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ABSTRACT

Proteins are main players of almost all biological activities, performing their function by interacting with other proteins.
These protein-protein interactions act as fundamental basis for signalling in living organisms. These interactions result
in formation of complex protein networks with important roles in plant growth and development and in various
stress responses. For instance, heterotrimeric G proteins (Ga monomer and Gy dimer) are key proteins associated
with the various growth and development related processes like germination, light response, shoot and root growth,
stomatal regulation and stress responses. N-myc Downregulated Like proteins or NDLs are downstream components
of the G protein signalling pathway. Expression of their animal homologs, NDRG proteins, is known to be induced
in various stress conditions like hypoxia, metal ions and reducing agents. NDL proteins were isolated in a yeast two
hybrid screen designed to isolate interacting partners of the GBy dimer. Later, NDL was found to interact with more
than sixty other proteins in a comprehensive screen to elucidate the signalling pathway related to G proteins. The
study of a complete set of interactors of a protein under specific condition (interactome) can help us to understand
the molecular mechanism of action or its functional mapping. In the present study, putative interactors (Pls) of
NDL proteins were analysed in silico, in terms of their functions and expression in different plant parts and stress
conditions (mostly abiotic). We found that more than fifty percent of the Pls of the NDL interactome showed both,
tissue specific expressions and responses to various stress conditions. This study can be used to plan experiments to
elucidate the molecular mechanism of plant stress response.
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Introduction

Different plants have varying potential to tolerate
various stresses; this tolerance is mainly based on their
genetic constitution. Stress exposure in plants results in
changes in their physiological and metabolic processes
which in turn affect their growth and development.
Agriculture is adversely affected by many problems
linked to abiotic and biotic stresses, e.g., shortage of
water, high/low temperatures and salinity, resulting in
huge agroeconomic losses.

G proteins are identified as key proteins associated
with the various growth and development related
processes like germination, light response, shoot and
root growth, and stomatal regulation (Lease et al.,
2001; Ullah et al., 2003; Pandey et al., 2006; Trusov
et al., 2007; Zhang et al., 2008; Liu et al., 2012;
Ming et al., 2015). G protein components are also
involved in response to stress conditions like drought,
heat, cold, ozone and salt (Joo et al., 2005; Ming et
al., 2015; Chakraborty et al., 2015; Xu et al. 2015).
In Arabidopsis thaliana (Arabidopsis), G proteins are
known to occur as hetero-trimeric subunits, Ga, G

and Gy (Ma et al., 1990; Weiss et al., 1994; Mason &
Botella 2001; Choudhury et al., 2019). The molecular
mechanism of action of very few candidate genes
working downstream in the G protein signalling is
known. NDL1 is one such effector discovered in a
screen for the interactors of By dimer in Arabidopsis.
Studies of protein interacting with G protein core
components and selected effectors (interactome study
using yeast two hybrid and bimolecular fluorescence
complementation) divulged important evidence about
interactions of the G protein. About sixty plus putative
interactors (PIs) of NDL proteins are known today
(Mudgil et al., 2009; Klopffleisch et al., 2011; Khatri
et al., 2015).

NDL are alpha/beta hydrolase fold comprising
proteins, functional characterization studies using
overexpression/ downregulation of these genes showed
that they function as positive regulators of primary root
and shoot growth and maintain proper architecture of
the plant by modulating auxin transport (Mudgil et al.,
2009; Mudgil et al., 2013). Approximately thirty NDL1/
NDLI genes/proteins have been reported in various
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plant species till date (NCBI Research Coordinators,
2016). Expression of NDRGs, the animal homolog of
NDL protein, is reported to be induced by many stress
conditions like hypoxia, DNA damage, metal ions etc.
indicating their probable involvement during various
stress responses (Piquemal et al., 1999; Kovacevic and
Richardson 2006; Melotte et al., 2010).

Recentlyithas been found that during water deficient
conditions expression of NDL1 positively correlated
with the increase in the rate of transpiration and
projected rosette area in Arabidopsis (Rymaszewski et
al., 2017). Our recent comparative expression profiling
of three members of the NDL family in both presence
and absence of AGB1 showed different responses -
NDL1 expression showed changes in patterns, whereas
expression patterns of NDL2 and NDL3 were not
affected much during salinity stress. The responses of
NDL-AGB1 modules response towards abiotic stress
and hormone treatments suggest that each member
plays a different role under different kind of abotic
stresses, and also establish their possible role and use
as stress markers (Katiyar and Mudgil, 2019). Further
investigations are required to reveal detailed molecular
characterization of NDL interactors under abiotic stress
to reveal their function in plants. The current study of
NDLs is a step forward in that direction.

Materials and Methods

G Protein and NDL1 Interactome

Thebiological general repository for interaction datasets
BIOGRID (https://thebiogrid.org/21021/summary/
Arabidopsis-thaliana/ndl1.html) was used to get
interaction information about all the PlIs (=interactome)
of all the subunits of G protein complex and NDLI1
in Arabidopsis.

Network and Expression Analysis of Putative
Interactors (PIs)

Information on the expression and response, under
various abiotic stresses, of all the PIs of NDL1 from
the G protein interactome was collected using the
gene ontology feature in NCBI (https://www.ncbi.
gov). Based on the information gathered, networks
were created using yEd graph generator (http://www.
yworks.com/products/yed).

Expression analysis of various PIs was performed
using eFP browser also known as Electronic Fluorescent
Pictograph by TAIR, http://bar.utoronto.ca/efp/cgi-bin/
efpWeb.cgi (Winter etal., 2007). Expression data for PIs
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indifferent abiotic-stress conditions (heat, cold, drought,
salt, osmotic, genotoxic, oxidative, UV-B, wounding);
hormones (auxin, abscisic acid, cytokinin, ethylene,
gibberellic acid, brassinolides, brassinosteroids); biotic
stresses (infected with Botyris cineria, Pseudomonas
syringae, Phytophthora infestans, Erysiphe orontii,
ellicitators) were obtained as fold change values at
different time intervals for comprehensive analysis.

Expression Analysis in Different Parts of Plant

Electronic Fluorescent Pictograph by TAIR (http://bar.
utoronto.ca/efp/cgi-bin/efpWeb.cgi), was used toretrieve
the expression data of Pls in different plant parts.

