to deter-
mine significant differences (**, P < 0.01). (C and D) Suppressed nocturnal autophagy in microtubule inhibitor-treated leaves at midnight. (C) Relative
autophagic activity in microtubule inhibitor-treated leaves. The autophagic activity in leaves infiltrated with 0.1% dimethyl sulfoxide (Mock) was set to 1.
This experiment was repeated 10 times. Values represent means + SE. The Student t test was used to determine significant differences (**, P < 0.01). (D)
Representative images of autophagic structures and cortical microtubule arrays in leaves after 4 h of treatment with microtubule inhibitors. Magenta
arrowheads indicate short segments of depolymerized microtubules. Scale bars: 20 pm.
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Figure 5. Silencing of TUB8 in N. benthamiana blocks leaf starch degradation. (A) lodine staining of leaf discs
taken from plants subjected to prolonged dark treatment. The plants were kept in darkness for up to 120 h
of treatment until all the samples of each time point were collected. At each time point, 5 to 6 leaf discs
were punched from the plants and incubated in ethanol to remove leaf pigments. lodine staining was car-
ried out when all the samples were harvested. Representative results are presented. (B to D) The SEX pheno-
type in TUBS8-silenced leaves is caused by a blockage of starch degradation. (B) lodine staining of leaves
detached from silenced and nonsilenced plants at the indicated time. These results were reproduced in 2
experiments using more than 3 leaves in each experiment. Representative results are presented. (C) Real-
time RT-PCR shows successful silencing of target genes in either individually silenced or cosilenced plants.
ACT7 was used as the internal control. Values are means =+ SE of 2 replicate samples. (D) Quantitative analysis
of leaf starch content in silenced and nonsilenced plants at the indicated time. Values are means =+ SE of 2 or

granules, appearing as if specific

storage organelles of starch, and an

increasing number of chloroplasts swarmed into vacuoles
(Fig. 6A panels 4 and 5). In addition to whole chloroplasts with
several granules, we sometimes observed vacuolar localization of
smaller chloroplastic structures with one starch granule bounded
by extremely thin thylakoid membrane (Fig. 6B, yellow arrows)
or small spherical structures with only aberrant thylakoids but no
granules (Fig. 6B, cyan arrows). These smaller chloroplastic
structures are likely products of a budding process from whole,
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large chloroplasts (Fig. 6B, yellow arrowhead). Vesicles were
occasionally found to be close to, but never engulf, starchy chlo-
roplast or chloroplastic structures (Fig. 6B, red arrowhead). In a
few cases, starch granules were released from the extremely dis-
rupted chloroplasts into vacuoles (Fig. 6B, red asterisk). Other
remnants of chloroplasts, like fragmented thylakoids (Fig. 6B,
black arrows), were observed in vacuoles. In chlorotic leaves, col-
lapsed cells were occasionally observed, in which massive starchy
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Figure 6. Starch overaccumulation in TUB8-silenced leaves triggers chloroplast malformation and SEX chlorophagy. (A) Ultrastructural analysis shows
varying degrees of starch accumulation in mesophyll cells of TUB8-silenced plants at different stages of silencing. Blue arrows refer to the vacuole-local-
ized SEX chloroplast. (B) Ultrastructure of misshapen chloroplasts in chlorotic leaves of TUB8-silenced plants at 5 wk post-agroinfiltration (wpi). Red
arrowheads indicate vesicles adjacent to starchy chloroplast or chloroplastic structures. Yellow and cyan arrows indicate smaller chloroplastic structures
with or without starch granules, which were probably generated by a budding-like process (yellow arrowhead) from the whole, large chloroplasts. Occa-
sionally, remnants of disrupted chloroplast, like starch granule (red asterisk) and segments of thylakoids (black arrows), were observed in the vacuole. (C)
Ultrastructural analysis of starch accumulation and SEX chlorophagy in mesophyll cells of TUB8-silenced and APST- and TUB8-cosilenced plants at 3 wk
post-agroinfiltration (wpi). (D) Quantification of vacuole-localized SEX chloroplast count per cell in TEM images of TUBS-silenced, as well as APS7- and
TUBS-cosilenced leaves. Values are means =+ SE from more than 50 cells. Two asterisks indicate a highly significant difference (P < 0.01; the Student t
test). All the leaf samples used for TEM sectioning were taken from plants that had just finished nocturnal metabolism at the indicated weeks post-agro-
infiltration (wpi) for VIGS. S, starch; V, vacuole; Cp, chloroplast; CW, cell wall. Black scale bars: 5 p.m; white scale bars: 2 pm.

