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autophagy; dark stress; metabolism; stress that significantly affects plant growth and development. To understand
Nicotiana benthamiana, proteomic; weighted v Nijcotiana benthamiana responds to dark stress, the proteomes and meta-
gene coexpression network analysis bolomes of leaves treated with darkness were studied. In total, 5763 proteins
and 165 primary metabolites were identified following dark treatment. Addi-
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isomerase (IPMI), eukaryotic elongation factor SA (ELF5A), and ribosomal
protein SA (RPS5A). Finally, metabolic analysis suggested that some amino
acids and sugars were involved in the dark-responsive pathways. Thus, these
results provide a new avenue for understanding the defensive mechanism
against dark stress at the protein and metabolic levels in N. benthamiana.
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The direct effect of illumination on plants is to carry also be used as a signal factor to regulate plant growth
out photosynthesis, so that organic material could be and development, including all stages of plant growth
produced for plants to store energy. Illumination can [1]. Lack of illumination is likely to lead to
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Omics analysis to characterize dark stress response

carbohydrate deficiency in plant cells [2]. The synthesis
of chlorophyll is dependent on illumination, and the
content and activity of pigment complex proteins are
affected by illumination intensity. Chlorophyll synthe-
sis is inhibited, and the expression of related pigment
complex proteins is downregulated under dark condi-
tions [3]. Duba and Carpenter [4] found that the leaves
became larger and thinner; the net photosynthetic rate
decreased of American sycamore clone grown in
shade. Wada [5] identified the number and size of
chloroplasts significantly reduced in darkened leaves of
wild-type Arabidopsis, and the protein content in
chloroplasts decreased. Dark stress also induces autop-
hagy to recycle cytoplasmic contents in order to pro-
vide energy requirements [3,6-8]. In order to maintain
respiration in darkness, protein and lipid catabolism
can replace carbohydrate metabolism. Damaged pro-
teins, organelles, and other degraded materials are
enveloped by double-membrane autophagosomes and
transferred to vacuole [9-12]. The outer membrane of
the autophagosome fuses with the vacuole membrane,
and the autophagosome is degraded in the vacuole to
release amino acids and carbohydrates for recycling
[13,14]. This process requires not only ATG proteins
but also proteins that can mediate and regulate the
process of autophagy [15].

There are several ways to achieve the dark treatment
for plants, such as the entire plants are put in dark
condition for cultivation, the mature leaves are cut off
from plants and incubated in a medium placed in dark
environment, and the plant leaves wrapped in tin foil
are individually shaded [5,16,17]. N. benthamiana is an
important model system which is usually used to study
gene regulation in response to stress. Therefore, it is of
great significance to study the performances of N. ben-
thamiana under dark stress.

Following the rapid progress in liquid chromatogra-
phy/mass spectrometry (LC/MS) technology, sequen-
tial windowed data-independent acquisition of the
total high-resolution mass spectra (SWATH-MS) is
increasingly used for proteome analysis to identify pro-
teins and pathways that are vital to stress response
[18,19]. At present, studies on dark stress are almost
based on gene level [3,20]. We aimed to reveal the
changes that take place in the proteome of N. ben-
thamiana in response to dark stress by SWATH-MS
method coupled with bioinformatic analyses. In addi-
tion to protein regulatory networks, plants also have a
variety of highly regulated metabolic networks which
play crucial roles in the growth process under dark
treatment. For example, amino acids and sugars are
not only energy substances but also signal molecules
to participate in the intracellular signal transduction
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process and responding to stress [21,22]. Therefore,
multiomics analysis could present more comprehensive
information. McLoughlin et al. [23] integrated pro-
teomic, transcriptomic, and metabolomics analyses to
research maize autophagy mutants subjected to carbon
starvation induced by darkness, identified numerous
autophagy-responsive proteins, and revealed metabolic
alterations during dark stress. Havé et al. [24] applied
a multiomics approach to uncover how low-nutrient
conditions affect the changes in endoplasmic reticulum
and lipid composition of Arabidopsis atg5 mutants.

Herein, our goals were to explore the changes of
proteome and metabolome of N. benthamiana in
response to dark stress. WGCNA was used to estab-
lish modules in order to find proteins which respond
to dark stress. Through the predicted-PPI network, it
was speculated that proteins IPMI, ELF5A, and
RPS5A may play important roles in dark treatment by
participating in the autophagy regulatory process. In
addition, energy metabolism and hormones appear to
play a significant role in the mechanism of N. ben-
thamiana responding to dark stress.

Methods

Plant growth and dark treatment

Fifty-day-old N. benthamiana plants grown in soil were
divided into the control group and the dark treatment group.
Control group plants at time 0 h were placed in a normal
environment with a circadian rhythm of 16 h of light (24 °C)
and 8 h of darkness (20 °C), and plants were watered every
other day. The dark-treated plants had the same conditions
as those of the control group except light. They were kept in
a dark room up to specific time points along a time gradient
(0 h (control), 8 h, 16 h, 24 h, 32 h, 40 h, 48 h, 3 days,
4 days, 5 days, 6 days, 7 days, and 8 days) [3]. The entire
leaves of four plants were harvested at each time point dur-
ing the dark treatment. After harvesting, the leaves were
immediately frozen in liquid nitrogen and stored at —80 °C.
All experiments were repeated three times.

Quantitative RT-PCR analysis

The EASYspin Plus Plant RNA Kit (AidLab, Beijing, China)
was used to purify the total ribonucleic acid (RNA) of sam-
ples from each time point according to the instructions. The
RNA from each sample was used in reverse transcription
with the primescript RT reagent Kit with gDNA Eraser
(Takara, Kyoto, Japan). Specific primers designed for the
real-time quantitative RT-PCR of ATGS8i and TOR were as
follows: 5 ATATAATCGCCAAATATCCTGATC 3° (up-
stream primer) and 5 TGTTGTTTGAGGCAAGGTGTTA
3’ (downstream primer), 5 AAGCCCACGCTTTATTTGCG
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3’ (upstream primer) andS” TTCAACTTGCGCCTACCCTT
3’ (downstream primer), respectively (Appendix S1). PCRs
were performed using the LightCycler® 96 real-time PCR
detection system (Roche, Basel, Switzerland).

HPLC analysis of pigment content

20 mg dried sample powder was extracted with 1.5 mL
extract solution (90% acetone), treated with ultrasonic for
1 h, and centrifuged for 10 min. The supernatant was col-
lected and analyzed by high-pressure liquid chromatogra-
phy (HPLC).

Agilent 1260 HPLC (Agilent, Santa Clara, CA, USA)
connected to a CI8 column (3.9 mm x 150 mm, Waters,
Milford, MA, USA) were used. The flow gradient was as
follows (buffer A: isopropanol; buffer B: 80% acetonitrile
(ACN)): buffer B from 100% to 0% in 0-39 min. The flow
rate was 0.5 mL-min~!. The ultraviolet wavelengths of
detection were at 428 and 448 nm.

TEM analysis

Plant leaves were cut into thin slices, fixed with 2.5% glu-
taraldehyde for 2 h and 1% osmic acid for 4 h, respec-
tively. The slices were dehydrated with ethanol and
embedded in the resin at 37 °C for 12 h after washing with
phosphate buffer. Then, the resin was sliced and dyed with
2% (w/v) uranium dioxide acetate for 20 min followed by
lead citrate for 10 min. TEM HT 7700 (HITACHI, Tokyo,
Japan) was used to observe and photograph the cells.

GC/MS sample preparation and analysis

The method of Lu [25] was used for gas chromatogra-
phy/mass spectrometry (GC-MS) analysis with some modi-
fication. 20 mg of dry leaves and 1.5 mL extraction solvent
(isopropyl alcohol/ACN/water:3/3/2 (v/v/v)) with tride-
canoic acid as internal standard were mixed by ultrasound
for 1 h. After centrifugation (21 130 g, 10 min), 500 uL of
the supernatant was collected and dried, then derivatized at
37 °C for 90 min in 100 pL of 20 mg-mL~! methoxyamine
pyridine (Merck, Darmstadt, Germany) solution and
100 pL  of N-methyl-N-(trimethysilyl) trifluoroacetamide
(Merck) for 60 min at 60 °C, respectively.

An Agilent 6890 Series GC system combined with an
Agilent 5975 series mass selective detector were used. An
Agilent DB-5MS column (0.25 pm, 0.25 mm x 30 m) was
chosen. Flow rate was set at 1.2 mL-min~", 300 °C as the
injection temperature, 230 °C as source temperature, and
oven temperature programmed at 70 °C for the first 4 min
and then increased at 5 °C-min~' to 310 °C for 15 min.
The scan range was set to 33-500 m/z in full scan mode.
The data were quantitatively processed with AuTOGCMS-
DATAANAL software [26]; the NIST library (version 2.3) was
used for qualitative analysis of metabolites.
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LC/MS analysis of plant hormones and
flavonoids

25 mg of dry N. benthamiana leaves power were dissolved
in 0.75 mL of cooled methanol water extract solution
(4 : 1, v/v). Samples were ultrasonic for 30 min at room
temperature and kept at 4 °C overnight. The supernatant
was collected, and ten times concentrated. Hormones and
flavonoids analyses were performed using an LC/MS sys-
tem (LC, Agilent 1260 HPLC system; MS, Agilent6490 tri-
ple quadrupole).