Results

Interactome Analysis of NDL and of G Protein
Subunits

G protein interactome analysis showed that all the sub-
units of G protein interact with other interactors (proteins),
which were found to be involved in diverse functions
in plants (Table 1). This supports the involvement of
G protein in different functions. G protein subunits
share some PlIs (Figure 1A) namely, AGB1, PLDAI
(Phospholipase D alpha 1), FSD1 (Fe superoxide
dismutase 1), VOZ1 (Vascular plant one zinc finger
protein 1), VOZ2 (Vascular plant one zinc finger protein
2) interact with GPA1 and AGB1; AGBI1 interacts
with GPA1 and NDL1; ATARCA (Transducin/WD40
repeat-likesuperfamily protein) interacts with AGBI,
AGG]1 and AGG2; BAK1 (Leu-rich receptor Serine/
threonine protein kinase), BIR1 (BAKI-interacting
receptor-like kinase), CERK1 (Chitin elicitor receptor
kinase 1) interact with GPA1, AGG1 and AGG2; FTA
(Farnesyltransferase A), NUDT7 (Nudix hydrolase 7),
PGGT]1 (Geranylgeranyl transferase type-1 subunit beta)
interact with AGG1 and AGG2; XLG2 (Extra-large
GTP-binding protein 2) interacts with AGB1, AGGl,
AGG?2 and AGG3; and SYP23 (Syntaxin-31) interacts
with GPA1 and NDLI.

Pls Related to Abiotic Stress and Network Analysis of
NDL1 Interactome

The literature and online data base (NCBI) were
thoroughly searched to find information related to
interactor responses to abiotic stresses. It was found
that 24 interactors out of 56 of GPA1, 23 out of 95
of AGB1, 7 out of 12 of AGG1, 6 out of 9 of AGG2,
1 of 1 of AGG3 and 31 out of 62 of NDLI showed
response (in terms of mutant analysis/ expression
analysis/ direct assays/ genetic interaction) to various
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1A, 1B.
GENEID |INTERACTORS | GPA1|AGB1|AGG1AGG2|AGG3| NDLI

AT3G63420 | AGG1 v v Ix  Ix Ix |v

AT4G34460 | AGB1 v v Ix x_|v NDL1

AT1G18080 | ATARCA x v v v Ix |x

AT4G33430 | BAKI v Ix |v v Ix |x AGG3

AT5G48380 | BIR1 v Ix |v v Ix |x @ AGG2

AT3G21630 | CERK1 v Ix |v v Ix |x =

AT3G59380 | FTA x Ix |Iv v Ix  |x O AGG1

AT4G12720 | NUDT7 x Ix v v |x |x

AT3G15730 | PLDAL v v x  |x o |x AGB1

AT2G39550 | PGGT1 x |x v v x

AT4G34390 | XLG2 x v v v |v |x GPAL

AT4G25100 | FSD1 v v ox x o x o |x | [ | I I
AT1G38520 | VOZ1 v v x o x x |x 0 10 20 30 40
AT2G42400 | VOZ2 v v X X X X NUMBER OF INTERACTORS
AT4G17730 | SYP23 v X X X X v

Figure 1. (A) List of interactors shared between heterotrimeric G protein subunits and NDL1; (B) Numbers of putative interactors of
G protein heterotrimeric subunits (GPA1, AGB1, AGG1, AGG2, AGG3) and NDL1 interactomes showing response to various abiotic
stresses, as a fraction of the total number of interactors (written in white within the bars) in each interactome.

abiotic stress conditions (Figure 1B and Table 1). This
further indicates that many of the Pls of G protein as
well as of NDLI1 are potentially involved in stress-
management in plants.

The information gathered was used for creating
networks for NDL1 protein Pls (Figure 2). Network
analysis showed that NDL1 protein Pls are involved
in various plant processes and functions (Figure 2A
and 2B). Process-network revealed that 5 Pls are
involved in responses to biotic stress, 6 in signalling,
3 in cell cycle, 7 in gene expression, 6 in hormonal
response, 17 in developmental role, 24 in metabolic or
biosynthesis processes, 31 in abiotic stress response,
11 in other functions not included in above categories
and 9 PIs have unknown role (Figure 2A).

Function-network revealed that, of the 62 PIs of
NDLI1, the majority (29) are involved in enzymatic
functions, 18 in protein binding, 8 in metal binding,
7 in nucleic acid binding, 3 in oxidation-reduction, 2
have receptor function, 4 in other functions while 16
PIs have unknown functions (Figure 2B).

Expression of PIs of NDL1 in Different Parts of the
Plant

Gene expression varies in different parts of plants. We
retrieved the absolute expression data (Table 2) of Pls
in different plant parts and found that of all the Pls,
MT2A showed maximum expression in dry seed, cauline
leaf, flower bud, flower, senescence leaf, siliques; CAl
in cotyledon, rosette; ANNAT1in hypocotyl; RS27A in
root; ATMS1 in stem; P1I4AGAMMAA4 in pollen (however
NDL1 showed highest expression in pollens); LOX2 in
vegetative rosette. If we see expression of particular
gene among all the parts then, ADS2 showed highest
expression in dry seed; AGB1 in senescing leaf;
ALDH11A3 in stem; ANNATL in hypocotyl; ABHF in
pollen; CD1BP in dry seed; TIR900 and TIR920 in
cotyledon; UDPGTSF in stem; DUF2358 in cauline
leaf; DNARALP in dry seed; RPSA3 in vegetative
rosette; PE/GH in vegetative rosette; HP in flower;
NUO in root; CYS4 in siliques; NUCLEASE in root;
PEARLI4 in senescing leaf; PLCL in cotyledon; HSFP
in siliques; TWD40_2 in stem; DUF1162 in senescing
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Table 1. Putative Interactors (Pls) of G protein subunits and NDL1, interactors highlighted in grey colour are published and
have response towards abiotic stress.
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27
28
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Name
PSB29