chloroplasts and other organelles were taken into the central vac-
uole (Fig. 6B panel 5). We called the above self-cating process
for clearing disorganized starchy chloroplast ‘starch excess-associ-
ated chloroplast autophagy’ (hereafter short for SEX chloroph-
agy). Remarkably, the ultrastructural characteristics of aberrant
chloroplasts were well matched with some special findings in
chloroplast morphologies of TUBS-silenced leaves under CLSM,
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including lower or hollow chlorophyll fluorescence (Fig. S12)
and vacuolar localization of chloroplast or its derivative structures
(Movies S2 to S4).

To study the influence of starch content on SEX chlorophagy,
we further analyzed ultrastructure of mesophyll cells in APSI-
and TUBS8-cosilenced plants. In agreement with previous results
(Fig. 5B and D), starch granules deposited in chloroplasts of
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dark-treated APSI-and TUBS-cosilenced leaves were fewer and
smaller than that of 7UBS8-silenced leaves (Fig. 6C). Further-
more, quantitative analysis of sex chloroplasts in vacuoles showed
that APSI and TUBS cosilencing resulted in significantly reduced
SEX chlorophagy compared to individual silencing of 7UBS8
(Fig. 6D). This result shows that the occurrence of sex chloroph-
agy is closely related to leaf starch content in chloroplasts.

SEX chlorophagy is independent of ATG6, ATG5 and
ATG7

ATG-dependent autophagic pathway plays a role in the degra-
dation of whole or partial chloroplast during senescence in indi-
leaves.””  The partially  suppressed
autophagosome-mediated autophagic activities in 7UB8-silenced

vidually  darkened
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plants indicate that the degradation of SEX chloroplast may be
independent of macroautophagy. To further test this hypothesis,
we cosilenced TUBS together with several key ATG genes,
including ATG6, ATG5 and ATG7 (Fig. 7A), and investigated
the involvement of these A7G genes in SEX chlorophagy. TEM
observations showed that the aberrant phenotypes of starch over-
accumulation and chloroplast degradation in vacuole were still
developed when 7UB8 was cosilenced together with A7G6,
ATGS5 or ATG7 (Fig. 7C). Quantitative analysis of vacuole-local-
ized SEX chloroplasts demonstrated that no obvious difference
existed in the level of SEX chlorophagy between the 7UBS indi-
vidually silenced and ATG/TUBS cosilenced plants (Fig. 7B).
These results suggest that SEX chlorophagy is AT7G6-,ATG5-
and ATG7-independent.
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Microtubule-depolymerizing  drugs phenocopy 7TUBS-
silenced plants