SB CI18 column (2.1 mm x 100 mm, 1.8 um, Agilent)
was chosen for the detection of hormones. The flow rate
was 0.3 mL-min~'. Multireaction monitoring (MRM) mode
was adopted. Buffer A (0.1% formic acid in water) and
buffer B (0.1% formic acid methanol solution) were as the
mobile phases, and the gradient was set as: buffer B
increased from 5% to 48% in 0-0.2 min; 57% in 7.0 min;
96% in 7.5 min; 100% in 10.0 min.

BEH Phenyl (2.1 mm x 150 mm, 1.7 um, Waters) was
chosen for the detection of flavonoids. The flow rate was
0.3 mL-min~'. There were 10 compounds monitored by
MRM mode. The flow gradient was as follows (buffer A:
0.1% formic acid in water; buffer B: 0.1% formic acid
ACN): buffer B from 5% to 15% in 0-2 min; 15% in
10 min; 100% in 15 min.

Determination of starch by continuous flow
method

The starch content was determined according to the tobacco
industry standards of the People’s Republic of China (Stan-
dard no: YC/T 216-2013). 25 mL of 80% ethanol-saturated
sodium chloride solution and 250 mg of leaves were mixed by
ultrasound for 30 min. The extraction solvent was discarded
after centrifugation; 15 mL of 40% perchloric acid was added
and mixed. The color reaction of starch was determined by
iodine method at 570 nm by using colorimeter.

Protein extraction, quantification, digestion,
purification, and fractionation

As reported in previous literature by Lu [25], samples at
each time point were used to extract, quantify, digest, and
purify protein. The pooled desalted peptide sample (100 pg
desalted peptides of each sample, 13 samples) was divided
into eight fractionations and dried by Speedvac.

Reference library generation and SWATH
quantitative analysis

The eight fractionations were detected respectively by mass
spectrometer TripleTOF 5600+ (AB SCIEX, USA) com-
bined with Ekspert™nanoLC 415 (AB SCIEX, Framing-
ham, MA, USA) in information-dependent acquisition
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(IDA) mode. The liquid phase systems were consisted of
mobile phase A (0.1% formic acid in water) and B (0.1%
formic acid in ACN). The peptides were loaded onto a
nanoLC trap column (ChromXP CI8-CL, 3 pm, 120 A,
350 um x 0.5 mm, AB SCIEX). Afterward, a nanoLC col-
umn (75 pm x 15 cm, 3C18-CL-120, 3 um, 120 A, AB
SCIEX) with a flow rate of 300 nL-min~' was used to elute
peptides by employing a nonlinear 120-min gradient: buffer
B increased from 5% to 8% in 0.5 min, 22% in 40 min,
22% to 30% in 80 min, 30% to 50% in 95 min, 50% to
80% in 105 min, 80% in 106 min, 80% to 5% in 112 min,
5% in 120 min. The mass tolerance was set to 50 mDa, and
the detection limit was set to 100 cps. A maximum of 40
precursors per cycle were chosen and the mass range was
350-1500 m/z. The MS data of all eight fractionations were
searched against the N. benthamiana database (version
v1.0.1) by ProteinPilot to generate a SWATH library. The
following parameters were set: iodoacetamide cysteine alky-
lation, digestion by trypsin, no special factors, and false dis-
covery rate (FDR) < 1.0%. The proteins, peptides, and their
fragment ions were included in the library for extracting
SWATH data.

Proteins of each time point were analyzed in SWATH-
MS mode, and the conditions of liquid phase were the
same as those in IDA mode. The SWATH data acquisition
was 60 dynamic windows and the precursor ion mass range
was set at 350-1500 Da. The generated library and the
SWATH data files were together imported into the soft-
ware PEAKVIEW (version 2.1.10, AB SCIEX), the target pep-
tides were extracted after the mass spectrum peak
calibration. For each peptide, five transitions were selected,
and a peptide confidence level was set to > 99%. The
‘mrkvw’ file containing protein and peptide information
was loaded into Marker View software (version 1.2.1.1, AB
SCIEX) for quantitative analysis.

Bioinformatics

WGCNA was used to find the relationship between biologi-
cal data and specific biological samples. Genes with similar
expression patterns were grouped into the same module.
Modules with high correlation which were merited deeper
study can be found by calculating the correlation coeffi-
cients between module eigengenes and different time points.

The complete sequences of identified proteins were
searched against the N. benthamiana database (version
v1.0.1) and generated as ‘.fa’ files, which were loaded in the
multiple sequences in STRING software (http://string-db.ory/,
version 10.5) and the Arabidopsis thaliana was selected as
the organism. The confidence of protein analysis was set as
high (> 0.900) and the results were output in ‘string_inter-
actions. tsv’ and ‘enrichment KEGG. tsv’ files. Cytoscape
(version 3.7.1) was used to visualize the PPI network by
importing the network from ‘string_interactions. tsv’ file,
proteins were classified based on KEGG results. A
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continuum of orange to blue was chosen as label color (from
orange to blue, the protein’s degree value was getting higher).
The proteins with high degree were considered as hub pro-
teins in the PPInetwork. t-test < 0.05, fold change > 1.25 or
fold change < 0.8 were set to filtrate differentially expressed
proteins and differentially accumulated metabolites.

Principal component analysis (PCA) and Hierarchical
Clustering Alg (HCA) were performed on the whole sam-
ples using simMca software (version 13.0.0.0, Umetrics,
Malmo, Sweden).

Results

Plant phenotypes and analysis of proteome

The senescence of dark-treated N. benthamiana plants
was examined. There was no visible yellowing in the
first 4 days of dark treatment (Fig. 1A). After 5 days of
dark treatment, the leaves exhibited a highly chlorotic
phenotype compared to the control groups. The leaves
began to lose pigment and showed structural collapse.
After 6 days, the ratio of yellow plants increased. After
7 days, the leaves were constantly yellowing and exhib-
ited remarkable collapse. As the dark treatment contin-
ued, the plants were finally withered and almost died.
There were obvious changes in plastid pigment levels in
dark-treated plants, and four pigments were tested
(Fig. 1B). The content of neoxanthin showed a bimodal
change. There were significant increases on 3 days and
5 days under dark condition. The level of violaxanthin
reduced rapidly on 2 days, with a slight increased at the
next 2 days, and then steadily decreased from day 5. It
was observed that all types of chlorophyll diminished
during dark treatment (Fig. 1C).

Eight group samples obtained by fraction were used
to generate the reference library, which contained 7320
proteins. The library was compared to a SWATH-MS
map with PeakView software, 5763 proteins were identi-
fied, with FDR < 1% for both protein and peptide
levels. The PCA model showed that all samples of con-
trol and dark-treated groups are clearly separated
(Fig. 1D), indicating that the proteins of dark-induced
plants have changed relative to the control plants. There
were significant differences that accumulated through
time in the dark-induced plants. HCA performed a good
correspondence between the protein clustering of each
sample and the sampling time (Fig. 1E).

WGCNA and PPI network of specific consensus
modules

Using the WGCNA approach, the expression values of
the 5763 proteins were used to construct the
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Fig. 1. Phenotypic changes and PCA of proteome under dark stress. (A) Photographs of example plants taken on each of 8 days of dark

treatment. Side view and top view. (B, C) Changes in the concentration of neoxanthin, violaxanthin, chlorophyll a, and chlorophyll b in
Analysis of variance (ANOVA) was used for statistical analysis. ('*: P

leaves. Error bars indicate standard deviation (SD) (n= 3).
value < 0.05, "**: P value < 0.01). (D) PCA of SWATH data from both dark treatment groups and control (control = 0 day (0 h)). (E)
Clustering dendrogram of samples obtained on the consensus correlation.
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coexpression module. Four unique modules were iden-
tified in our data (Fig. 2A). Coregulated genes in each
module are similar in their expression patterns. In
WGCNA, correlated expression profiles indicate that
there might be interactions among genes in the related
pathways. For all samples, two modules had a high
correlation with the time-point samples: The tur-
quoise-colored module was positively associated with
8h (r=042, P=0.008) and 16h (r=0.44,
P = 0.05), and the blue-colored module was positively
correlated with 7 days (r = 0.6, P = 5¢—05) and 8 days
(r=20.55, P=3e—04) (Fig. 2B). One of the most
important parameter was power value which mainly
affects the independence and the average connectivity
degree of coexpression modules. The appropriate
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power value (f = 2) was screened out (Fig. 2C), and
the independence degree was up to 0.9.

The network of PPI from the turquoise module pro-
teins was established by STRING software (Fig. 3A).
The network involves proteasome, RNA transport,
protein processing, porphyrin and chlorophyll metabo-
lism, spliceosome, and mRNA surveillance. The pro-
teins of the blue module were also used to establish a
PPI network that contained proteins at several key
hubs (Fig. 3B). These proteins are mainly involved in
carbon metabolism, oxidative phosphorylation, ribo-
some, photosynthesis, aminoacyl-tRNA biosynthesis,
and the TCA cycle.

Meanwhile, some proteins in the turquoise module
confirmed to be highly associated with autophagy
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Fig. 2. Weighted gene coexpression analysis diagram. (A) Dendrograms of sample proteins, with dissimilarity based on topological overlap,
together with assigned module colors, showing four coexpression modules identified in all samples by WGCNA. The size of modules
depended on the number of proteins contained in each module. (B) Module-trait relationships between consensus module eigengenes and
the trait time. Each row corresponds to a module eigengene, each column to a time. Correlation coefficient and P-value is shown in each
cell. Red color represents a positive correlation, while green color means a negative correlation between a specific module and the trait

time. (C) The soft thresholding power for a scale-free network.

