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ABSTRACT

Background: Korean ginseng (Panax ginseng Meyer) has long been cultivated as an important
medicinal plant. Moderate water loss resulting form drought stress can impairs the growth of gin-
seng and lead to yield reduction. However, the mechanisms by which drought stress affects ginseng
at the proteome level remain pooly undersood.

Methods and Results: We carried out label-free quantitative proteomic analysis of ginseng roots
subjected to drought stress (grown at less than 10% soil moisture for 2 weeks) and, compared the
results with a control samples of ginseng grown at 25% soil moisture. The analysis was carried out
using liquid chromatography with tandem mass spectrometry. A total of 2,471 proteins were iden-
tified, and 195 of which showed significant modulation. Functional classification revealed that pro-
teins involved in calcium signaling, and photosynthesis and, production of secondary metabolites
were enriched in the control sample (cluster 1), whereas proteins associated with stress response
redox reaction, electron transport, and protein synthesis were enriched in the drought-stressed root
(cluster 2).

Conclusions: Our results provide an overview of drought-induced proteomic changes in ginseng
root, and illuminate their correlation with physiological changes, revealing potential proteomic
markers of drought stress in ginseng.

Key Words: Abiotic Stress, Drought, Ginseng, Label-free Quantitative Proteomics, LC-MS/MS
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T2 2EYAE Hih 2HEe] Aol XA 9FS T
(Cattivelli et al, 2008), A& A4, W] otdEFe F+=
5 st & Aol7E Ho] (Boyer, 1982), 14t A
Aol ofel S AHaL Utk

e 49 - 6 A B AMNEY] wiEe] g} &l v

ZEH 20 ¥ Wol =FH o] Aite] ofgxRl, BolFQl &
AE91 b thdFel JM A= (ginsenoside) 52 ZF
of HA A& WF AR ¥s), 2EHE A,
T o8] FolA A7F 8] XL
£ B3 AS FGolA o) SHEEF EY] =
A et AARES] AEi7E 2A &7t v A
o2 HI I 3t} (Hyun ef al, 2009; Nam et al,
2011; Kang and Kim., 2016).

53] Qlake] Ak FEE = A T sl R &
Efae AEAo] FH|2510] 4 A 53 A Ast
(Bota et al., 2004), &1+l 4 W3} (Reddy et al, 2004),
%7] EE4A APE (Mafakheri er al, 2010), o AAA S
(Farooq ef al, 2009), H,0,%A (Neill et al, 2002) 5 o]
g AYAFAE 7A= ASE d#A Aok (Lisar er al,
2012). wEbA], e 1pke] S ZEg 2o tigh el 9 o)
ARE oldfidhe A #E S43 Al Fasitt.

Qrkel Ax ZE#Z #Agh 7|E AFEAHES i ZE
H2E A A A A Ao =5 BIESE tiAkAe] g
2 WHalo| #AS ATE (Lee ef al, 2005; Eo et al, 2018)
k] HARIAL W Ao} 2[R el ek A
AFE AP e Aol (Li ef al, 2021), T9A
T Ate B3 dsolth H2 ateA] Tl A
£ 7IMe s gE At at Fed wiid 24 (Nam
et al, 2005) ¥ A& TAE dWHA A (We et al,
2007; Ma et al, 2013) 5 ©] 23 u} U

At Aelre Q] 7] dF 2EHE AEE g
o]x) #7199 (Two-dimensional gel electrophoresis, 2-
DGE) W& 83l A4t o eEA sl e 33
3L, 3 A 7] 9RF SEHE 270 o8 Hashke 5ol
ARl 8 /o] EAS FRIEHIT (Kim er al, 2014).