To further confirm whether the aberrant phenotypes of
TUBS-silenced plants, including developmental defects, blocked
starch depletion and concomitant chloroplast degradation, were
caused by a dysfunctional microtubule cytoskeleton, we tested
effects of microtubule-depolymerizing drugs, APM and oryzalin,
on these biological processes. Two approaches were adopted for
the application of microtubule inhibitors: one was germination
of N. benthamiana seeds directly on drug-containing MS plates
for 2 to 3-weeks growth (hereafter referred to as germination
assay); the other one was transplanting seedlings to the drug-con-
taining MS plates for a 4-wk treatment (hereafter referred to as
transplanting assay). Normally, N. benthamiana seedlings grown
on MS media for 3 wk were 15 to 20 mm in height and had 4 to
7 leaves and elongated hypocotyls and roots. However, seedlings
germinated on MS plates containing either 10 uM APM or
10 M oryzalin stopped growing after cotyledon opening and
displayed defects in hypocotyl elongation and root development
(Fig. S13A). Similar growth retardation was observed in V. ben-
thamiana plants from the transplanting assay (Fig. S13D). Addi-
tionally, chlorosis phenotype was evident in the transplanted
plants treated with either 10 pM APM, 50 pM APM or 50 uM
oryzalin (Fig. $13D). Iodine staining and quantitative measure-
ment of starch contents revealed that large amounts of starch
remained in drug treated-seedlings or leaves that had finished
nocturnal metabolism (Fig. 8A and B; Fig. S13B and C). Fur-
thermore, TEM observations shows that SEX chlorophagy
occurred in mesophyll cells of transplanted plants treated with
APM or oryzalin (Fig. 8C). Taken together, these results suggest
that functional microtubules are required for leaf starch degrada-
tion and normal plant development.

Discussion

Role of microtubules in macroautophagy

Microtubules play important roles in macroautophagic pro-
cess in mammalian cells but not yeast cells.® Their participation
in different steps of mammalian autophagy is well investigated
through pharmacological approaches.”> Whereas an agreement
has been reached on the role of microtubules in autophagosome

48-51
movement, 85

the involvement of microtubules in autolyso-
some formation has been under debate.*>* Likewise, microtu-
bules have initially been believed to have little or no effects on
autophagic sequestration in early studies,”> but are proven to
have a facilitative role in autophagosome formation during star-
vation or mitosis.*”>"**>> For example, microtubule disruption
reduces the number of starvation-induced autophagosomes in
primary rat hepatocytes or Chinese hamster ovary cells,”">* and
microtubule dynamics and acetylation state of tubulins can affect
autophagosome biogenesis.49‘55 Nevertheless, interruption of
microtubules seldom affects the basal levels of autophagy.’'>*°°
In contrast to the comprehensive studies in mammals, little is
known about the involvement of microtubules in plant autophagy.

In this study, we investigated the autophagic response to
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Figure 8. Starch accumulation and SEX chlorophagy in microtubule
depolymerizing agent-treated plants. (A) lodine staining of leaves indi-
cates massive starch reserves in the microtubule depolymerizing agent-
treated plants from transplanting assay. Leaves used for determination
of starch content were harvested from the plants treated with 10 .M
APM or oryzalin at the end of night. These results were reproduced in 2
experiments using 6 to 8 leaves in each experiment. Representative
results are presented. Scale bars: 0.5 cm. (B) Quantitative analysis of leaf
starch content. Values are means + SE of 3 replicate samples. (C) Ultra-
structural analysis shows occurrence of starchy chloroplast autophagy in
microtubule depolymerizing agent-treated plants from the transplanting
assay. Blue arrows refer to the vacuole-localized starchy chloroplasts.
Scale bars: 5 pm. Leaf samples used here for starch assay and TEM sec-

tioning were all collected at the end of night.
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microtubule disassembly in N. benthamiana via silencing of tubulin
genes or treatment with microtubule-depolymerizing agents. Both
approaches interrupted cortical microtubules arrays successfully but