236

FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



J.-J. Shen et al.

(A)

-l

Arigiors it~
“eRpe

G
7

o adia

/ .

 ari@en wos2

/ i Ao P

i@ ) iy, %

Ao "3 1 N
by Sy Ve

] Nz
! e PSKriGian

uBE3S
sphceqsomecw

E"é"’ﬁﬂuu::'sw

] >

Sucanemn Ao’

arsioszs

. @ 7“—“* S ;nu,
i e \m“”” Af.;;s.m‘m

s
1y N iy e S amazsin

[ A S, PR @
\ mRNA survelllance" 5
s N e B

ATZGHs%0 EMB3N7, I

sty

ol kG

ar <@

B0 \ A Porphyna and chlorophyll""
& @ _ metabolism

® ,

[PeAD2 PR

oS

5l

. > @
“--—-~photosynthesis

e Vltamm B6 metabolism

o T e

& B|osynlhe$|s of
secondary metabotites
® @

Omics analysis to characterize dark stress response

B Metabolism
( ) . -ViBD1-cAGH - OX|dal|v_g phosphoryla!lon
! MANL4  AT2883040

ATSGé'IDSD
PSBG ‘z

LOH284 5\ pri6e2

AT2G24580 PYD4

i HGo —AST

= PSAF PSAB . PSBE %

}(74(313730 -+, TROL.
i ATiG2888,
: : T-HF
y AT3G60750 FERY ‘ > 3
\ TRAZ © 7 OVAQ i
CAT". ;

.78 S dricoza0s | AT4GHTOBATR PnsBS

AT3613980 AminoacyH

TUP183
»

’26‘3
A136554|D
' A'MsmusK

AT2G20420 /'

Lox1 F L RRST
A15g06290 _
AT1G34220 - - CRPLO
Fgpr ERF1-3 RPLSB‘EMBS'H |
- AT4G‘\7569
AT3G54210
i EMB27B‘I
"-AT4G01310_- Ribosmoe

- asb2 ":
GCHZ 81 “Fq
#SD1

(©)

5 by ATIoTGOR
Tidar! aTiGk290 T 0 T 6N, arimazn
TURD AaGa00e0 o FTSZ1 \iey e ABOF1 gBip
® AT3609200
AT1G21400
AT4625740 oy

iPGAMZ

e
Wieo. ATIG1I0
’ELFﬁA—‘ ELFSA-3
adle2
oot

e s
RTIGTBS50— gy ATOI——— Ere2
AT2G45300 ATSG25757.1 7 ATSG20890
AtaGorsg G0N ATSGEIITOC > Z / TuAs
AT~ HE i

ATaGt1gz— TUB

o B

QU740

ATIGE8430
=

AT2GIOT0 ATIORESH
emBioss AT95820 TG 1a070 7

ATa610850 MO “”Ua
ATACLRD Lot oo
ATIGI2A0 popr ~ RPLZY o “Bﬂ/
ATSG3520 mtmm R0
Agoibso 7sgr AT 5c0

AT f10 ATAGHMSSS

GaT220 |
T twor ATiGTAIT0
oz Sl HEMG L gl Amzcareso
[RBpasa
cHuy ATIGS1110
NS VO

ATAGO9640 | ATSGA8760
AT2632060 HCF101

ey RPLSB
ATIGI2000  ppxiq

Fig. 3. PPl networks. (A) The PPI network of turquoise module. (B) The PPI network of the blue module. (C) Predicted-PPI network of
autophagy-related proteins in the turquoise module. Colors range from orange to blue; the degree score of corresponding protein was

higher.

process (such as ATG proteins), and the proteins which
have high weight value with ATG proteins in the tur-
quoise module were selected and visualized using Cytos-
cape to construct a predicted-PPI network (Fig. 3C).

TEM and PCR analysis of N. benthamiana
mesophyll cells under dark treatment

TEM was performed to observe the changes of N. ben-
thamiana leaf cells under dark stress (Fig. 4A). It was
obviously observed that various typical double-mem-
brane autophagosomes (Fig. 4A III and IV) have accu-
mulated in the dark-treated plants, while these
structures were not seen in the control plants (Fig. 4A T
and II). The starch in chloroplast was distinctly
decreased in the leaf cells after dark treatment (Fig. 4A
III and IV) compared to the control (Fig. 4A 1T and 1),
which was consistent with the result of starch content
detection (Fig. 4A V). These results indicated that dark
stress could induce autophagy, which were consistent
with the previously reported literature [3,7,8].

The expressions of ATG proteins (such as ATG3
and ATG18) were also investigated. The expression of
ATG3 and ATGI18 (Fig. 4B I and II) increased with a
maximum at 8 h after dark treatment and then

decreased. ATGS8 plays an important role in autop-
hagy [8,27,28] but was not detected by MS. We specu-
lated that the level of ATGS8 protein was too low to be
detected by MS and employed the RT-PCR to obtain
the ATGS8i gene expression of each time point. The
results indicated that the ATG8i gene exhibited higher
relative expression levels during the first 8 h of dark
treatment and decreased sharply in the next 8 h and
then remained stable (Fig. 4B III).

Target of rapamycin is an evolutionarily conserved
Ser/Thr protein in eukaryotes. It is the main coordina-
tor of nutrition, energy, and stress signal transmission
networks [29,30]. It retains the negative regulatory
effect on autophagy in plants [31-33]. Similarly, the
presence of TOR was not found by MS, so TOR was
detected by PCR. The expression of TOR gene in
dark-induced N. benthamiana leaves was shown in
Fig. 4B IV. In the first 16 h of dark treatment, the
TOR gene continued to be downregulated, with the
extension of the dark treatment time, its expression
level was in an upregulated state relative to the control
group. The expression of TOR gene was downregu-
lated at 8 h; however, the ATG proteins/gene showed
an upregulation at the same time, suggesting that
autophagy was activated by TOR. Subsequently, the
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Fig. 4. (A) Electron microscopy analysis of N. benthamiana mesophyll cells grown in control condition (I, Il) or in dark stress (lll, IV) after
4 days. (I) and (Il) Control cell. The cytoplasm contains a vacuole and many chloroplasts full of starch grains. () and (V) Dark-treated cell.

The amount of starch granules is reduced, and typical double-membrane-bound autophagic vacuoles appear in the cytoplasm. White arrows
point to the inner and outer membranes of the autophagosomes in (IV). (V) Starch content of control samples and plants under dark
condition for 4 days. Error bars indicate SD (n = 3). Ch, chloroplast; CW, cell wall; V, vacuole; S, starch; N, nucleus; AB, autophagic bodies.
Scale bar: 5 um (I, 1), 2 pm (I, IV). (B) () and () Measurement of proteins ATG3 and ATG18 using SWATH-MS, where the area of
chromatographic peak indicates the changes in protein content. (lll) and (IV) Relative expression of ATG8i and TOR measured by real-time
RT-PCR. Error bars indicate SD (n = 3). ANOVA was used for statistical analysis. ("*": P value < 0.05, "**": P value < 0.01).

expression of TOR was upregulated and ATG was
downregulated, confirming the negative regulatory
effect of TOR on autophagy.

Metabolite reprogramming under dark treatment

Based on the results of WGCNA, we mainly analyzed
the metabolites of samples after dark treatment for
8 h, 16 h, and 8 days. 210 primary metabolites were
detected including phenol, sugars, amino acids, nucleo-
tides, organic acids, and alkaloids through GC-MS.
Compared with the control group, differentially

accumulated metabolites were observed for 149 upreg-
ulated and 21 downregulated in the 8 h, 146 increased
and 23 decreased in 16 h, 83 increased and 35
decreased in 8 days (Fig. SA,B). Heatmaps of differen-
tially accumulated metabolites were performed, and
there were significant gaps between the dark-treated
samples and control group (Fig. 5C-E). A total of 183
differential metabolites were identified in all samples
using a one-way analysis of variance (ANOVA)
(P <0.05). METABOANLYST 4.0 (Xia Lab @ McGill,
Ste. Anne de Bellevue, Canada) online software was
used to perform an enriched pathway analysis for 183
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differentially accumulated metabolites (Fig. SF). ‘Ami- biosynthesis’, ‘Alanine, aspartase and glutamate meta-
noacyl-tRNA biosynthesis’, ‘Galactose metabolism’, bolism’ and ‘Valine, leucine and isoleucine biosynthe-
‘D-Glutamine and D-glutamate metabolism’, ‘Arginine sis’ were highly enriched.

FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 239

Federation of European Biochemical Societies.



Omics analysis to characterize dark stress response

J.-J. Shen et al.