Van Nguyen 5 (2021)y F< A4ke] dzdA] £4 24
sk fIgh Ak SR FEH HlaL A 9 A A o
AA| A9 gl gt A& Bargh up ok 1Ake] <,
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Fig. 1. An overview of all the experimental procedures
conducted in this paper.
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nERIMe| A% AERIA X2|0f [HE THEIEA| HIEX FEEA

A SHdAEAHTA AAEZ] Q14 Al EAA
4 T AT S ARSEIATE X A (droughtys 2
A 5 7 B ASAIZ H, ESTE AlA (WT1000B,

RF sensor, Seoul, Korea) & AR BT 10% o]slolA
2 F7+ A8, EZF (control) 2 SIS 5 F7F AN
gk 5, B AAE AR B 25%0014 2
7 AS F BEE Fgele] dhld BA0 ARgaiglth 7t
2T 30 7RA o3 JHAIE Al A sHAAL, A
AL 3 S sttt
2. Nitro blue tetrazolium (NBT) % 3,3-Diaminoben-
zidine (DAB) ¢3AH

Nitro blue tetrazolium (NBT) {4 W& 7]=9] A4 W
We s Miiller et al, 2015) 0.1% NBTE 10 mM
potassium phosphate buffer (pH 7.0)] = 2 A7+ &<t
HREAIZL & FAEy AA-AR AR ARIS Aol A5t
%ttt DAB @A Wy r|Eeo A #Y (Kim et al,
2018b)S s 1mg/ml DABZ 10 mM Tris-HCl (pH
75)0 Fo] 5 A7 wEEAIZl & JAsta AR
(SZX61 microscope, Olympus Co., Tokyo, Japan)®. 2 A}X
< Aol LA

3. A& Rkt (lipid peroxidation) % hydrogen peroxide
(H0.)58

A4 Fitst OxySelect” TBARS 4] 7]E (STA-
330, Cell Biolabs Inc., San Diego, CA, USA)E ©]-&-35}4
AzAte] ZREFS s TPt Min et al, 2017).

14w 0.1 g= 2EE WA|E7] flE 1 x butylated
hydroxyltoluene (BHT) solution (Z% F% 0.05%)% ¥
phosphate-buffered saline (PBS)E Ho] &3} 3 $ 12,000
rpm 2 4TCoA] 5 #7F AR FEde Aotk o
Ao FU3F H3]9] sodium dodecyl sulfate (SDS) lysis
buffers &3¢t ¥ 1 x thiobarbituric acid (TBA) &< (Z
AEF F% 52 mgmlye A7 AES 95CelA 60 &1
iR olF MES Heo] HES YZke § 1,000 rpm
oA 15 7 AlEEste] AL ASAE 532 oA FF
%, o3} 7] malondealdehyde (MDA)S] &
(Velikova et al., 2000).

1=} [e)
T}qf

MDA (uM/g FW)
Absorbance at 532 nm
— Absorbance at 600 nm x
Extinction Coefficient
Fresh Weight of smaple

Reation Mixture N Original Mixutre
Quantity Quantity

%1000
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H,0,Z7 2 Amplex® Red Hydrogen Peroxide/Peroxidase
Assay Kit (A2218, Thermo Fisher Scientific Inc., Waltham,
MA, USA)E ol&3l AxfAe] Z2eF 3l Ad d74
2= A7 B80T Min ef al, 2017).

H,0,2] €22 10-acetyl-3,7-dihyfroxyphenoxnazine2} hor-
seradish peroxidase (HRP)S &-83 43It WA #+4
3} & 0.1 go] AIEE 1 xreaction buffer (50 mM sodium
phosphate pH 7.4)°l 2o} 4TCelA 12,000 rppmeE 5 #7F
e & A5Ae dold F 100 uM 10-acetyl-3,7-
dihyfroxyphenoxnazine®} 0.2 U/mé of HRP®| X3td FU3H
F99] REg-§AE go] 30 E7F AF2elA vt o] %
H,0,9] F5=5 kit HolA AlEd 2E54L2 7oz 571
nm - 585 nmol|A] S5 FFgkS tidsl AL

“ Tm=

4. SN 53
QU We) (1 9 WA Aol Yo 413 vk 5, v}

e 7FEl 2% (v/v) f-mercaptoethanots: 3713k Mg/NP-
40 T F=Z89 [0.5 M Tris-HCI, 2% Nonidet P (NP)-
40, 20 mM MgCl, pH 8.0] 10 m{ E H7lsle] #23} A7)
312,000 rpmO2 4ColA] 10 £7F AR E a5t A
ST S Sa3th

Aol gseloll 4 vl F3]e] 12.5% (v/v) trichloroacetic
acid (TCA)/acetones 7Fsted 83} & 1 U7 20To|A