Volume 11 Issue 12



to different extents (Figs. 3 and 4, Figs. S6 and S9). This discrep-
ancy might be caused by the difference in availability of cellular
pools of tubulin dimers. Local application of APM or oryzalin in
leaves transiently releases too much herbicide for cells to keep
dynamic equilibrium between tubulin dimers and microtubules,
while silencing of TUBS8 or TUAG has less or no effect on the non-
targeted tubulins, which are also always able to reach a new appro-
priate We CFP-ATG8f-labeled
autophagosomes not only in cells with intact microtubules but also
in cells with disorganized microtubules (Fig. 4, Fig. S8). Moreover,
there was no obvious difference between the number of autophago-
somes formed in normal cells and microtubule-disorganized cells at

equilibrium. observed

the end of day or night when the level of autophagy was supposed
to be basal and low (Fig. S8A, B and E), implying that plant micro-
tubules are not crucial elements involved in autophagosome forma-
tion at baseline. However, a significant suppression of
autophagosome biogenesis occurred in microtubule-disrupted cells
during the upregulation process of macroautophagy at midnight or
under oxidative stress (Fig. 4, Fig. S8), demonstrating that intact
microtubules are important for efficient biogenesis of autophago-
somes induced by either internal signals or external environment
changes. These findings are consistent with reports on mammalian
cells that suggest regular microtubules function as facilitators of
autophagosome formation rather than essential elements.”">*>>

Microtubule involvement in macroautophagy has also been
supported by biochemical and molecular findings in mammalian
cells. Mammalian orthologs and paralogs of yeast Atg8 can be
associated with microtubules.*”>">® A subset of ATG proteins
engaged in phagophore formation, including BECN1/Vps30/
ATG6, WIPIL and the ATG12-ATG5 complex, are enriched in
the labile microtubule fractions upon starvation, suggesting that
dynamic microtubules are important for the assembly of preauto-
phagosomal structures and subsequent autophagosome forma-
tion.*” Additionally, BECN1/Vps30/ATG6 can be sequestered
on microtubules by 2 complexes comprising dynein light chainl
(DYNLL1/LC8) and AMBRAL or BCL2L11/Bim to regulate
the onset of autophagy.””*®

In this study, we detected interactions of ATG6 with tubulin
proteins (Fig. 1; Fig. S2) and its colocalizations with microtu-
bules in plants (Fig. 2; Fig. S5). The dynamic short movement
of some CFP-ATG6-decorated structures on microtubules clearly
shows the binding of ATG6 to microtubules (Fig. S5; Movie
S1). A similar movement of WIPI1, an ortholog of yeast Atgl8
engaged in early stage of autophagosome formation, along micro-
tubules has been reported in mammalian cells.”” The PtdIns3K
complex containing BECN1/Vps30/ATG6 is essential for the
vesicle nucleation step by producing PtdIns3P and recruiting
PtdIns3P-binding effectors, such as WIPI1/Atgl8 and ZFYVEI,
to autophagosome formation sites: the phagophore assembly site
in yeast and omegasome in mammals.”**>°° Moreover, 2 ubiq-
uitin-like conjugation systems, the ATG12-ATG5-ATGI16L1
complex and ATG8-PE, turn out to be downstream of the
PtdIns3K complex in the hierarchical model of ATG proteins in
autophagosome formation.®** Considering the positive role of
microtubules in autophagosome formation, we propose that the
localization of ATG6 on microtubules may facilitate efficient

www.tandfonline.com

Autophagy

recruitment of other ATG proteins to assemble scaffolds for auto-
phagosome biogenesis when cellular autophagic activities need to
be upregulated. On the other hand, when autophagy occurs at
basal level, a low level of pre-existing, available ATG proteins is
probably sufficient to meet the requirement for autophagosome
biogenesis without further microtubule-dependent recruiting.