0.018
" — PPV EL]
0.016 Alanine ** 0.008 Asparagine ¥* 0.025 Aspartic acid ** 005 Glutamic acid
007
o oo o 0.04
2 04
% 0.012 0.006 0.020
S e 0.005 L 0034
o oo 0.004
= 0006 0.003 0.010 0.024
@©
° y 0.002
o} 0.004 0.005 0.014
o o002 0.001
0.000 0.000
0.0025 - < —
Glycine ** 0.10 Glutamine ** 0.014 Isoleucine ** 0.054 Methionine *
2 2
o 00020 oos 0012 004
% 0.0104
0.0015
> 0.06 0.008 0.034
[
> 00010 0104 0.0064 0.024
=
© 0.004-
® 00005 0.02 0014
N4 0.002
0.0000 0.00 0.000 0.0
0.014 0.008 - 0.0074 Tyrosine **
Leucine ** Lysine ** Tyrosine 0.030 Valine**
o 002 0.007 0.006
0025
% 0010 0.006 0.005{ ;
; s 0.005 sioad 0.020
0.004 :
= 0006 0.0034 0013
s 0.003 o6
© 0024 0010
¢ 0.002
T o 0.001 0.0014 0.005
0000 0.000- o000 0.000
0.045 - 0.01 CT—— 0.01 T —
0.0012 % 1 reonine ryptophan
% Phenylalanine ** 0.040 Serine ptop
2 oo 0.035 0.008 0.008
> 00008 2.020
o . - 0.006 0.006
S 0.0006
® 0020 0.004 0.004
©  0.0004 0.015
o i 0.010 0.002 0.002
A002 0.005
0.0000 0.000 0.000- 0.000-
Oh 8h 16h 8days Oh 8h 16h 8days
0012 ; f
Prolinc ** Histidine** Days in dark Days in dark
@ 0010
=
T 0008
>
[0
2 oo
=
© 0004
[0
he 0.002
0.000
Oh 8h 16h 8days Oh 8h 16h 8days
Days in dark Days in dark

Fig. 6. Changes of amino acid content in N. benthamiana leaves of the 0 h, 8 h, 16 h, and 8 days during dark treatment. Error bars indicate
SD (n = 3). Analysis of variance (ANOVA) was used for statistical analysis (‘*": P value < 0.05, **": P value < 0.01).

Enriched pathway analysis indicated that amino acid
and sugar metabolism played an important role in
response to dark stress in N. benthamiana. Therefore,
we observed the changes in amino acid and sugar
levels during the dark treatment. As the dark period
lengthens, most amino acids substantially accumulated
except histidine, including those to be associated with
senescence, such as phenylalanine, tyrosine, isoleucine,
valine, and tryptophan (Fig. 6). During the course of
dark-induced carbon starvation, there were remarkable
differences in sugar metabolism between dark treat-
ment samples and the control group. The levels of
allose, fructose, sorbose, talose, mannose, glucose, lac-
tose, and sucrose reduced rapidly during extended

dark period. There was an accumulation of allofura-
nose, fucose, melibiose, and cellobiose under the dark
stress (Fig. 7).

Changes in plant hormones and flavonoids under
dark treatment

The content of abscisic acid (ABA) showed an overall
trend of increase during dark treatment and reached
the maximum on 6 days (Fig. 8A). During the first
40 h of dark treatment, the content of salicylic acid
(SA) was decreased. The contend showed a decreasing
trend after a sudden increase from the 48 h to the
7 days following by a slight increase (Fig. 8B).
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Fig. 8. Changes in pigments, plant
hormones, and flavonoids concentration in
dark treatment samples through time. (A,

B) ABA and SA in samples at different

time points. (C, D) Changes of quercetin
and kaempferol content in leaves. Error

bars indicate SD (n = 3). ANOVA was

used for

statistical analysis. ("*": P

value < 0.05, “**": P value < 0.01).
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After 6 days of dark treatment, the content of quer-
cetin showed an overall upward trend and reached the
highest level on 6 days of dark treatment (Fig. 8C).

The content of kaempferol did not change significantly
in the first 4 days after dark treatment, but remarkably
increased from the day 5 (Fig. 8D).
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Discussion

Connecting the expression of module proteins with
specific experimental time points may help us to find
the important modules under dark conditions. In the
turquoise module (Fig. 3A), ribosome proteins had
higher degree. Both ribosomal protein L24 (RPL24)
and ribosomal protein LSA (RPL5A) belong to the
assembly initiation proteins which can specifically bind
rRNA and play roles in transcriptional regulation.
Within protein processing, the HSP family proteins
have been found to be essential for folding, assembling,
reacting with, or degrading proteins damaged by stress.
Members of HSP family proteins are fundamental in
developmental processes and play various stress-protec-
tive roles in plants [34,35]. It was reported that HSP70
and HSP90 are crucial components of INF1-mediated
hypersensitive response in N. benthamiana, and they
play a part in plant defense signal transduction pathway
upstream or independent of the mitogen-activated pro-
tein kinase (MAPK) cascade [36]. We found that the
expression of HSP70 and HSP70-2 proteins was respec-
tive downregulated, the content of chlorophyll
decreased during dark stress. Referring to literature, the
silencing of HSP70 lead to the significant increase of
the chlorophyll degradation of N. benthamiana under
stress [37,38], which is consistent with our results.
Under comparison, some protein interactions were
found both in the PPI network (Fig. 3A) and pre-
dicted-PPI network (Fig. 3C) as expected, such as P40
and RPS5A, IIL1 and AT2G43090, RPS5A and
RPL23AB, eEF-1Bbl and AT5G60390, and CHLM
and HEMC. In the predicted-PPI network (Fig. 3C),
the two proteins with the highest scores were isopropy-
Imalate isomerase large subunit 1 (IIL1) and isopropyl-
malate isomerase small subunit 1 (AT2G43090), which
are the IPMI large subunit (IPMI LSUI) and small
subunit (PMI SSU1), respectively. The phenotype of
Arabidopsis is severely changed with blocked growth,
narrow pale leaf with lacking chlorophyll, and abnor-
mal flower shape when the PMI SSUI gene is knocked
out [39]. The expression of IPMI SSUI protein pre-
sented downregulation from 3 days after dark treat-
ment, the leaves of N. benthamiana gradually turned
yellow, and the content of starch was less in chloro-
plasts (Figs 1A and 4A). The results demonstrated that
the PMI SSUI play a vital role in normal growth and
development in N. benthamiana. It is known that IPMI
proteins are involved in the synthesis of leucine [40];
however, the level of leucine is not decreased but even
increased with the strong reduction of IPMI proteins
during the dark treatment. The accumulation of leu-
cine may be due to the activation of autophagy, which

J.-J. Shen et al.

cause protein degradation and recycling [29.41], and
the leucine could be as signaling molecule to regulate
mTORCI1 signaling pathway and autophagy; the
autophagy is inhibited by the sufficiency of leucine
[42]. Therefore, it is speculated that IPMI proteins
may participate in the process of autophagy. ELF5A
and RPS5A also showed the higher degrees. ELF5A
protein has functions in RNA stability and the traf-
ficking of RNA between the nucleus and the cyto-
plasm, or interacting with several proteins to
participate the transport of RNA and proteins in cells
[43]. ELF5A plays a role in regulating stress responds
and development [44]. The absence of ELF5A leads to
a delayed leaf senescence induced by dark stress and
antiapoptotic phenotype of plants [45], which is consis-
tent with our study, suggesting the N. benthamiana
plants resisted the leaf senescence by reducing the
expression of ELFS5A protein under dark stress.
ELF5A has been proven that it could mediate lipidiza-
tion and autophagosome formation of ATGS8 family
proteins by translating of ATG3 in mammals [46].
Therefore, we speculated that ELF5A protein may also
be involved in autophagy in plants through a similar
pathway. The genes of coding ribosomal protein are
reduced when plants suffer from stress such as sugar
starvation [47], and deficiency of ELF5A resulted in
reduction of translation-related proteins and some ribo-
somal subunits [48]. The expression of ribosomal pro-
teins RPSSA was downregulated and the stagnation of
plant growth during dark stress may be due to the
translational suppression of specific cell cycle-related
mRNAs. The literature has confirmed that there is a
protein interaction between RPS5A and TOR [49]. In
our research, it was also found that RPS5A was inter-
active with ATG3 (Fig. 3C). So it was suspected that
RPS5A may participate TOR pathway to response to
autophagy in N. benthamiana. Meanwhile, Jung et al.
[50]. also support coordinated ubiquitination and deu-
biquitination activities can finely balance the level of
regulatory some ribosomal proteins mono-ubiquitina-
tion in autophagy processes. However, the specific
mechanism is unclear and needs further research.

In the blue module (Fig. 3B), ATP synthase CF1
alpha subunit (ATPA) and photosystem I subunit F
(PSAF) have a higher degree so that they can be con-
sidered top proteins belonging to the photosynthesis
pathway. ATPA is the ATP synthase CF1 alpha sub-
unit encoded by the chloroplast proteins ATPA, and
PSAF is one of the PSI subunits and encodes subunit
F of photosystem I [1]. Thylakoid Iumen 18.3 kDa
protein (TLP18.3)’s degree is very high, indicating that
it occupies an important position in the blue module.
TLP18.3 encodes a thylakoid lumen protein that

242 FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



J.-J. Shen et al.

regulates the repair cycle of photosystem II. TLP18.3
forms the polysome with photosynthetic apparatus
and acts as a novel acid phosphatase in the thylakoid
lumen. The pH of the thylakoid lumen decreases to
strong acidic under stress conditions, which provide an
activated environment for TLP18.3 removing the phos-
phate group from pSer or phospho-Thr (pThr) of
damaged proteins [51,52].

SnRK -interacting protein 1, Tap46, and GDH
belonged to blue module and were differentially
expressed proteins. Studies have shown that SnRK1
may be involved in controlling and coordinating carbo-
hydrate and nitrate metabolism to promote plant
growth by regulating the transcription of several genes
of sucrose synthase/sucrose degradation and participat-
ing in starch biosynthesis [53-55]. It has been speculated
that SnRK1 positively regulated autophagy when plants
were under stress and senescence [56]. For example, the
ATGS8 gene could be induced by the overexpression of
SnRK1 in the leaves of Arabidopsis [57]; the expression
trends of SnRK1 were consistent with 47G8i in our
data. In our study, the expression of SnRK1-interacting
protein 1 was significantly upregulated at 8 h under
dark treatment which was consistent with the ATGS
conjugate encoded by ATG genes upregulated instanta-
neously by starvation. We speculated that the stress
response in N. benthamiana occurred at 8 h during dark
treatment, and autophagy was induced by increasing
the expression of SnRKl-interacting protein 1 to cope
with carbon starvation under dark stress.