&

HAANAT A A3 T AR g8 4TollA 12,000
pm 2 10 7+ ¥4 FEdtd 22 IHES o, 2

ARE oA =S U o= 23] ot
Al GAEE] & T ES MH31 2 MeOH/chloroform %
AP F7H R sl vhld HAES AlFSITE (Van
Nguyen et al, 2021). PR 2 FZ&% chulZof §80%
acetone 600 /£E 713l micro centrifuge tubedl] %71
20T ®A3IATH

kel
T

PN |

a
=

5. ERERIS OIEst

O

Bers o

L ES S N ke

300 1g S WAL= filter-aided sample
preparation (FASP) WS o]-&ste] whild dHsE 783t
Ath (Gupta er al, 2019; Min er al., 2020).

Acetoned] A% A 300 1g 2 30 10 2] denaturation
buffer [4% SDS, 100 mM DTT, 0.1 M tetracthylammonium
tetrahydroborate (TEAB), pH 8.5]°] &A1zl H, 3 &7t
Z20 271 Asia 99Tl 30 £7F 7FEd &, A
H 9ES 30Kk &3 ZE (Merck Millipore, Darmstadt,
Germany)oll 293812 Aol &S =3F 300 2] F3
7} %= urea buffer (80 M urea, 0.1 M TEAB, pH
8.5 A7t tiA] 300 (£ 9] urea buffers FH7}stal
11,180 rpmellA] 4E2E 3 3] ke Zedsle] A|EZ4E

r

Z]

gl =



SDSE A A3FHAIL, 200 1L 2] alkylation buffer [S0 mM
iodoacetamide (IAA), 8.0 M urea, 0.1 M TEAB, pH 8.5]
A7kt 23 ez 2zt 1 AIZFERE AlZHIQ)
o] ¢zl WPt

23 ZHo| TEAB buffer (50 mM TEAB, pH 8.5) &
o] AZ3F 3 5% acetonitriledl] 591 EFA (trypsin gold,
mass spectrometry grade, Promega Co., Fitchburg, WI,
USAYS @49} 7129 ¥]&-S 1:100 (ww) 22 3l 37C
ox 24 A7+ F<F A Este] st sigitt

AustE Hefo|=ES YHEYE B8l dojlal, F7t
o2 50 mM TEABS 50 mM NaClE o]&3l] FEjo]
£ dojdll & 7} HElo]=9] FEE Pierce quantitative
fluorometric peptide assay kit (Thermo Fisher Scientific
Inc., Waltham, MA, USA)S o]&3lo] =43t

=

6. YEO|E ZEM I SAHIEM

Zefol=o] o A7 Y Q-Exactive ¥] (Thermo Fisher
Scientific Inc., Waltham, MA, USA)Z &&3}9 Liquid
Chromatograph-tandem Mass spectrometry (LC-MS/MS)
218 AT (Gupta er al,, 2019; Min et al., 2020).

LC-MSMSEA o2 dojxl 7k 7 Hlo|H= MaxQuant
ASIZE O] (ver. 1.6.17.0, Max-Planck-Institut fiir Biochemie,
Planegg, Germany)E& A}-83} Panax ginseng database
(59,532 entries, http://ginsengdb.snu.ac.kr/)2} ¥ 23} T
(Tyanova et al, 2016a; Jayakodi et al., 2018; Kim ef al,
2018a).

Andromedacl|A ZHA = 20.0 ppm, THolE 4.5 ppm
o] 71¥ AFA HF 5823 (default precursor mass
tolerances setyS A3l label-free quantification (LFQ) Hl
olElE A2t LFQ H°JEl:= 0.5 Da A#e] 31823} (H
g 2 3] trypsin AHS}E 2] K= whHE 7Ivke=Z A
AL Cysteine #719]  carbamidomethylation & 373%
HYS S8l lysine 27]1¢] o}A|Estel methionine 7H7]9] 4k
sh= F714Q HES el A=A sjEfo|=E 2 Ea]
#8715 dl°o]El9] reverse nonsense versions 7]HFOZ
false discovery rate (FDR)Z 1%% AAATt 2E whd
A AZFEA] raw HO|EE ProteomeXchange Consortium=
Z3 PRIDE partner repository®l]l PXD028602% 5-=3}th
(Perez-Riverol et al, 2019).