A functional microtubule cytoskeleton is necessary for leaf
starch degradation

Leaf starch accumulates temporarily in chloroplast as primary
products of photosynthesis during the day and is mobilized at
night to provide neutral sugars, mainly in the form of maltose
and glucose, for the continued metabolism of plants.®> Any aber-
rations in starch synthesis or degradation would lead to altered
starch levels in leaves either at the end of day or night.*>** SEX
mutants identified so far in Arabidopsis are mostly deficient in
key enzymes involved in leaf starch degradation, like a-glucan
water dikinase, phosphoglucan phosphatase, (-amylase and
starch debranching enzyme.®> In addition, mutations in genes
involved in transporting starch breakdown products out of the
chloroplast, like maltose transporter MEXI (maltose excess 1), or
metabolizing them in the chloroplast and cytosol, like chloroplas-
tic or cytosolic disproportionating enzyme DPEI and DPE2,
cause feedback inhibition of starch degradation and generate
SEX phenotypes as well.®*7° Unexpected or pleiotropic SEX
phenotypes are sometimes reported.”’ In N. benthamiana, higher
starch reserves are also detected when autophagy is blocked, sug-
gesting autophagy is involved in leaf starch degradation.”!

Here, we observed an extremely severe SEX phenotype in V.
benthamiana plants lacking intact microtubules (Figs. 5, 6, 8 and
Fig. S13). Large amounts of starch reserves were detected even
when the 7UBS-silenced plants were subjected to dark treatment
as long as 120 h (Fig. 5A). Moreover, APSI1- and TUBS-cosi-
lenced leaves still developed SEX phenotype, suggesting the
excess starch accumulation is due to defects in mobilization pro-
cess rather than enhanced starch synthesis (Fig. 5B and D). In
our previous studies, we report that the macroautophagic path-
way, distinct from the major, classical plastidial route, is responsi-
ble for the extra-chloroplast degradation of small starch granule-
like structures.”"** A blockage of the macroautophagic pathway
in leaf starch degradation would partially account for the
impaired starch turnover in microtubule-disrupted plants since
the nocturnal autophagic activity was significantly suppressed
when the microtubules were disorganized (Fig. 4 and Fig. S8C
and D). However, this is obviously not the whole reason for the
SEX phenotype, because much higher levels of starch accumu-
lated in 7UBS8-silenced leaves than A7G6-silenced leaves
(Fig. §10). The classic plastidial starch degradation must have
been inhibited in the microtubule-disrupted cells, although the
mechanism linking microtubule cytoskeleton and leaf starch deg-
radation in chloroplasts is completely unknown. Microtubule
cytoskeletons might exert influence on starch degradation
through unknown, direct or indirect connections to SEX pheno-
type-generating factors. Further studies are required to clarify
how the severe SEX phenotype is generated in microtubule-disas-
sembled plants.
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ATG5, ATG6 and ATG7 are not required for SEX
chlorophagy

Organelles become substrates of autophagy when they are
damaged or not needed in some special cases.”* As a specialized
organelle in plants and photoautotrophic algae, the chloroplast is
no exception. Vacuolar degradation of the whole chloroplast in a
phagocytic-type way was proposed decades ago in pioneering
ultrastructural studies of dark-induced senescing primary wheat
leaves.”” Other studies in naturally or induced senescent leaves
report 2 pathways for degradation of chloroplastic structures:
ATG-dependent internalization of the whole chloroplast or
Rubisco-containing bodies into central vacuole and A7G-inde-
pendent degradation of stromal proteins in senescence-associated
vacuoles.”*”” It is thought that the vacuolar degradation of chlo-
roplastic structures play essential roles in remobilization and recy-
cling of nutrients in leaves during plant senescence.'” A recent
study shows a distinct autophagy-independent pathway for
stress-induced degradation of thylakoid and stromal proteins,
which is mediated by the formation of chloroplast vesiculation-
containing vesicles.”® In other cases, chloroplast damages due to
either virus infection or gene mutations in chloroplast translocon
or maltose transporter also caused vacuolar degradation of chlor-
oplasts,””7>8 suggesting that chloroplast-targeted autophagy
plays an important role in organelle quality control.