The target of rapamycin (TOR) is a ptdins3k-related
kinase which can regulate cell growth and metabolism
in response to environmental changes, such as dark
stress [58]. The TOR pathway was found to regulate
the autophagy pathway in plant cells [33]. Some down-
stream proteins, including Tap46, have also been iden-
tified in the TOR pathway in plants [59]. Tap46, a
regulatory subunit of protein phosphatase 2A (PP2A),
can be dephosphorylated due to TOR signaling inacti-
vation in nutrient-deficient conditions. Tap46 and
PP2A are essential in the TOR signaling pathway,
such as promoting the translation of proteins, inhibit-
ing autophagy and programming cell death, and
Tap46 could be a negative regulator for autophagy
[60,61]. In this research, Tap46 was upregulated at
16 h after dark treatment, and the relative expression
of ATGS was decreased, suggesting the overexpression
of Tap46 may inhibit the processing of ATG8 and for-
mation of autophagosomes under dark stress.

Glutamate dehydrogenase (GDH) has important
effects on the metabolism and transport of organic
carbon and nitrogen, and it can be used as an indica-
tor to evaluate the carbon/nitrogen status of plants

Omics analysis to characterize dark stress response

[62]. The senescence process of tobacco leaves is usu-
ally accompanied by protein hydrolysis, increased
ammonia content, and triggering the expression of
GDH [63]. Previous studies revealed that the increase
in GDH activity and content during pollen develop-
ment in grapes may be related to the appearance of
multiple vesicles which are similar to autophagic vesi-
cles. Such multiple vesicles also appear abundantly in
the case of carbon/nitrogen starvation in plants, and
the number of vesicles corresponds to the autophagy
activity in vacuoles [64,65]. We observed the mesophyll
cells of the treatment group and the control group by
TEM and found that autophagosomes with double-
membrane structure appeared in the mesophyll cells
treated with darkness for 4 days, the expression of
GDH was significantly increased at 4 days. These
results indicating that the increase of GDH expression
may be related to the formation of autophagosomes
during dark treatment in N. benthamiana.

Dark stress can affect plant amino acid metabolism.
Engqvist et al. [66] and Barros et al. [67] determined
the amino acid level of Arabidopsis wild-type plants
grown in dark environment and found that the content
of asparagine, glutamic acid, isoleucine, valine, lysine,
serine, tyrosine, phenylalanine, and threonine showed
varying degrees of increase during the dark treatment
process, which is consistent with our research results.
Therein, valine, leucine, and isoleucine are collectively
referred to as branched chain amino acid (BCAA).
Previously, BCAA, aromatic amino acids, and lysine
have been used as alternative substrates to maintain
respiration during energy limitation [68]. Autophagy is
induced by dark stress and transport proteins to vac-
uoles for degradation. Carbon starvation leads to
increased protein degradation, releasing free amino
acids as an alternative substrate for mitochondrial res-
piration, and promoting the synthesis of ATP through
a pathway different from the classical respiratory path-
way to compensate for the decrease in photosynthesis.
This may be one of the possible reasons for the aug-
ment in amino acid content of N. benthamiana plants
under dark stress [69,70]. The accumulation of valine
and isoleucine provide electrons to the mitochondrial
electron transport chain in condition of dark-induced
carbon starvation, while the increase of phenylalanine
and threonine could act as precursors for the synthesis
of a broad spectrum of secondary metabolites with
multiple biological functions and health-promoting
properties [71]. TORCI is a highly conversed macro-
molecular complex composed of TOR kinase and
other scaffold proteins to regulate the processes of
protein synthesis and autophagy. In our study, isoleu-
cine, phenylalanine, and TOR were upregulated with
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the extended darkness. Isoleucine and phenylalanine
have been proved to inhibit autophagy by positively
regulating the activity of target of rapamycin complex
1 (TORCI) in mammal and yeast [72-74].

Sugars are essential in energy metabolism, pathway
signaling, and autophagy [21]. Studies confirmed that
the content of carbohydrates decreased during dark
treatment, including fructose, glucose, galactose, man-
nose, sucrose, and so on, which coincide with our
results [66,67,75]. Tcherkez et al. [76] deemed that
increased fatty acid oxidation activity leads to sugar
starvation in plants under dark stress, and sucrose
starvation could induce autophagy in Arabidopsis sus-
pension cells. Although the content of trehalose in
plants is low, it can act as a signal molecule to partici-
pate in the regulatory process of plants in response to
stress [77]. Using transgenic technology to overexpress
trehalose phosphate synthase to produce high level of
trehalose, which can effectively improve the drought
resistance of tobacco plants [78]. Autophagy was trig-
gered by trehalose through the mediation of mTOR
and enhanced by the overexpression of mictotubule-as-
sociated protein light chain 31T (LC3II) which was reg-
ulated by trehalose and closely related to the number
of autophagosomes in human [79]. The increase in tre-
halose content indicated trehalose played a vital role
in maintaining cell membrane homeostasis, improving
stress resistance, and participating in the process of
autophagy during dark stress in N. benthamiana.

The degradation and breakdown of chloroplast is
closely related to dark stress [80]. Nutrients are mainly
stored in chloroplasts as photosynthetic proteins, such
as ribulose bisphosphate carboxylase oxygenase
(Rubisco). Studies shown that chloroplast degradation
by autophagy has become a new way to reposition
nitrogen in starved plants, and the Rubisco is encapsu-
lated by autophagosomes and transported to vacuoles
for degradation [81,82].

Plant hormones regulate the normal growth of
plants and could be easily affected by the external
environment, including dark treatment. Phytohor-
mones ABA can boost leaf senescence through compli-
cated physiological processes [83]. ABA, the stress
hormone, acts as the central medium of several stress
responses in plants [84,85]. The level of endogenous
ABA increased by upregulating the expression of ABA
biosynthetic genes nine-cis-epoxycarotenoid dioxygenase
3 (NCED3) and NCEDS5 under shade condition [86].
Prolonged shade treatment results in diminished
branching because of accumulation of ABA [87]. One
recent study proposes that the augment of ABA leads
to leaf senescence and accumulation of reactive oxygen
species (ROS) which may cause serious damage to
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lipids, proteins, and DNA in plants. Meanwhile, autop-
hagy is triggered to degrade excessive ROS to help pro-
tect cells, ABA participate in a TOR-dependent route
of autophagy regulation [88,89]. SA has been consid-
ered as a signal molecule of plants under abiotic stress
[90.91]. In Arabidopsis autophagy mutants, the content
of SA was higher than that of wild-type plants, and the
mutant plants exhibited an enhanced senescence [92]. It
has been reported that the efficient activation of the SA
signaling pathways is dependent on light signals and the
expression of SA-induced gene is significantly decreased
in dark-induced senescence. Although the SA pathway
does not express in dark-induced senescence and the
deficiency with SA signal leads to delayed senescence,
the senescence proceeded normally in dark-induced
plants [83]. A number of researches shown that flavo-
noids had plenty of biological activities, such as antioxi-
dant property [93,94]. Under abiotic stress, the augment
of quercetin/kaempferol content was related to the
stress resistance of plants. After 6 days of dark treat-
ment, the reduction of quercetin content may be caused
by its antioxidant function to eliminate excessive ROS
and resist adversity [95]. It was reported that increased
ROS can induce autophagy [96]. Therefore, we specu-
late that quercetin and kaempferol may participate in
the regulation of autophagy.

Conclusions

In conclusion, this study uncovers the proteome and
metabolome changes of N. benthamiana under dark
stress. Through the analysis of PPI networks, HSP70,
SnRK I-interacting protein 1, Tap46, and GDH might
shed new light on the roles in maintaining the dark
acclimated condition via complex regulatory networks.
IPMI, ELF5A, and RPS5A are speculated to be
potential proteins for regulating autophagy under dark
stress. TLP18.3 might play an important role in main-
taining cell homeostasis during dark treatment. Our
results expand the understanding of the complex regu-
latory mechanisms against dark stress in plants.

Acknowledgements

This research was funded by National Natural Science

Foundation of China grant number 31201012,
21305160, and 21575119, Grant from the Zhengzhou
Tobacco Research Institute of CNTC (No.
902014CA0410).

Conflict of interest

The authors declare no conflict of interest.

244 FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



J.-J. Shen et al.

Data accessibility

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Author contributions

QS and P-PL designed the project. J-JS, Q-SC, and Q-XZ
performed experiments. J-JS, Y-LX, Z-FL, H-NZ, and
H-YM analyzed the data. J-JS and P-PL wrote the manu-
script. QS and P-PL reviewed and edited the manuscript.

References

1

10

11

FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Schottler MA, Albus CA, Bock R. Photosystem I: its
biogenesis and function in higher plants. J Plant
Physiol. 2011;168:1452—-61.

Brouquisse R, Gaudillere JP, Raymond P. Induction of
a carbon-starvation-related proteolysis in whole maize
plants submitted to light/dark cycles and to extended
darkness. Plant Physiol. 1998;117:1281-91.

Guo FQ, Crawford NM. Arabidopsisnitric oxide
synthasel is targeted to mitochondria and protects
against oxidative damage and dark-induced senescence.
Plant Cell. 2005;17:3436-50.