GCR1
PRN

RGS1
BAK1

BIR1

CERK1
GPCR

GTG1

GTG2

PD1
PLDALPHALI
ADTI1

AGB1

AGP16
ARD4
AT1G07210
AT1G09995

AT2G21580
AT2G45680
AT3G24120
AT3G52570
AT3G61480

AT4G00752

AT4G26410

AT4G33060

AT4G37180
AT5G13430

AGG1

ARD1
MPK6
NPH3
AGG2
AT4G03415
VIP1

Z1P4
ATARCA

BIN2

G protein subunits and NDL1 interactors description
Interactors of GPAL

Description
protein THYLAKOID FORMATION 1

G-protein-coupled receptor 1
pirin-1
putative membrane receptor protein RGS1

Leu-rich receptor Serine/threonine protein
kinase

BAKI-interacting receptor-like kinase BIR1
chitin elicitor receptor kinase 1

G-protein coupled receptor 2

GPCR-type G protein 1

GPCR-type G protein 2

arogenate dehydratase 3

phospholipase D alpha 1

arogenate dehydratase 1

guanine nucleotide-binding protein subunit
beta

arabinogalactan protein 16

acireductone dioxygenase 4

ribosomal protein S18

DNA repair DEAD helicase RAD3/XP-D
subfamily protein

40S ribosomal protein S25-2
transcription factor TCP9

myb family transcription factor
alpha/beta-Hydrolases superfamily protein

beta-chain like quinoprotein amine
dehydrogenase

UBX domain-containing protein
hypothetical protein

cyclophilin-like peptidyl-prolyl cis-trans
isomerase family protein
myb family transcription factor

ubiquinol-cytochrome C reductase iron-
sulfur subunit

S.No. Name

29 AT5G13440
30 AT5G23280
31 AT5G24620
32 AT5G26790
€8 AT5G61820
34 BAG6

35 CAS

36 CAT9

37 CPK1

38 CSN5A

39 EIF3A

40 FSD1

41 GDU2

42 KAC1

43 LOS1

44 LRR1

45 MYB32

46 NDPK2

47 PDF1B

48 RD2

49 SPX1

50 SYP23

51 TCP16

52 TCP3

53 UNEI16

54 VOZ1

65 vVOZ2

56 XTH4

Interactors of AGB1

guanine nucleotide-binding protein subunit
gamma 1

acireductone dioxygenase 1

MAP kinase 6

root phototropism protein 3

G-protein gamma subunit 2

putative protein phosphatase 2C 52
VIRE2-interacting protein 1

protein ZIG SUPPRESSOR 4

guanine nucleotide-binding protein subunit
beta-like protein A

Shaggy-related protein kinase eta

11

12
13
14
15
16
17
18
19

20

CMPG1

NDL1
RACKIB AT
RACKIC AT
ACR7
AGP24
ALDH3F1
ASHR2
AT1G02870

AT1G05000

Description

ubiquinol-cytochrome C reductase iron-
sulfur subunit

transcription factor TCP7
pathogenesis-related thaumatin-like protein
hypothetical protein

hypothetical protein

BCL-2-associated athanogene 6

calcium sensing receptor

cationic amino acid transporter 9
calcium dependent protein kinase 1
COP9 signalosome complex subunit 5a
eukaryotic translation initiation factor 3A
superoxide dismutase [Fe]

glutamine dumper 2

kinesin CDKA;1 associated 1

elongation factor EF-2-like protein LOS1
leucine-rich repeat protein 1
transcription factor MYB32

nucleoside diphosphate kinase II

peptide deformylase 1B
dessication responsive protein
SPX domain-containing protein 1
syntaxin-23

transcription factor TCP16

TEOSINTE BRANCHED 1, cycloidea and
PCF transcription factor 3

unfertilized embryo sac 16 protein /
transcription factor

vascular plant one zinc finger protein

vascular plant one zinc finger protein 2
endoxyloglucan transferase Al

ubiquitin-protein ligase CMPG1

N-MYC downregulated-like 1 protein
receptor for activated C kinase 1B
receptor for activated C kinase 1C

ACT domain repeat 7 protein
arabinogalactan protein 24

aldehyde dehydrogenase 3F1
histone-lysine N-methyltransferase ASHR2
hypothetical protein

atypical dual-specificity phosphatase 1
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S.No.
21
22
23
24

25
26
27
28
29

30
31
32
33

34

35
36

37
38
39

40

41
42
43
44
45
46
47
48
49
50
51
52
53

54

55

56

57

Name

AT1G20970
AT1G27530
AT1G33055
AT1G49870

AT1G54290
AT1G65010
AT2G19270
AT2G19460
AT2G23070

AT2G24420
AT2G46535
AT3G03890
AT3G05920

AT3G11850

AT3G12180
AT3G14160

AT3G19370
AT3G23450
AT3G24120

AT4G07820

AT4G16240
AT4G25390
AT4G29020
AT4G32175
AT5G01010
AT5G08510
AT5G10920
AT5G18400
AT5G19960
AT5G24620
AT5G27330
AT5G51770
AT5G59550

AT5G59650

AT5G66180

ATBFRUCT]1

ATKDSA1

Description

hypothetical protein

ubiquitin-fold modifier-conjugating enzyme 1
hypothetical protein

hypothetical protein

protein translation factor SUI1-2
flower development-related protein
hypothetical protein

hypothetical protein

casein kinase 2, alpha polypeptide

ATPase-related DNA repair protein
hypothetical protein

FMN binding protein
heavy-metal-associated domain-containing
protein

hypothetical protein

protein cornichon-likel
2-oxoglutarate-dependent dioxygenase
family protein

hypothetical protein

hypothetical protein

myb family transcription factor

cysteine-rich secretory proteins, antigen 5
and pathogenesis-related protein 1 domain-
containing protein

hypothetical protein

receptor-like serine/threonine-protein kinase
glycine-rich protein

PNAS-3 related protein

hypothetical protein

pentatricopeptide repeat-containing protein
putative argininosuccinate lyase

anamorsin homolog

RNA recognition motif-containing protein
pathogenesis-related thaumatin-like protein
Prefoldin chaperone subunit family protein
protein kinase family protein

ABA- and drought-induced RING-
DUF1117 protein

probable LRR receptor-like serine/
threonine-protein kinase PAM74
S-adenosyl-L-methionine-dependent
methyltransferase domain-containing protein
beta-fructofuranosidase, insoluble
isoenzyme CWINV1
2-dehydro-3-deoxyphosphooctonate
aldolase 1