In this study, misshapen chloroplasts bearing large starch gran-
ules were delivered into vacuole of mesophyll cells with disrupted
microtubules through a process termed SEX chlorophagy (Figs. 6
to 8). The aberrations in chloroplast morphology and the occur-
rence of SEX chlorophagy were more evident when considerable
starch granules accumulated in chlorotic leaves of 7UB8-silenced
plants (Fig. 6A and B). Apart from whole chloroplasts, chloroplast
remnants like thylakoid membranes were occasionally observed in
vacuoles (Fig. 6B), suggesting that cells might be undergoing vac-
uolar degradation of chloroplasts. These extreme phenotypes of
chloroplast degeneration probably contribute to leaf chlorosis
occurrance at later growth stages of microtubule-disrupted plants
(Fig. 3; Fig. S6B and C, as well as S13D). Indeed, defective
metabolism of starch breakdown products in Arabidopsis mexl
and the dpel mex] double mutant triggers chloroplast degradation
and leads to chlorosis.*” The abnormal vacuolar deposition of
chloroplasts in 7UBS-silenced cells was further confirmed by
time-lapse observations of mesophyll cells under CLSM, which
showed Brownian motion of chloroplasts or chloroplastic struc-
tures within the central vacuole (Movies S2 and S3). To demon-
strate the vacuolar localization of SEX chloroplasts, we have also
made attempts to isolate vacuoles from TUBS8-silenced N. ben-
thamiana protoplasts as described.®’ Whereas vacuoles were suc-
cessfully released from nonsilenced protoplasts by osmotic and
thermal shock, few vacuoles were observed to release from 7UBS-
silenced protoplast for unknown reason at the corresponding step
(data not shown). Strikingly, the phenotypic aberrations in chloro-
plast morphologies and SEX chlorophagy in 7UBS-silenced leaves
were alleviated by 7UB8 and APSI cosilencing which markedly
reduced starch accumulation (Fig. 6C and D), revealing a positive
correlation between starch content, malformations of chloroplasts
and vacuolar degradation in 7UBS8-silenced plants.
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The concurrence of SEX chlorophagy and compromised mac-
roautophagy in microtubule-disrupted plants indicates that SEX
chlorophagy may be macroautophagy-independent. This hypoth-
esis was further confirmed by cosilencing experiments. The num-
ber of vacuole-localized SEX chloroplasts did not decrease when
TUBS was cosilenced with other ATG genes (A7G6, ATG5 or
ATG7?) (Fig. 7). Moreover, no vesicle embedding chloroplast was
observed either in the cytoplasm or the vacuole (Figs. 6 and 7).
All evidence supported a dispensable role of macroautophagy in
SEX chlorophagy. In fact, the size of normal mature chloroplasts,
about 5 to 10 pm across, far exceeds the reported capability of
classic double-membrane autophagosomes (around 1.5 wm),"”
not to mention the size of swollen chloroplasts resulting from
massive starch accumulation. Cargo selectivity seems to exist dur-
ing the degradation of SEX chloroplast, as not all the chloroplasts
swarmed into the vacuole at the same time unless the cell col-
lapsed (Figs. 6 to 8). How SEX chloroplasts enter vacuoles is still
unknown and requires further investigation in the future.

Materials and Methods

Plant materials and plasmids

N. benthamiana plants were cultivated in growth rooms at
25°C under a 16-h light/8-h dark cycle. The Bait vector BD-
ATGO6 and Prey vector AD-TUBS used in the yeast 2-hybrid
were generated by inserting the full-length gene ATG6 and
TUBS into pYL302 and pJG4-5 respectively.®” Constructs for
LCI assay were generated by cloning target genes into 35S-nLUC
or 355-cLUC respectively.”” Expression Vectors used in colP
and confocal assays were generated by cloning target genes into
pCAMBIA1300-based T-DNA vectors with respective tags.®”
The VIGS vector TRV1 has been described;* TRV2-TUBS,
TRV2-TUAG were constructed by cloning the respective cDNA
fragments into pTRV2-LIC as described previously.*> Other
VIGS vectors used in cosilencing assays, including TRV2-APS1-
Luc, TRV2-TUB8-Luc, TRV2-TUBS8-APS1, TRV2-TUBS-
ATG6, TRV2-TUBS-ATG5, TRV2-TUBS-ATG7, were gener-
ated by inserting a 900-bp overlapping PCR product of a 450-bp
sequence of a target gene with another 450-bp fragment of a tar-
get gene or a nontarget gene encoding luciferase. Autophagy
marker CFP-ATGSf was described.?' Fluorescent markers for
microtubules were generated by cloning MBD domains of
MAP4 into A pCAMBIA1300-based T-DNA vector with GFP

or YFP. Primers used for gene cloning are listed in Table S1.