Duba SE, Carpenter SB. Effect of shade on the growth,
leaf morphology, and photosynthetic capacity of an
American sycamore clone [Platanus occidentalis).
Castanea. 1980;45:219-27.

Wada S, Ishida H, Izumi M, Yoshimoto K, Ohsumi Y,
Mae T, et al. Autophagy plays a role in chloroplast
degradation during senescence in individually darkened
leaves. Plant Physiol. 2009;149:885-93.

Vauclare P, Bligny R, Gout E, Meuron VD, Widmer F.
Metabolic and structural rearrangement during dark-
induced autophagy in soybean (Glycine max L.)
nodules: an electron microscopy and31P and13C
nuclear magnetic resonance study. Planta.
2010;231:1495-504.

Ishizaki K, Larson TR, Schauer N, Fernie AR, Graham
1A, Leaver CJ. The critical role of Arabidopsis electron-
transfer flavoprotein:ubiquinone oxidoreductase during
dark-induced starvation. Plant Cell. 2005;17:2587-600.
Xie ZP, Nair U, Klionsky DJ. Atg8 controls
phagophore expansion during autophagosome
formation. Mol Biol Cell. 2008;19:3290-8.

Lim PO, Kim HJ, Nam GH. Leaf senescence. Annu Rev
Plant Biol. 2007;58:115-36.

Izumi M, Hidema J, Makino A, Ishida H. Autophagy
contributes to nighttime energy availability for growth
in Arabidopsis. Plant Physiol. 2013;161:1682-93.

Zhang SC, Li C, Wang R, Chen YX, Shu S, Huang
RH, et al. The Arabidopsismitochondrial protease
FtSH4 is involved in leaf senescence via regulation of

Federation of European Biochemical Societies.

19

20

21

22

23

24

Omics analysis to characterize dark stress response

WRKY-dependent salicylic acid accumulation and
signaling. Plant Physiol. 2017;173 (4):2294-307.
Pedrotti L, Weiste C, Nagele T, Wolf E, Lorenzin F,
Dietrich K, et al. Snfl-RELATED KINASEI-
controlled C/S1-bZIP signaling activates alternative
mitochondrial metabolic pathways to ensure plant
survival in extended darkness. Plant Cell. 2018;30:495—
5009.

Levine B, Klionsky DJ. Development by self-digestion:
molecular mechanisms and biological functions of
autophagy. Dev Cell. 2004;6:463-77.

Nakatogawa H, Suzuki K, Kamada Y, Ohsumi Y.
Dynamics and diversity in autophagy mechanisms:
lessons from yeast. Nat Rev Mol Cell Biol. 2009;10:458—
67.

Liu Y, Bassham DC. Autophagy: pathways for self-
eating in plant cells. Annu Rev Plant Biol. 2012;63:215—
37.

Wang P, Sun X, Jia X, Na W, Gong X, Ma F.
Characterization of an autophagy-related gene
MdAATGSi from apple. Front Plant Sci. 2016;7:720.
Ishida H, Yoshimoto K, Izumi M, Reisen D, Yano Y,
Makino A, et al. Mobilization of rubisco and stroma-
localized fluorescent proteins of chloroplasts to the
vacuole by an 4 TGgene-dependent autophagic process.
Plant Physiol. 2008;148:142-55.

Gillet LC, Navarro P, Tate S, Rst H, Aebersold R.
Targeted data extraction of the MS/MS spectra
generated by data-independent acquisition: anew
concept for consistent and accurate proteome analysis.
Mol Cell Proteomics. 2012;11:0111.016717.

Xia C, Hong L, Yang Y, Yanping X, Xing H, Gang D.
Protein changes in response to lead stress of lead-
tolerant and lead-sensitive industrial hemp using
SWATH technology. Genes. 2019;10:396.

Graaff EVD, Schwacke R, Schneider A, Desimone M,
Fligge UI, Kunze R. Transcription analysis of
Arabidopsis membrane transporters and hormone
pathways during developmental and induced leaf
senescence. Plant Physiol. 2006;141:776-92.

Smeekens S, Ma J, Hanson J, Rolland F. Sugar signals
and molecular networks controlling plant growth. Curr
Opin Plant Biol. 2010;13:273-8.

Hildebrandt TM, Nesi AN, Araujo WL, Braun H-P.
Amino acid catabolism in plants. Mol Plant.
2015;8:1563-79.

McLoughlin F, Marshall RS, Ding XX, Chatt EC,
Kirkpatrick LD, Augustine RC, et al. Autophagy plays
prominent roles in amino acid, nucleotide, and
carbohydrate metabolism during fixed-carbon
starvation in maize. Plant Cell. 2020;32:2699-724.
Havé M, Luo J, Tellier F, Balliau T, Cueff G, Chardon
F, et al. Proteomic and lipidomic analyses of the
Arabidopsisatg5 autophagy mutant reveal major
changes in endoplasmic reticulum and peroxisome

245



Om

25

26

27

28

29

30

31

32

33

34

35

36

37

246

ics analysis to characterize dark stress response

metabolisms and in lipid composition. New Phytol.
2019;223(3):1461-77.

Lu ZS, Chen QS, Zheng QX, Shen JJ, Luo ZP, Fan K,
et al. Proteomic and phosphoproteomic analysis in
tobacco mosaic virus-infected tobacco (Nicotiana
tabacum). Biomolecules. 2019;9:39.

Zhang YY, Zhang Q, Zhang YM, Wang WW, She Y.
A comprehensive automatic data analysis strategy for
gas chromatography-mass spectrometry based
untargeted metabolomics. J Chromatogr A.
2019;1616:460787.

Shpilka T, Weidberg H, Pietrokovski S, Elazar Z. Atg8:
an autophagy-related ubiquitin-like protein family.
Genome Biol. 2011;12:226.

Pérez-Pérez ME, Florencio FJ, Crespo JL. Inhibition of
target of rapamycinsignaling and stress activate
autophagy in Chlamydomonas reinhardtii. Plant Physiol.
2010;152:1874-88.

Moreau M, Azzopardi M, Clément G, Dobrenel AT,
Marchive AC. Mutations in the Arabidopsis homolog of
LST8/GbL, a partner of the target of rapamycin kinase,
impair plant growth, flowering, and metabolic
adaptation to long days. Plant Cell. 2012;24:463-81.
Yuan HX, Xiong Y, Guan KL. Nutrient sensing,
metabolism, and cell growth control. Mol Cell.
2013;49:379-87.

Kazibwe Z, Soto-Burgos J, MacIntosh GC, Bassham
DC. TOR mediates the autophagy response to altered
nucleotide homeostasis in an RNase mutant. J Exp Bot.
2020;71:6907-20.

Liu Y, Bassham DC. TOR is a negative regulator of
autophagy in Arabidopsis thaliana. PLoS One. 2010;5:
e11883.

Bao Y, Bassham DC. COST1 balances plant growth
and stress tolerance via attenuation of autophagy.
Autophagy. 2020;16:1157-8.

Kim BM, Rhee JS, Jeong CB, Seo JS, Park GS, Lee YM,
et al. Heavy metals induce oxidative stress and trigger
oxidative stress-mediated heat shock protein (/sp)
modulation in the intertidal copepod Tigriopus japonicus.
Com Biochem Physiol C Toxicol Pharmacol. 2014;166:65-74.
Dhankher OP, Drew JE, Gatehouse JA.
Characterisation of a pea Asp70 gene which is both
developmentally and stress-regulated. Plant Mol Biol.
1997;34:345-52.

Kanzaki H, Saitoh H, Ito A, Fujisawa S, Kamoun S,
Katou S, et al. Cytosolic HSP90 and HSP70 are
essential components of INF1-mediated hypersensitive
response and non-host resistance to Pseudomonas
cichorii in Nicotiana benthamiana. Mol Plant Pathol.
2003;4(5):383-91.

Krenz B, Windeisen V, Wege C, Jeske H, Kleinow T. A
plastid-targeted heat shock cognate 70kDa protein
interacts with the Abutilon mosaic virus movement
protein. Virology. 2010;401:6-17.

38

39

40

41

4

43

44

45

46

47

48

49

50

J.-J. Shen et al.

Govind G, Harshavardhan VT, Patricia JK,
Dhanalakshmi R, Kumar MS, Sreenivasulu N, et al.
Identification and functional validation of a unique set
of drought induced genes preferentially expressed in
response to gradual water stress in peanut. Mol Genet
Genomics. 2009;281:607.

Imhof J, Huber F, Reichelt M, Jonathan G, Christoph
W, Kurt L, et al. The small subunit 1 of the
Arabidopsis isopropylmalate isomerase is required for
normal growth and development and the early stages of
glucosinolateformation. PLoS One. 2014;9:¢91071.
Knill T, Reichelt M, Paetz C, Gershenzon J, Binder S.
Arabidopsis thaliana codes a bacterial-type
heterodimeric isopropylmalate isomerase involved in
both Leu biosynthesis and the Met chain elongation
pathway of glucosinolate formation. Plant Mol Biol.
2009;71:227-39.

Caldana C, Li Y, Leisse A, Zhang Y, Bartholomaeus
L, Fernie AR, et al. Systemic analysis of inducible
target of rapamycin mutants reveal a general metabolic
switch controlling growth in Arabidopsis thaliana. Plant
J. 2013;73:897-909.

Yan XH, Sun QM, Ji J, Zhu YQ, Liu ZF, Zhong Q.
Reconstitution of leucine-mediated autophagy via the
mTORCI-barkor pathway in vitro. Autophagy.
2012;8:213-21.