S.No.
58
59
60
61

62
63
64
65
66

67
68
69
70

71

72
73

74
75
76

7

78
79
80
81
82
83
84
85
86
87
88
89
90

91

92

Name
ATNTT2
BPA1
CDC48B
CER2

DDB1A
EMB975
FSD1

GDU2

GP ALPHA 1

GRF2
GRF3
GRP2
1QD6

LOS2

LYSOPL2
MC8

NACO014
NAC069
NACO089

NQR

NTL9
PAP3
PHR2
PLDALPHAI
PVA12
RR1
SBP2
SHM3
SYP31
TFIITA
TOM2A
VAP
VAP27-2

VOZ1
vOZz2
VPS60.1
XBCP3

XLG2

&9

Description

ADP, ATP carrier protein 2

binding partner of acdll 1

cell division control protein 48-B

fatty acid elongation machinery component
ECERIFERUM2

DNA damage-binding protein la
pentatricopeptide repeat-containing protein
superoxide dismutase [Fe]

glutamine dumper 2

guanine nucleotide-binding protein alpha-1
subunit

14-3-3-like protein GF14 omega
14-3-3-like protein GF14 psi

glycine rich protein 2

[Q-domain 6 protein

bifunctional enolase 2/transcriptional
activator

lysophospholipase 2
metacaspase 8

protein NAC 014
NAC transcription factor

membrane-tethered transcription factor
ANACO089

oxidative stress tolerance protein NQR

NAC transcription factor-like 9
purple acid phosphatase 3
photolyase/blue-light receptor 2
phospholipase D alpha 1

VAP-like protein 12

response regulator 1

selenium-binding protein 2

serine hydroxymethyltransferase 3
syntaxin-31

transcription factor IITA

tobamovirus multiplication 2A protein
vesicle associated protein
vamp/synaptobrevin-associated protein 27-2

vascular plant one zinc finger protein
vascular plant one zinc finger protein 2
vacuolar protein sorting protein 60.1
papain-like cysteine peptidase

extra-large GTP-binding protein 2
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S.No. Name Description S.No. Name Description
Interactors of AGG1
1 AGB1 guanine nucleotide-binding protein subunit 7 FTA farnesyltransferase A
beta
2 ATARCA guanine nucleotide-binding protein subunit § GONST1 GDP-mannose transporter GONST1
beta-like protein A
3 BAK1 Leu-rich receptor Serine/threonine protein 9 MLO4 MLO-like protein 4
kinase BAK1
4 BIR1 BAKI-interacting receptor-like kinase BIR1 10 NUDT7 nudix hydrolase 7
5 CERK1 chitin elicitor receptor kinase 1 11 PGGT-I geranylgeranyl transferase type-1 subunit
beta
6 CNGC17 cyclic nucleotide-gated channel 17 12 XLG2 extra-large GTP-binding protein 2
Interactors of AGG2
1 AGB1 guanine nucleotide-binding protein subunit 6 FTA farnesyltransferase A
beta
2 ATARCA guanine nucleotide-binding protein subunit 7 NUDT7 nudix hydrolase 7
beta-like protein A
3 BAK1 Leu-rich receptor Serine/threonine protein 8 PGGT-I geranylgeranyl transferase type-1 subunit
kinase BAK1 beta
4 BIR1 BAK -interacting receptor-like kinase BIR1 9 XLG2 extra-large GTP-binding protein 2
B CERK1 chitin elicitor receptor kinase 1
Interactors of AGG3
1 XLG2 extra-large GTP-binding protein 2
Interactors of NDL1
1 ADS2 16:0 delta9 desaturase 2 23 AT5G25100 Endomembrane protein 70 protein family
2 AGBI1 GTP binding protein beta 1 24 VQ32 VQ motif-containing protein
3 ALDHI11A3  Aldehyde dehydrogenase 11A3 25 AT5G63370  Protein kinase superfamily protein
4 ANNAT1 Annexin 1 26 ATMSI1 Cobalamin-independent synthase family
protein
5 AT1G10740  Alpha/beta-Hydrolases superfamily protein 27 BOBI1 HSP20-like chaperones superfamily protein
6 AT1G22970  Cyclin-D1-binding protein 28 BPA1 Binding partner of acdl1 1
7 AT1G72900  Toll-Interleukin-Resistance (TIR) domain- 29 CAl carbonic anhydrase 1
containing protein
8 AT1G72920  Toll-Interleukin-Resistance (TIR) domain 30 CAD9 cinnamyl alcohol dehydrogenase 9
family protein
9 AT1G75420  UDP-Glycosyltransferase superfamily protein 31 CHLI1 P-loop containing nucleoside triphosphate
hydrolases superfamily protein
10 AT1G79510  Hypothetical protein (DUF2358) 32 CKS2 CDK-subunit 2
11 AT2G24420  DNA repair ATPase-like protein g8 COB COBRA-like extracellular glycosyl-
phosphatidyl inositol-anchored protein family
12 AT3G04840  Ribosomal protein S3Ae 34 EIF4A-II1 eukaryotic initiation factor 4A-III
13 AT3G62460  Putative endonuclease or glycosyl hydrolase 35 HMGB3 high mobility group B3
14 AT4G16240  Hypothetical protein 36 HOTS GroES-like zinc-binding dehydrogenase
family protein
15 AT4G16450  NADH-ubiquinone oxidoreductase 37 IDH-V isocitrate dehydrogenase V
16 AT4G16500  Cystatin/monellin superfamily protein 38 KCS9 3 3-ketoacyl-CoA synthase 9
17 AT4G29780  Nuclease 39 KLCR1 Tetratricopeptide repeat (TPR)-like
superfamily protein
18 AT4G38550  Phospholipase-like protein (PEARLI 4) 40 LOX2 Lipoxygenase 2
family protein
19 AT4G38690  PLC-like phosphodiesterases superfamily 41 LSD1 LSD1 zinc finger family protein
protein
20 AT4G40030  Histone superfamily protein 42 MT2A Metallothionein 2A
21 AT5G24710  Transducin/WD40 repeat-like superfamily 43 OASA1 O-acetylserine (thiol) lyase (OAS-TL)
protein
22 AT5G24740  Vacuolar protein sorting-associated protein, 44 PABI1 Proteasome subunit PAB1