Transient expression by agroinfiltration and VIGS

Agroinfiltration-mediated transient expression in N. ben-
thamiana leaves was performed as described.®” Leaf samples were
detached at 40 to 60 h postinfiltration for the corresponding
assays. For VIGS assay, mixed Agrobacterium cultures containing
TRV1 or TRV2-derivative plasmids (ratio 1:1) were infiltrated
into the leaves of 6-leaf stage V. benthamiana plants as described
previously.”'
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Protein-protein interaction assay

A yeast 2-hybrid system was used to screen and confirm pro-
tein-protein interactions as described.®

For the firefly luciferase complementation imaging (LCI)
assay, Agrobacterium cultures containing nLUC- and cLUC-
fusion constructs were infiltrated into N. benthamiana. Leaves
were detached at 40 h post-infiltration and sprayed with 1 mM
luciferin (Gold Biotechnology, LUCK-1G). Luminescence was
captured with a low-light cooled Andor iXon CCD camera
(Andor Technology, South Windsor, CT, USA) after 10 min of
exposure. Anti-firefly LUC antibodies (Sigma, L0159) were used
to detect the expression of nLUC- and cLUC-fusion constructs.

For coimmunoprecipitation (ColP) assay, total proteins were
extracted in buffer containing 10% (v/v) glycerol (Sinopharm
Chemical Reagent, 10010692), 25 mM Tris-HCl (pH 7.5;
CAMYCAL, T41571), 150 mM NaCl (Sinopharm Chemical
Reagent, 10019318), 1 mM EDTA (Sinopharm Chemical
Reagent, 10009717), 2 mM DTT (Sigma-Aldrich, D0632),
0.1% (v/v) Triton X-100 (Sigma-Aldrich, T8787), I mM PMSF
(Sigma-Aldrich, P7626) and protease inhibitor cockeail (1 x;
Roche, 04693116001). Protein extracts were incubated with the
anti-HA antibody (Santa Cruz Biotechnology, sc-7392) for 4 h
at 4°C followed by incubation with protein A/G plus agarose
beads (Santa Cruz Biotechnology, sc-2003) for 1 h to overnight.
The beads were collected and washed 3 times with the extraction
buffer. Immunoprecipitated samples were then used for western
blot analysis using the anti-MYC antibody (Santa Cruz Biotech-
nology, sc-40).

Microtubule colocalization assay in vivo

For colocalization assay in vivo, CFP-ATG6 and microtubule
reporter GFP-MBD or YFP-MBD were transiently coexpressed
in leaves of 6-leaf stage V. benthamiana for 48 h. Their colocali-
zations were then detected with a Zeiss LSM 710 laser scanning
microscope (Carl Zeiss, Jena, Germany) by sequential scanning
of different fluorescences in 2 tracks.

Real-time RT-PCR

Real-time RT PCR was used to test the silencing efficiency and
target-specificity of VIGS. The upper expanded leaves of V. ben-
thamiana plants silenced for about 3 wk were detached for RNA
extraction and reverse transcription as described.”’ Real-time PCR
analysis was performed on a Bio-Rad CFX96™ Real-Time PCR
Detection System (Bio-Rad, Gladesville, NSW, Australia) using
Power SYBR— Green PCR Master Mix (Applied Biosystems,
4367659). ACT7 and EFI1A were used as the internal controls. Pri-
mers used for RT-PCR analysis are listed in Table S1.