Bevec D, Hauber J. Eukaryotic initiation factor SA
activity and HIV-1 Rev function. Neurosignals.
1997;6:124-33.

Xu JY, Zhang BL, Jiang CH, Feng M. RcelF5A,
encoding an eukaryotic translation initiation factor 5A
in Rosa chinensis, can enhance thermotolerance,
oxidative and osmotic stress resistance of Arabidopsis
thaliana. Plant Mol Biol. 2011;75:167-78.

Feng HZ, Chen QG, Feng J, Zhang J, Yang XH, Zuo
J. Functional characterization of the Arabidopsis
eukaryotic translation initiation factor 5SA-2 that plays
a crucial role in plant growth and development by
regulating cell division, cell growth, and cell death.
Plant Physiol. 2007;144:1531-45.

Frankel LB. EIFSA mediates autophagy via translation
of ATG3. Autophagy. 2018;14:1288-9.

Contento AL, Bassham KDC. Transcriptome profiling
of the response of Arabidopsis suspension culture cells
to suc starvation. Plant Physiol. 2004;135:2330-47.
Lan P, Schmidt W. The enigma of eIF5A in the iron
deficiency response of Arabidopsis. Plant Signal Behav.
2011;6:528-30.

Leene JV, Han C, Gadeyne A, Eeckhout D, Matthijs
C, Cannoot B, et al. Capturing the phosphorylation
and protein interaction landscape of the plant TOR
kinase. Nat Plants. 2019;5:316-27.

Jung Y, Kim HD, Yang HW, Kim HJ, Jang C-Y, Kim
J. Modulating cellular balance of Rps3 mono-
ubiquitination by both Hel2 E3 ligase and Ubp3

FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



J.-J. Shen et al.

51

52

53

54

55

56

57

58

59

60

61

62

63

64

FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

deubiquitinase regulates protein quality control. Exp
Mol Med. 2017;49:¢390.

Wu HY, Liu MS, Lin TP, Cheng YS. Structural and
functional assays of AtTLP18.3 identify its novel acid
phosphatase activity in Thylakoid Lumen. Plant
Physiol. 2011;157:1015-25.

Sirpi6 S, Allahverdiyeva Y, Suorsa M, Paakkarinen V,
Vainonen J, Battchikova N, et al. TLP18.3, a novel
thylakoid lumen protein regulating photosystem II
repair cycle. Biochem J. 2007;406:415-25.

Halford NG, Hey S, Jhurreea D, Laurie S, McKibbin
RS, Paul M, et al. Metabolic signalling and carbon
partitioning: role of Snfl-related (SnRK1) protein
kinase. J Exp Bot. 2003;54:467-75.

Geigenberger P. Regulation of sucrose to starch
conversion in growing potato tubers. J Exp Bot.
2003;54:457-65.

Zhang Y, Shewry PR, Jones H, Barcelo P, Halford
NG. Expression of antisense SnRK1 protein kinase
sequence causes abnormal pollen development and male
sterility in transgenic barley. Plant J. 2001;28:431-41.
Michaeli S, Galili G, Genschik P, Fernie AR, Avin-
Wittenberg T. Autophagy in plants — what’s new on the
menu? Trends Plant Sci. 2016;21(2):134-44.
Baena-Gonzdlez E, Rolland F, Thevelein JM, Sheen J.
A central integrator of transcription networks in plant
stress and energy signalling. Nature. 2007;448:938—42.
Hunter T. When is a lipid kinase not a lipid kinase?
When it is a protein kinase. Cell. 1995;83:4.

Ahn CS, Ahn H-K, Pai H-S. Overexpression of the
PP2A regulatory subunit Tap46 leads to enhanced plant
growth through stimulation of the TOR signalling
pathway. J Exp Bot. 2015;66:827-40.

Chang SA, Han JA, Lee HS, Lee S, Pai HS. The PP2A
regulatory subunit Tap46, a component of the TOR
signaling pathway, modulates growth and metabolism
in plants. Plant Cell. 2011;23:185-209.

Yorimitsu T, He CC, Wang K, Klionsky DJ. Tap42-
associated protein phosphatase type 2A negatively
regulates induction of autophagy. Autophagy.
2009;5:616-24.

Tercé-Laforgue T, Dubois F, Ferrario-Méry S,
Crecenzo MAPD, Sangwan R, Hirel B. Glutamate
Dehydrogenase of tobacco is mainly induced in the
cytosol of phloem companion cells when ammonia is
provided either externally or released during
photorespiration. Plant Physiol. 2004;136:4308-17.
Masclaux C, Valadier MH, Brugicre N, Morot-Gaudry
JF, Hirel B. Characterization of the sink/source
transition in tobacco (Nicotiana tabacum L.) shoots in
relation to nitrogen management and leaf senescence.
Planta. 2000;211:510-8.

Paczek V, Dubois F, Sangwan R, Morot-Gaudry JF,
Roubelakis-Angelakis KA, Hirel B. Cellular and
subcellular localisation of glutamine synthetase and

Federation of European Biochemical Societies.

65

66

67

68

69

70

71

72

73

74

75

76

Omics analysis to characterize dark stress response

glutamate dehydrogenase in grapes gives new insights
on the regulation of carbon and nitrogen metabolism.
Planta. 2002;216:245-54.

Aubert S, Gout E, Bligny R, Marty-Mazars D, Barrieu
F, Alabouvette J, et al. Ultrastructural and biochemical
characterization of autophagy in higher plant cells
subjected to carbon deprivation: control by the supply
of mitochondria with respiratory substrates. J Cell Biol.
1996;133:1251-63.

Engqvist MKM, Kuhn A, Wienstroer J, Weber K,
Jansen EEW, Jakobs C, et al. Plant D-2-
Hydroxyglutarate dehydrogenase participates in the
catabolism of lysine especially during senescence. J Biol
Chem. 2011;286:11382-90.

Barros JAS, Cavalcanti JHF, Medeiros DB, Nunes-
Nesi A, Avin-Wittenberg T, Fernie AR, et al.
Autophagy deficiency compromises alternative
pathways of respiration following energy deprivation in
Arabidopsis thaliana. Plant Physiol. 2017;175:62-76.
Cavalcanti JHF, Quinhones CGS, Schertl P, Brito DS,
Eubel H, Hildebrandt T, et al. Differential impact of
amino acids on OXPHOS system activity following
carbohydrate starvation in Arabidopsis cell suspensions.
Physiol Plant. 2017;161:451-67.

Araujo WL, Ishizaki K, Nunes-Nesi A, Larson TR,
Tohge T, Krahnert I, et al. Identification of the 2-
Hydroxyglutarate and isovaleryl-CoA dehydrogenases
as alternative electron donors linking lysine catabolism
to the electron transport chain of Arabidopsis
mitochondria. Plant Cell. 2010;22:1549-63.

Hirota T, Izumi M, Wada S, Makino A, Ishida H.
Vacuolar protein degradation via autophagy provides
substrates to amino acid catabolic pathways as an
adaptive response to sugar starvation in Arabidopsis
thaliana. Plant Cell Physiol. 2018;59:1363-76.

Vered T, Gad G. New insights into the shikimate and
aromatic amino acids biosynthesis pathways in plants.
Mol Plant. 2010;3(6):956-72.

Kwak SS, Suk J, Choi JH, Yang S, Kim JW, Sohn S,
et al. Autophagy induction by tetrahydrobiopterin
deficiency. Autophagy. 2011;7:1323-34.

Bohn G, Allroth A, Brandes G, Thiel J, Glocker E,
Schaffer AA, et al. A novel human primary
immunodeficiency syndrome caused by deficiency of the
endosomal adaptor protein pl4. Nat Med. 2006;13:38-45.
Alvers AL, Fishwick LK, Wood MS, Hu D, Chung
HS, Dunn WA, et al. Autophagy and amino acid
homeostasis are required for chronological longevity in
Saccharomyces cerevisiae. Aging Cell. 2009;8:353—69.
Havé M, Marmagne A, Chardon F, Masclaux-
Daubresse C. Nitrogen remobilisation during leaf
senescence: lessons from Arabidopsis to crops. J Exp
Bot. 2017;68:2513-29.

Tcherkez G, Nogués S, Bleton J, Cornic G, Badeck F,
Ghashghaie J. Metabolic origin of carbon isotope

247



Omics analysis to characterize dark stress response

71

78

79

80

81

82

83

84

85

86

87

88

248

composition of leaf dark-respired CO, in French bean.
Plant Physiol. 2003;131:237-44.

O’Hara LE, Paul MJ, Wingler A. How do sugars
regulate plant growth and development? New insight
into the role of Trehalose-6-Phosphate. Mol Plant.
2013;6:261-74.

Delorge I, Janiak M, Carpentier S, Dijck PV. Fine
tuning of trehalose biosynthesis and hydrolysis as novel
tools for the generation of abiotic stress tolerant plants.
Front Plant Sci. 2014;5:147.

Tang Q, Zheng G, Feng ZH, Chen Y, Lou YT, Wang
CQG, et al. Trehalose ameliorates oxidative stress-
mediated mitochondrial dysfunction and ER stress via
selective autophagy stimulation and autophagic flux
restoration in osteoarthritis development. Cell Death
Dis. 2017;8:¢3081.

Ono Y, Wada S, Izumi M, Makino A, Ishida H.
Evidence for contribution of autophagy to rubisco
degradation during leaf senescence in Arabidopsis
thaliana. Plant Cell Environ. 2013;36:1147-59.