putative (DUF1162)
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S.No. Name Description S.No Name Description
45 PDR2 Phosphate deficiency response 2 54 SYP23 Syntaxin of plants 23
46 P14K Phosphoinositide 4-kinase gamma 4 E5 THM1 Thioredoxin M-type 1
GAMMA 4
47 PP2AA2 Protein phosphatase 2A subunit A2 56 TIM10 Tim10/DDP family zinc finger protein
48 PPa4 Pyrophosphorylase 4 57 TUA2 Tubulin alpha-2 chain
49 ROC3 Rotamase CYP 3 58 UBP6 Ubiquitin-specific protease 6
50 RS27A Ribosomal protein S27 59 XBAT32 Hypothetical protein
51 SLP3 Subtilisin-like serine protease 3 60 XTI Xylosyltransferase 1
52 SLT1 HSP20-like chaperones superfamily protein 61 YAB2 Plant-specific transcription factor YABBY
family protein
53 SPPL2 Signal peptidase like 2 62 RADS DNA/RNA helicase protein
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Figure 2: Processes and functions network analysis- the gene ontology feature of NCBI was used for collecting information to create
these graphs. Networks showing putative interactors of NDL1 involved in various plant (A) processes and (B) functions.

leaf; EP70 in stem; VQ32 in root; PKSFP in pollen;
ATMS1 in stem; BOBL1 in dry seed; BPALl in dry
seed; CAl in cotyledon; CAD9 in flower bud; CHLI1
in vegetative rosette; CKS2 in pollen; COB in stem;
EIF4A-IIl in dry seed; HMGB3 in senescing leaf;
HOT5 in hypocotyl; IDH-V in root; KCS9 in cotyledon;
KLCR1 in stem; LOX2 in vegetative rosette; LSD1
in pollen; MT2A in siliques; OASAl in cotyledon;

PAB1 in dry seed; PDR2 in pollen; P14GAMMA4 in
pollen; PP2AA2 in pollen; PPA4 in stem; ROC3 in
root; RS27A in siliques; SLP3 in flower bud; SLT1 in
siliques; SPPL2 in flower; SYP23 in dry seed; THM1
in cotyledon; TIM10 in root; TUAZ2 in pollen; UBP6
in dry seed; XBAT32 in pollen; XT1 in root; NDL1 in
pollen; RADS in pollen.
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Table 2. Expression of different PI’s of NDL1 in different tissues in plant. (1-Dry seed, 2-Cauline Leaf, 3-Cotyledon, 4-Seedling
Root, 5-Rosette Transition to Flowering, 6-Flower Stage 9, 7-Flower Stage 15, 8-Hypocotyl, 9-Root, 10-Senescing Leaf,
11-Stem 2nd Internode, 12-Mature Pollen, 13-Seeds Stage 10 w/o Siliques, 14-Vegetative Rosette). Data source: eFP