LFQ dHl°olE2 EA EAL Perseus X E O] (ver.
1.6.14.0, Max Planck Institute of Biochemistry, Martinsried,
Germany)g ARg-3td G383t (Tyanova ef al, 2016b).
Multiple sample test (One-way ANOVA, Benjamini-
Hochberg FDR) 4717t 0.05 o]al 2 1.549] ©]’d<] intensity
# 2olE Hole whilgA| o] AES st (Kim e al,
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2019). T3t Perseus 2~ZEL O] (ver. 1.6.14.0, Max Planck
Institute of Biochemistry, Martinsried, Germany)S &3}
hierarchical clustering analysis (HCA) % principle component
analysis (PCAYS F7H 22 T3t F7HQ1 T g
9] 7154 A4S 95td AgriGO v2.0 (http:/systemsbiology.
cau.edu.cn/agriGOv2/) 2 RS &85t gene ontology (GO)
enrichment #4], MapMan 4], CELLO2GO (https://mybio
software.com/cello-v-2-5-subcellular-localization-predictor.html)
S S8 Ax o SEA 913 &l 24, KEGG brite
web-based databaseE 7|WFS.Z g KEGG A2 £48 77t
3SRt (Supek et al., 2011; Tian et al., 2017)

al

o oFE

4}
HE ~EY A X2| eldo| MejstA Bt 2ta
A EA] A2 (drought) X2 Al 2] AFe] AAx=
e #EE 4 3o (Farooq et al, 2009), ¥ A+ 2
oA sAl 11z A Al B 2719] tiETE (control)
CIAt (Panax ginseng Meyer) ol vlste] Qo] Ado] ¢
AAEE As AFsIATE (Fig. 2A).
HEAS 2¥Y AHE 7N R NBT9F DAB E4 <
Z3) reactive oxygen species (ROS)2| A4 AHE A|zts}t
slazxl stk 9AS B8 NBTHEA Z3E ROSY 32
AA o R 1% T AN DAB AHer = Fsigh 2}
ol &SR] EATh (Fig. 2A). ¥ =2 FHitsl
ROS9] %312 $J3le] MDA 2 H,0,0] ¥%5 =43 4
I, Az z7e] QA vt B4 219 B Hls] ROS
o g & kst Zhgo] FrojulAl Tkl des &
Adstlem (p < 0.05, Fig. 2B), H,0, F4IM = Ax =74
o] Qlak 7k iz (control)ell MIs| H,0,9] SA%kol
oJulsiAl S7teke As ST (p < 0.001, Fig. 20).

1.

oo

Ly

= =
Q
= sd

A= T v
g3l A Wt Ax 2B S mEHW Al &
fFashe ket ROS A 5 F3 Atskatgol

9

2 ox
> K o

A e gRlskin

A9l H0, 542 443 Ud 9 2Eg 2o #d
H o Asddel sk Fa AR dHA v
(Cheeseman, 2007). d¥r& o= dF ZEFHEZ Qg
ROS?| =42 F7A 2 (photosystem I1)2] Tz ghafo
FAA IS FaL, B 298 EFE Alddke ZloE W
=3 Itk (Messinger et al, 1993; Nishiyama e al,

2001; Allakhverdiev et al, 2002). 214te] Z-¢= HAEH
ZEH A F Rl 71X 2EH 2 o) tE AEAES]
B 2EG 29} T AEA 54 Wi EAlsk=

A 29 B7E A, A4Sl FERON 9T TR
o2 A7k,

w ofd
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Fig. 2. Physiological assessment of drought-induced ROS content in ginseng (var. Yeonpun§) root sample. (A); NBT and DAB

staining of ginseng plant under control and drought conditions. Bars are 1 cm for leaf, T mm

or root. (B); Quantitative assessment

of malondialdehyde (MDA) under control and drought conditions. (C); Quantitative assessment of H,O, under control and

drought conditions.