Izumi M, Wada S, Makino A, Ishida H. The
autophagic degradation of chloroplasts via rubisco-
containing bodies is specifically linked to leaf carbon
status but not nitrogen status in Arabidopsis. Plant
Signaling Behav. 2010;154(3):1196-209.

Izumi M, Hidema J, Wada S, Kondo E, Kurusu T,
Kuchitsu K, et al. Establishment of monitoring
methods for autophagy in rice reveals autophagic
recycling of chloroplasts and root plastids during
energy limitation. Plant Physiol. 2015;167:1307-20.
Buchanan-Wollaston V, Page T, Harrison E, Breeze E,
Lim PO, Nam HG, et al. Comparative transcriptome
analysis reveals significant differences in gene expression
and signalling pathways between developmental and
dark/starvation-induced senescence in Arabidopsis. Plant
J. 2005;42:567-85.

Raghavendra AS, Gonugunta VK, Christmann A, Grill
E. ABA perception and signalling. Trends Plant Sci.
2010;15:395-401.

Finkelstein RR, Gampala SSL, Rock CD. Abscisic acid
signaling in seeds and seedlings. Plant Cell. 2002;14:S15.
Kohnen MV, Schmid-Siegert E, Trevisan M, Petrolati
LA, Sénéchal F, Miiller-Moulé P, et al. Neighbor
detection induces organ-specific transcriptomes,
revealing patterns underlying hypocotyl-specific growth.
Plant Cell. 2016;28:2889-904.

Reddy SK, Holalu SV, Casal JJ, Finlayson SA.
Abscisic acid regulates axillary bud outgrowth
responses to the ratio of red to far-red light. Plant
Physiol. 2013;163:1047-58.

Vanhee C, Zapotoczny G, Masquelier D, Ghislain M,
Batoko H. The Arabidopsismultistress regulator TSPO
is a heme binding membrane protein and a potential
scavenger of porphyrins via an autophagy-dependent
degradation mechanism. Plant Cell. 2011;23:785-805.

J.-J. Shen et al.

89 Vanhee C, Batoko H. Autophagy involvement in
responses to abscisic acid by plant cells. Autophagy.
2011;7:655-6.

90 Larkindale J, Hall JD, Knight MR, Vierling E. Heat
stress phenotypes of Arabidopsismutants
implicate multiple signaling pathways in the
acquisition of thermotolerance. Plant Physiol.
2005;138:882-97.

91 Freeman JL, Garcia D, Kim D, Hopf A, Salt DE.
Constitutively elevated salicylic acid signals glutathione-
mediated nickel tolerance in thlaspi nickel
hyperaccumulators. Plant Physiol. 2005;137:1082-91.

92 Masclaux-Daubresse C, Clément G, Anne P, Routaboul
JM, Guiboileau A, Soulay F, et al. Stitching together
the multiple dimensions of autophagy using
metabolomics and transcriptomics reveals impacts on
metabolism, development, and plant responses to the
environment in Arabidopsis. Plant Cell.
2014;26:1857-77.

93 Takahama U. Inhibition of lipoxygenase-dependent
lipid peroxidation by quercetin: mechanism of
antioxidative function. Phytochemistry. 1985;24
(7):1443-46.

94 Mustafa RA, Hamid AA, Mohamed S, Bakar FA.
Total phenolic compounds, flavonoids, and radical
scavenging activity of 21 selected tropical plants. J Food
Sci. 2010;75:C28-35.

95 Gruber H, Heijde M, Heller W, Albert A, Ulm R.
Negative feedback regulation of UV-B-induced
photomorphogenesis and stress acclimation in
Arabidopsis. Proc Natl Acad Sci USA.
2010;107:20132-7.

96 Yamauchi S, Mano S, Oikawa K, Hikino K, Takemiya
A. Autophagy controls reactive oxygen species
homeostasis in guard cells that is essential for stomatal
opening. Proc Natl Acad Sci USA. 2019;116:19187-92.

Supporting information

Additional Supporting Information may be found
online in the Supporting Information section at the end
of the article.

Table S1. List of all identified N. benthamiana pro-
teins’ annotation and expression (The expression value
corresponds to the chromatographic peak area).

Table S2. List of AGI codes in Figure 3A which are
supposedly orthologs of the identified N. benthamiana
proteins.

Table S3. List of AGI codes in Figure 3B which are
supposedly orthologs of the identified N. benthamiana
proteins.

Table S4. List of AGI codes in Figure 3C which are
supposedly orthologs of the identified N. benthamiana
proteins.

FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



J.-J. Shen et al. Omics analysis to characterize dark stress response

Table S5. List of all identified GC-MS components expression of ATGS8i and TOR measured by real-time
from N. benthamiana (The values for the different time RT-PCR, the others are protein expression).

points correspond to the relative value). Appendix S1. The genome location of ATGS8i and
Table S6. List of discussed the identified N. benthami- TOR primer hybridization.

ana proteins in the text specifically (Relative

FEBS Open Bio 12 (2022) 231-249 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 249
Federation of European Biochemical Societies.



	Outline placeholder
	feb413331-aff-0001
	feb413331-aff-0002
	feb413331-aff-0003

	 Meth�ods
	 Plant growth and dark treat�ment
	 Quan�ti�ta�tive RT-PCR anal�y�sis
	 HPLC anal�y�sis of pig�ment con�tent
	 TEM anal�y�sis
	 GC/MS sam�ple prepa�ra�tion and anal�y�sis
	 LC/MS anal�y�sis of plant hor�mones and flavonoids
	 Deter�mi�na�tion of starch by con�tin�u�ous flow method
	 Protein extrac�tion, quan�tifi�ca�tion, diges�tion, purifi�ca�tion, and frac�tion�a�tion
	 Ref�er�ence library gen�er�a�tion and SWATH quan�ti�ta�tive anal�y�sis
	 Bioin�for�mat�ics

	 Results
	 Plant phe�no�types and anal�y�sis of pro�teome
	 WGCNA and PPI net�work of speci�fic con�sen�sus mod�ules
	feb413331-fig-0001
	feb413331-fig-0002
	 TEM and PCR anal�y�sis of N. ben�thami�ana mes�o�phyll cells under dark treat�ment
	feb413331-fig-0003
	 Metabo�lite repro�gram�ming under dark treat�ment
	feb413331-fig-0004
	feb413331-fig-0005
	 Changes in plant hor�mones and flavonoids under dark treat�ment
	feb413331-fig-0006
	feb413331-fig-0007
	feb413331-fig-0008

	 Dis�cus�sion
	 Con�clu�sions
	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Data acces�si�bil�ity

	 Author con�tri�bu�tions
	feb413331-bib-0001
	feb413331-bib-0002
	feb413331-bib-0003
	feb413331-bib-0004
	feb413331-bib-0005
	feb413331-bib-0006
	feb413331-bib-0007
	feb413331-bib-0008
	feb413331-bib-0009
	feb413331-bib-0010
	feb413331-bib-0011
	feb413331-bib-0012
	feb413331-bib-0013
	feb413331-bib-0014
	feb413331-bib-0015
	feb413331-bib-0016
	feb413331-bib-0017
	feb413331-bib-0018
	feb413331-bib-0019
	feb413331-bib-0020
	feb413331-bib-0021
	feb413331-bib-0022
	feb413331-bib-0023
	feb413331-bib-0024
	feb413331-bib-0025
	feb413331-bib-0026
	feb413331-bib-0027
	feb413331-bib-0028
	feb413331-bib-0029
	feb413331-bib-0030
	feb413331-bib-0031
	feb413331-bib-0032
	feb413331-bib-0033
	feb413331-bib-0034
	feb413331-bib-0035
	feb413331-bib-0036
	feb413331-bib-0037
	feb413331-bib-0038
	feb413331-bib-0039
	feb413331-bib-0040
	feb413331-bib-0041
	feb413331-bib-0042
	feb413331-bib-0043
	feb413331-bib-0044
	feb413331-bib-0045
	feb413331-bib-0046
	feb413331-bib-0047
	feb413331-bib-0048
	feb413331-bib-0049
	feb413331-bib-0050
	feb413331-bib-0051
	feb413331-bib-0052
	feb413331-bib-0053
	feb413331-bib-0054
	feb413331-bib-0055
	feb413331-bib-0056
	feb413331-bib-0057
	feb413331-bib-0058
	feb413331-bib-0059
	feb413331-bib-0060
	feb413331-bib-0061
	feb413331-bib-0062
	feb413331-bib-0063
	feb413331-bib-0064
	feb413331-bib-0065
	feb413331-bib-0066
	feb413331-bib-0067
	feb413331-bib-0068
	feb413331-bib-0069
	feb413331-bib-0070
	feb413331-bib-0071
	feb413331-bib-0072
	feb413331-bib-0073
	feb413331-bib-0074
	feb413331-bib-0075
	feb413331-bib-0076
	feb413331-bib-0077
	feb413331-bib-0078
	feb413331-bib-0079
	feb413331-bib-0080
	feb413331-bib-0081
	feb413331-bib-0082
	feb413331-bib-0083
	feb413331-bib-0084
	feb413331-bib-0085
	feb413331-bib-0086
	feb413331-bib-0087
	feb413331-bib-0088
	feb413331-bib-0089
	feb413331-bib-0090
	feb413331-bib-0091
	feb413331-bib-0092
	feb413331-bib-0093
	feb413331-bib-0094
	feb413331-bib-0095
	feb413331-bib-0096