browser.
Genes ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14
ADS2 AT2G31360 1441 208.3 6709 556.6 693.5 570.8 208.9 8659 645 181.3 228.13  700.5 1137.75 659.36
AGBI1 AT4G34460 192 440.3 288.8 218.4 241.7 2973 2554 268.96 256.7 509.75 333.5 94.84 123.15 197.66
ALDHI11A3 AT4G34460 11.2 864.8 8474 16.15 918.8 1124 961.7 77246 11.58 478.35 1869.13 17.48 45.08 1531.53
ANNI1 AT1G35720 307 277.1 702.1 1597 1773 140.1 479 2120.5 1655 400.23 1691.33 376.6 365.9 652.98
ABHF AT1G10740 10.3 69.1 118.1 50.31 95.83 70.34 1594 70.86 50.61 43.21 62.3 2832 110.03  76.06
CDIBP AT1G22970 183 4495 21.63 46.65 41.15 84.18 59 38.13 5136 79.06 36.75 1.66  87.55 50.76
TIR900 AT1G72900 57 136.1 274 81.81 66.76 11.36 107.8 7126 47.8 184.83 86.08 10.81 10.71 17.03
TIR920 AT1G72920 0.2 3296 1855 28.71 1476 696 14.88 120.36 26.68 36.4 15.33 1.26 5.6 6.38
UDPGTSF  AT1G75420 63.3 70.75 44.81 67.06 59.51 76.78 48.36 61.53 65.08 70.25 80.06 8.76  47.61 67.75
DUF2358 AT1G79510 34.4 323.7 241 11.53 166.8 28.93 9241 33.81 1045 12991 90.11 14.81 25.53 111.9
DNARALP AT2G24420 619 4555 359.5 192.8 373.6 295.1 308.5 281.14 169 583.01 486.18 155.6 480.88 247.15
RPSA3 AT3G04840 217 427 835.5 1954 1518 1857 992.4 1461.3 2156 44585 507.85 419.8 540.44 2268.01
PE/GH AT3G62460 212 277.6 682  341.7 791.4 5889 340.4 459.68 4143 290.01 197.13 63 172.08  964.9
HP AT4G16240 269 36.04 4691 3996 28.18 40.73 65.76 59.46 50.61 26.53 33.78 29.8  27.51 42.55
NUO AT4G16450 214 606.1 777.2 1154 951 1011 790.6 10009 1270 593.26 931.13 485.7 636.06 1040.68
CYS4 AT4G16500 826 1459 257.7 877.2 393.5 501.7 333.6 690.58 663.8 76.8 402.14  377.1 1271.45 429.65
NUCLEASE AT4G29780 127 294.6 731.8 1301 2545 35.69 118.2 460.85 869.5 97.36 129.6 120.8 79248 47.01
PEARLI4 AT4G38550 14.1 654.5 492.8 1249 2782 15.14 108 206.5 120.5 814.11 357.13 2.76  18.61 443
PLCL AT4G38690 0.49 122.7 2294 13.63 102.7 37.48 111.1 50.53 16.73 32.55 17338 293 1 108.65
HSFP ATA4G40030 1382 1540 1268 1514 1681 1787 1628 13452 1523 154045 1349.1 160.1 23279 1569.43
TWD40 2 AT5G24710 96.4 107.5 98.13 1425 123.6 119.2 9456 108.96 123.3 133.41 177.63 152.7 1594 99.51
DUF1162 AT5G24740 933 67.58 44.11 5098 49.61 52.48 57.58 452 44.16 100.16  62.48 372  81.28 51.4
EP70 AT5G25100 65.7 174.1 255.6 386.5 3194 318.7 2024 364.2 310.6 21226 438.65 271 154.8 276.23
VQ32 AT5G46780 5.32 182.2 198.9 2745 7498 1298 50.93 255.66 201.1 185.81 189.06 6831 73.45 54.18
PKSFP AT5G63370 212 249.7 216.8 262.1 157.5 196.8 221.3 213.16 244.5 320.81 239.8 573.8 149.76  156.48
ATMS1 AT5G17920 61.8 785.9 1346 1762 1708 1093 766.4 1620.2 1682 774.46 2650.36 2533 29138 1773.95
BOBI1 AT5G53400 409 148.6 582 3773 1422 2653 156 196.8 297.1 26446 11556 1259 338.85 150.18
BPA1 AT5G16840 734 290.1 197  309.2 233.3 311.6 3294 256.5 271 381.06 324.06 3544 474.7 221.75
CAl AT3G01500 3.52 1831 4037 3.25 3919 1379 1066 53.23 13.31 35.05 1554.41 6.61 4.89 2978.9
CAD9 AT4G39330 11.3 307 4429 64.83 1084 1935 1610 511.1 89.63 24.83 211.81 40.71 25.51 1303.41
CHLI1 AT4G18480 2.28 490.1 1127 30.36 1167 557.6 404.6 361.93 37.13 137.7 328.13  16.61 1593 1544.33
CKS2 AT2G27970 15.2 41.16 44.6 238 108.2 313 102.2 233.63 301.6 30.75 70.56 409.1 2641 162
COB AT5G60920 136 350.1 543.6 553.8 621.5 208.5 219.9 576.83 536.7 203.18 718.83 26.73 478.16 425.3
EIF4A-II1 AT3G19760 584 301.7 299.8 460.9 348.1 464.6 312 377.35 597.3 373.06 334 374.5 387.5 415.76
HMGB3 AT1G20696 497 932 454.1 637.7 533.5 1093 890.7 424.38 688.7 1107.43 47131 81.75 614.73 664.8
HOTS5 AT5G43940 1012 1345 1331 1190 1671 1256 1116 1707.8 1077 13559 1584.06 81.7 1351.85 1148.55
IDH-V AT5G03290 727 757.8 597.3 846.9 669.6 503.2 641.7 711.03 845 825.83 528.25 4703 361.96 363.73
KCS9 AT2G16280 281 323.5 576.7 197.1 466.3 254.8 213.6 527.28 213.9 15593 27545 62.56 467.65 396.05
KLCRI1 AT4G10840 93.3 384.9 348.5 756.8 4024 441.1 383.5 47393 721.9 38231 1746.06 54.86 241.7 442 .88
LOX2 AT3G45140 5.15 1714 2809 6.33 2036 1780 2067 12.7 11.45 723.15 7.88 7.13  18.56 3522.41
LSD1 AT4G20380 257 179.4 191 189.7 1249 130.6 234.6 138.61 156.6 181.88 232.26 5326 100.81 190.28
MT2A AT3G09390 2629 2888 2579 396.5 1832 2169 2754 1012.5 1952 2635.08 1553.3 2892 4090.01 716.06
OASA1 AT4G14880 835 9732 1843 1250 1583 886.2 902.3 1241.8 1291 1021.03 597.44 1484 1119.41 1418.11
PABI1 AT1G16470 691 3054 2599 442.6 2932 463.1 387.5 297.05 435.7 29398 256.01 75.63 305.84 271.48
PDR2 AT5G23630 495 202.1 169 256 183.6 281.1 2425 233.95 308.2 330.1 250.73 8659 54143 219.35
P14 AT2G46500 319 237.1 241.5 3703 1342 1779 3323 209.11 331.5 306.13 24525 5423 361.85 114.31
GAMMA 4
PP2AA2 AT3G25800 519 361.4 2519 331.4 295 346.4 3259 297.96 347.6 4472 372 666.1 457.81 261.84
PPA4 AT3G53620 32.4 5898 77.11 264.8 173.6 138.6 133.9 344.06 240.9 90.16 878.58 693 21238 171.75
ROC3 AT2G16600 454 1288 1283 1637 1628 1206 1212 1509.2 1625 1161.08 1156.01 273.2 535 1188.05
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Genes 1D 1 2 3 4 5 6 7 8 9 10 11 12 13 14
RS27A AT3G61110 823 6664 7313 2275 1576 2025 1488 1727.8 2417 82938 866.81 262.1 2410.01 2162.54
SLP3 AT2G19170 692 182 27.7 5735 7091 219.6 84 74.43  63.66 7.86 34.55 43.46 16.09 93.03
SLT1 AT2G37570 156 1699 101.9 104.7 117.8 1379 1453 9548 108.6 199.86 151.03 59.65 247.86 13035
SPPL2 AT1G63690 552 241.6 1389 232.8 193.1 240.2 650.1 182.89 203.9 137.75 47853 39.51 136.1 212.11
SYP23 AT4G17730 623 256.6 130.8 2573 160  189.9 169.6 15538 211.4 189.96 338.38 287.2 271.2 126.23
THM1 AT1G03680 422 1620 1848 45.13 1775 653.5 735.6 302.4 484 65735 7293 5236 20228 13193
TIM10 AT2G29530 923 9459 126.5 4288 196.8 300.7 183.1 2933 479.4 120 119.78  71.93 90.58 246.18
TUA2 AT1G50010 95.7 88.28 148.8 863.2 502.4 8785 4025 709.7 7622 30.04 1338.43 4830 64.45 972.01
UBP6 ATIG51710 693 371.1 268.1 486.1 357.4 4159 4919 377.06 487.4 503.45 309.61 182.6 629.66 3744
XBAT32 AT5G57740 49.2 555 5395 8421 4573 5236 80.71 83.28 100.6 55.61 70.08 6252 58.86 47.46
XT1 AT3G62720 52 8496 269  711.1 9231 1122 113.8 269.03 563.1 27.65 80.13 6459 144.61 91.38
NDLI1 AT5G56750 143 7851 79.63 115.6 56.51 62.56 319.2 100.15 98.11 483 94.68 8450 100.78  96.08
RADS AT5G22750 15.5 3.03 201 558 1023 2798 7.38 12.53 16.18 1.38 1.06 48.46 9.58 21.43

Expression of NDLI and its PIs under Different in each category was shortlisted (Figure 3-4).