2. X ~Ef|~ Ael Qlro| XML THEZEE] A

Az 22 Ao whe Qe wudal e P @
S A5l P 279 AT EFSE 10% oI5 2 F
7 A% QA Welold] AA SR FEeT,
475 9 LeMIMSS BAE e &

lEg SRS, 7wk el A 2l

2 st o]de] HEfe|=

o)

7} wiREE 2,333 7R

(Fig. 3A).
gz 2 AF 27t ®@ F AE9] Pearson FHAITE

et} (Fig. 3B). =3 PCA 4
93.8%% F Aol HEES AT 5 AT
(Fig. 3C). 7 AF 7H BAFS=R Fofugt ddztolg B
ol WMAAE FRI5t7] 135+, multiple-ANOVA 774
(Benjamini-Hochberg FDR < 0.05, Fold change > 1.5)2
S A3 5 195 0] GRS AFHo= sk
(Fig. 3A).
F7F 22 volcano plot ¥4
ANA F7Fsk= 100 7He] T
95 7fe] ehid® FEI = U

53
32
o}

7]t

3. 7olopll Yoikl= CHEEAIo| JISH 25 2

Volcano plot #2413} PR 2 HCA 4 A% T 7 70
9] cluster2 WA= AS RIEATE 7} cluster= AX =4
olA ZHadle ©A (cluster 1) A% F7d o8] Z71st
= A (cluster 2)2 EFEAT (Fig. 4A).

frelgt W Aol Mol TilEES] 93-S ol ¢
S, 2 clusterel] SFsls @ EA Q] locus EE 83}
o] Uniprot ¥ CELLO2GO § 7% Ho|E#|o]2E 2-83)

hild IHQAXE EAEITE o A, Az =24
SRz 95 7o) A FollME 46 7 (48.42%)7F MEA W)
o EA5hH, 9 7 (947%)7F ME L5 (extracellular)e] &=
Ak T A5L, v el 9ol EAske whlEe 7t
zt 6 70 (6.32%)2F 19 7] (20.00%)2] Aoz Felw )
(Fig. 4B). B3k, 1% Z24elM S7ksk= 100 719 @ 5
63 7N (63.00%)= AlEZ] sk T,

=2

A kA

= 11 7H
(11.00%)y= AHIE 2ol ERlsk= ol dct. 1 2ol 7}
Zt 6 7N (6.00%)2F 9 7 (9.00%)e] ThHELS T e}
Qo EAeks Zlow AT (Fig. 40).

7} clusterd]] 3@sle GAES] 7% RIS 98l GO
TAS FAEATE GO A AF cluster 1914 20 7
9] GO termES FIF = UCH, F8& metabolism7}
#HE ThlAE F 53] ketone metabolic process®} fruit
development®} ZAE ThFE] Ax A Taske A
= 2 & 5 AU (Fig. 4D).

bl Az Ao wel Z7kshs W E (cluster 2)9] 7
T Z 41 719 GOE ERISINAL HAEA 2 AE4 2Ed
2 HEE 10 7He] @EEo] T Ve ddES & T
UATE WRE opEt A EA} A, DAt B eerskE
thakel AEE whild o] Hx RE A Aol wmEt S
< F7HeE ERIg = AT (Fig. 4E).

7180 AFeME x 2EY X A A AEe] 3 T
ol] EAZE A HE Ao TS 2o TS A=
o2 RISAT (Rahmati et al, 2018). "EIRIZ 3T
TollA FRIg T AA] 7% A4S S E A ddw

o) gl DulAS0] A% 27l ejse] Tadhe AL

of 2
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(A) (B)

I = 2471 proteins
2365 More than one
> unique peptides
— > 70% of valid values

Benjamini-Hochberg
FDR < 0.05
Fold change 21.5

2333

(C) (D)

Control

Component2 (2.1%)

T T T
-10 0 10
Component1 (93.8%)

18 22 26 30 20 25 30 20 25 30

m 099 || 099 || 073 || 074 || 074

20 24 28 32

8 || control
3 / 0.70 || 0.7 0.71
pd /|| Control 2
- 3 ©
/ / [E 0.73 || 0.74 074 |3
31. , -,:«'.. ~,". Drought
847 5; ok ;‘f" f’ m 099 | 0.99
.- .- N ,.4' Drought -3
A A AVa RS
2 L. . s ’ .|| Drought
ale o | T g R3
20 .14 28 32 : 18 22 26 30 20 25 30
Decreased
in Drought
E
g
&
o
o
-
(95 proteins)
5 10