Live-cell imaging of microtubules and autophagic structures

Microtubule reporter GFP-MBD was transiently expressed in
N. benthamiana leaves for 48 h and detached for confocal imag-
ing under an inverted Zeiss LSM 710 laser scanning microscope.
The GFP-derived fluorescence was monitored by a 488-nm exci-
tation laser.

Autophagy marker CFP-ATG8f was imaged at 48 to 60 h
postinfiltration using a Zeiss LSM 710 microscope with an
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excitation light of 405 nm and chloroplast autofluorescence was
excited at 543 nm. Nocturnal autophagy was examined at time
points of 0 h (at the end of day), 4 h (at midnight), 8 h (at the
end of night) after onset of darkness. For oxidation-induced
autophagy, N. benthamiana leaves were infiltrated with 10 pM
methyl viologen (Sigma-Aldrich, 856177), at the area where
CFP-ATGSf had been transiently expressed for about 36 h, to
keep the 24-h treatment under normal light/dark cycle before
autophagy examination at the next end of night. All image proc-
essing was performed using ZEN 2009 Light Edition. For quan-
titative analysis of autophagic activity, the number of cells and
CFP-ATGS8{-labeled structures in a field of view were counted
separately to calculate the average number of autophagic struc-
ture per cell. More than 100 mesophyll cells from several views
of one independent experiment were used for quantification. Rel-
ative autophagic activity was obtained by normalizing the num-
ber of autophagic structure per cell in tested samples to that of
the control. Three or more independent experiments were per-
formed to calculate the final relative autophagic activity.

Iodine staining and starch content measurement

Leaves or seedlings were harvested at the indicated time and
decolorized by ethanol for subsequent qualitative and quantita-
tive determination of starch contents as described.?!

Transient and long-term application of microtubule
inhibitors

For transient application of microtubule inhibitors, amipro-
phos-methyl (APM; Sigma-Aldrich, 03992) and oryzalin
(Sigma-Aldrich, 36182) were used at the concentration of 10
M, and 0.1% (V/V) Dimethyl sulfoxide (DMSO; Amresco,
0231) was used as solvent control. Using a needless syringe,
reagents were infiltrated into expanded N. benthamiana leaves
transiently overexpressing CFP-ATG8f or GFP-MBD at the end
of night. After a 4-h treatment, leaves were detached for examina-
tion of drug effects on autophagic structures or cortical microtu-
bule arrays.

For long-term application of microtubule inhibitors, MS
media containing APM or oryzalin at the concentration of 10
M or 50 uM was used. In the germination assay, surface-steril-
ized seeds were plated directly on the inhibitor-containing MS
plates and grown at 25°C under under a 16-h light/8-h dark
cycle for about 2 or 3 wk. In the transplanting assay, N. ben-
thamiana was germinated and cultured on normal MS media for
about 5 or 6 wk and transplanted to new culture bottles with
inhibitor-containing MS media for another 4-wk treatment
under regular light-dark cycles. Sample collection for starch assay
and TEM was performed at the end of night.

TEM

The general procedures used to prepare TEM samples and
sections have been described previously.?' Sections were stained
with uranyl acetate and lead citrate and then examined with a
Hitachi H-7650 electron microscope (Hitachi High-Technolo-
gies, Nishi-Shimbashi, Minato-Ku, Tokyo, Japan).
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Accession numbers

Sequence data from this article can be found in the GenBank/
EMBL databases under the following accession numbers:
NtTUB8 (KP316398), NtTUB6 (KP316399), NtTUBI
(KP316400), NbTUAG (KP316402) and NtATG6 (KP316403).

Statistical analysis

Statistical analyses were performed with a 2-tailed unpaired
Student # test. P < 0.05 was considered statistically significant
(shown as *); P < 0.01 was considered highly statistically signifi-
cant (shown as **).
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