Stresses Different PIs expressed differentially in root and

Expression of PIs genes and NDL1 gene under different shoot parts (Table 3). According to fold change values,
stress conditions at different time intervals were analysed Nuclease showed maximum fold change 50.2 and 16.8
using the eFP browser. Genes showing above two-fold (at 3hrs and 6 hrs) in shoot and root respectively in

Figure 3. Genes showed above two-fold change in expression under different abiotic stresses. Elliptical boxes showing genes connected
with rectangular boxes representing different stresses. Expression data collected from efp browser in TAIR. See text for more
description.
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Table 3, Continued.
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Table 3, Continued.
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PEARLI4

IDHV ROC3 SYP23 TIM10

3 6 12 24 0 1 3 12 24 0 12 24
1.33 0.81 092 494 1 12 1.14 268 342 1 1.36 2.52
2.68 1.01 1.22 88 1 1.04 1.64 218 2.1 1 233 29
0.44 0.65 046 1.71 1 1.05 1.65 146 134 1 1.34 1.47
0.62 0.64 1.12 1.6 1 1.96 1.13 1.07 097 1 0.97 0.93
0.63 1.09 1.64 334 1 122 099 1.11 1.01 1 1 1.07
094 1.06 136 584 1 1.07 095 1.06 1.05 1 0.97 0.97
5.64 222 157 589 1 099 155 1 097 1 1.2 1.14
098 1.04 086 3.21 1 227 1.17 09 1.1 1 0.98 0.92
022 082 1.06 134 1 1.18 241 094 0.85 1 1.06 1.04
1.15 1.15 198 159 1 09 1.06 246 246 1 1.11 1.27
0.69 078 1.2 078 1 204 13 1.61 143 1 1.48 1.53
278 293 276 2.15 1 1.66 1.05 1.14 091 1 1.12 0.88
1.08 095 1.07 0.89 1 1.45 1.03 098 0.8 1 0.99 1.04
.16 1.02 125 125 1 1.09 0.85 0.92 0.81 1 1.04 0.96
126 1.07 122 1.06 1 1.05 1.05 1.11 1.03 1 1.01 1
098 099 1.11 1.03 1 1.05 0.85 1.02 1 1 1.03 1.06
1.06 1.15 1.69 139 1 097 095 1.08 1 1 0.89 0.91
034 1.05 1.12 1.01 1 1.2 256 1.04 09 1 0.98 0.98

3 6 0 24 0 12 0 6 12
0.88 0.65 1 237 1 0.78 1 0.84 0.96
el 121 1 094 1 1.76 1 0.77 0.84
098 092 1 1.08 1 125 1 0.73  1.05
1.07 1.06 1 1.07 1 1.06 1 0.73  1.02
096 096 1 123 1 128 1 0.89 1.03
1.01 092 1 0.84 1 133 1 091 1.01
207 221 1 1.51 1 0.88 1 247 234
122 092 1 0.8 1 097 1 1.24 1.16
1.09 0.75 1 0.9 1 .13 1 1.06 1.08
0.88 0.81 1 1.06 1 094 1 0.82 0.82
1.01 099 1 074 1 el 1 0.72  0.43
0.83 083 1 0.85 1 094 1 0.42  0.35
1.02 1.07 1 1.09 1 L1 1 0.89  0.99
0.88 0.9 1 1or 1 1.18 1 095 0.84
098 093 1 092 1 122 1 0.96 093
0.88 097 1 096 1 123 1 0.88 1.01
099 095 1 094 1 2.08 1 0.77 0.8
084 095 1 1.06 1 1.65 1 0.7 1

cold stress; TIR900 and MT2A (Metallothionein 2A)
showed maximum fold change 15.07 and 5.06 (at 1
hr and 24 hrs) in shoot and root parts respectively in
osmotic stress; ANNAT1 and CA1 (Carbonic anhydrase
1) showed maximum fold change in salt stress 5.86 and
98.22 (at 24 hr and 6 hr) in shoot and root respectively.
In the case of drought stress NUCLEASE and CA1l
showed maximum fold change 9.4 and 7.88 (at 1 hr) in
shoot and root part; in genotoxic stress PEARLI4 and
CAl showed maximum fold change 3.34 and 9.55 (at
24 hrs and 12 hrs) in shoot and root part respectively.
TIR900 and CA1 showed maximum fold change 8.75
and 7.15 (at 24 hrs and 12 hrs) in oxidative stress in
shoot and root respectively; TIR920 and CAl showed
maximum change in the case of UV-B stress with
17.11 and 6.79 (at 1 hr and 24 hrs) fold in shoot and
root part respectively. NUCLEASE and CALl showed
maximum change upon wounding with 5.39 and 10.57
(1hr and 24 hrs) fold in shoot and root part. Under
heat stress, BOB1 showed maximum fold change in
both shoot (12.32 at 1 hr) and root (5.15 at 3hr). Some
genes showed more expression in comparison to other
genes. Overall, many of the genes like ATMS1, ASD2,
CYS4, LOX2 showed prominent change in expression

in different stress conditions. Some of the genes for
example, P14G4, HOT5, KCS9, PPA4, ELF4AIII, PLCL
have low expression but their expression changes with
stress but remain much low than other genes. Whereas
genes like CKS2, PAB and few others showed almost
no or minimum variation in stress condition. Majority
of the PIs showed upregulation in the expression levels
like CA1, LOX2, MT2A, CAD9, OASAL under different
stresses were in shoot part, while the overall expression
levels in root part remained lower as compared to the
shoot part. Mainly in stress condition the upregulation
of genes involved in regulating amelioration of stress
was seen. Major genes affected irrespective of type
of stress were CAl, NUCLEASE, TIR900, TIR920,
ANNATL, PEARLI4, BOB1 and MT2A etc.