Log, Fold change

Fig. 3. Label-free quantitative proteomic analysis of drought stress treated in ginseng root. (A); venn diagram showing the
distribution of the total identified and significantly modulated proteins according to various criteria (identified > 1 peptide, 70%
valid values, FDR < 0.05 and Fold change > 1.5). (B); multi-scatterplot showing the expression correlation of Iogz transformed
LFQ |nten5|ty of each sample. Three biological repllcates of each sample were used for the statistical test. (C); principle

component analysis showing clear separation of 195 significantl

modulated proteins. (D); volcano plot highlighting the relative

fold change differences of identified proteins from drought and control. Black color indicates significantly modulated proteins
during drou%ht stress treatment, the dashed line depicts the fold cutoff value (1.5), blue circles refers to up regulated proteins

and red circles correspond to down- regulated proteins.

2 3T 5 Uk,

W zEws e AEA Ul B3l As)
3ol et 4% ARG £ BrsEEe) FHe &
N71e Aoz AHA A (Lee e al, 2002). S AT+
e BEHE 349 28 a0l T2 S
P& Felskgon, ol b MY Ao Fi 2Ed s
2 7] ww BIS BS54 9 B AAUZ
oJste] Az 2EYs WMol AL AT 5 AUk

4. 310U THAJQ} MITZ8! 201 PR CHSIO| BiG)
MapMan A2 E9JolE &-gale] thaat ¥ 713 7oA

W ol e e gk Al 7 24 9 AL
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AEA] 9 HEA RE A0} AT WiidEe] S 5
Haske e Bole As #RIsiT (Fig. 5).

Flade Axd g FAEE Bad SEA I, 4
B gade] d9A¢l ®a]25S p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S)& =] Ut} (Besseau et
al, 2007). o]F9] AFAIANN = 2Ee] xR 2EHLE W
< A Z7lddle o] e FXAIIARE (Yang et dl,
2006), 7% Z2E#H 27 AEE Al AEQ FioA gad A
P& =ole Aol Aol tigh FAA IS FolaL A=
o] [x ZE# X AFsh= Welgtal BiE ul Ut
(Vincent et al., 2005). 1% 2EH 27} glad @Ao) F=
B> Ao WA UA FA
27F glad S 7;5:/\]7111:}—_— e J*V\bjri* & 7
2E 3 AR yehd Hol 9l
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2008).

B A7 Al e dx 219 A= sl ik e
He] gl tjale} #-E Phenylalanine ammonia-lyase (Pg
S4658.17)3} RNA binding protein-like protein (Pg_S3838.1)
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wAZ BIEY O™ (Camm and Towers, 1973), RNA
binding protein-like protein (Pg S3838.1)2 2|1 AYFHd}
Add e oflel AIX oo & F53 Add AEst
A u-gel 713 &%, abscisic acid (ABA) Aol 23 uk-g-
2 OoAEY 223 AAE g2 dEx Atk (Lee and
Kang, 2016). W2hA] <14t ¥E]o] A9 nPERE 2 &
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Fe AAT F YA

o
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icate up-regulated and down-regulated proteins, respectively, in response to drought stress of ginseng.

A ©E Photosystem II CP43 chlorophyll apoprotein
(Pg_S2592.5)3} Photosystem II D2 protein (Pg_S0429.2) 5
o] Zadle AIE Hole AL RIS

AE 712 2EY X AP A 2R st 849 FET7h
S7HEAL ol ATP §4 2 thAl AAIE frdete] J84 7
29 Y-S A A7tk B #) Qlth (Kaiser, 1987;
Tezara et al, 1999). =3 &2 AR/, AX, & 2EHXE
kS Al Ca™o] f9e] S7I5tL ABA HH|Fol Wsts
24 7] S8l Bissst 23 Alsdg A sl
S AA= Ae= 43 AUt (Xiong and Zhu, 2001;
Zhu, 2001; Wahid et al., 2007; Zhang et al., 2012).
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