Hormonal treatment expression analysis data was
also retrieved from eFP browser and it was found
that PIs genes like NUCLEASE (under auxin, different
brassinosteroids treatment), TIR900 (under ethylene
treatment), CD1BP (under cytokinin and GA3 treatment),
ABHSF (under ABA treatment), XT1 (under brassinolide
and deoxotyphasterol), PLCL (under campestanol
treatment), showed maximum fold change in expression
under specific hormonal treatments (Figure 4A).
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[ Deoxotyphasterol ]
[ Different brassinosteroids ] 1
A Cytokinin
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{ NUCLEASE ] [ XTlJ [CDlBP J [PLCL ] [TIRQOO ][ ABHSF]
¢ !
z Y o ABA
[ Brassinolide ) [ Campestanol }
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[ Erysiphe orontii J

A

[ Pseudomonas syringae )
T NPP T
RAD5 [ NUCLEASE }—»[ Botyris cineria ]

TIR900

[ P14GAMMA4 ]

A
[ Phtophthora infestans ][ LPS ]

Figure 4. (A) Genes from interactome showing maximum fold change in response to various hormonal treatment. NUCLEASE (under
auxin, different brassinosteroids treatment), TIR900 (under ethylene treatment), CD1BP (under cytokinin and GA3 treatment), ABHSF
(under ABAtreatment), XT1 (under brassinolide and deoxotyphasterol), PLCL (under campestanol treatment), showed maximum fold
change in expression under respective treatments; (B) Genes from NDL1 interactome showing maximum fold change in response to
different biotic stress treatments. Botyris cineria caused change in expression of NUCLEASE by 2.66-fold, TIR900 expression change
by 3.21-fold in the case of Pseudomonas syringae and 6.78 in the case of Phytophthora infestans, RAD5 expression change by 3.50-fold
in the case of Erysiphe orontii. Change in expression of genes was also seen when treated with different elicitors like, FLG22 and HrpZ
cause the expression change by 4.82- and 5.49-fold change of NUCLEASE; LPS causes change in expression of RAD5 by 3.76-fold;
NPP cause change in expression of PL4GAMMAA4 by 2.35-fold. Refer annexure to see the change in expression of other PI’s. Data
retrieved from efp browser in TAIR.

Some of the PIs also showed change in different syringaeand 6.78 in the case of Phytophthora infestans,
biotic stresses (Figure 4B). For instance, treatment with RADS expression change by 3.50-fold in the case
Botyris cineria cause maximum change in expression of of Erysiphe orontii. Change in expression of genes
NUCLEASE by 2.66-fold likewise, TIR900 expression was also seen when treated with different elicitors
change by 3.21-fold in the case of Pseudomonas like, FLG22 and HrpZ cause the expression change



100

by 4.82- and 5.49-fold change of NUCLEASE; LPS
causes change in expression of RAD5 by 3.76-fold;
NPP cause change in expression of PL4AGAMMA4 by
2.35-fold. In planta validation of these finding would
be helpful in knowing their molecular mechanism of
action.

Discussion

Recent reports on NDL proteins predict their role in
abiotic stresses and propose them to be possible stress
markers (Rymaszewski et al., 2017; Katiyar & Mudgil,
2019). Advancement in molecular biology combined
with metabolomics, transcriptomics and proteomics
approaches is useful in predicting the probable candidate
genes and functions of these in plants. Present study
is also similar initiative which highlights the role of
NDLI and its Pls in different stresses, hormones and
expression analysis in different parts of plant.

Current work will help us in predicting the role
and in planta expression pattern/levels of PIs of NDL
proteins in plants. We have shortlisted these Pls on
the basis of fold change expression in stress conditions
which might have some role in plant to deal with stress.
Our study also indicates probable involvement of NDLs
during stress signaling pathway with different Pls in
normal and stress conditions. We found that there are
shared/common PIs between various G protein core
components and NDL1 meaning that there might be
cross talk or shared pathways between them during stress
responses (Figure 1). Jose and Chaudhary (2020) also
recently reviewed that G protein subunits share some
common interactors involved in hormonal signalling
in plants. These overlapping interactions indicate that
these interactors might be functioning in combination or
in some sequential order during signalling. Our study
reveals these combinations to be explored further in
Vvivo to provide detailed functions of these proteins.

Our networks analysis indicate that PIs of NDL1
are involved in diverse processes and functions.
Although most of the interactors are putative and
need to be further validated, our results indicate that
NDLI1 might be involved in processes related to
growth and development, cell cycle, biotic and abiotic
stress responses, hormonal response, and metabolic or
biosynthesis processes etc. (Figure 2A). Around 50% of
PIs showed response to various abiotic stresses, which
may include heat, cold, salt, metal etc. Similarly, different
categories like biotic stresses comprise stress caused
by any pest or pathogen; hormonal response comprise
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response to any of the plant hormones; metabolic or
biosynthesis processes includes catabolic or metabolic
processes. The developmental roles category comprises
different processes like germination, organogenesis,
morphogenesis etc.; gene expression includes those
involved in the transcription process; cell cycle includes
mitosis or meiosis; signalling can be inferred from
name; others include any of the processes like part
of some organelle structure, cellular transportation, or
other cellular processes not included in above mentioned
categories. In function network majority of Pls were
involved in enzymatic functions (Figure 2B).

Expression analysis of NDL and its PIs under
various abiotic and biotic stresses indicate that overall
prominent role in dealing with abiotic and biotic
stresses and suggest some suitable candidates for
further analysis. CAl involved in various processes
in plants including carbon management and stomatal
movements (Engineer et al., 2014). There are several
reports which signify that stomatal movements get
affected by stress (Qi et al., 2018) due to various
factors like ABA, ROS etc. Roles of ANNAT1 in
different stress conditions especially in salt and drought
stress are well established. ANNATloverexpression
had shown better tolerance toward stress (Huh et al.,
2010), a finding also seen in our analysis. Similarly,
high expression levels of PEARLI4 under superoxide
was also reported in previous studies (Xu et al., 2017)
which can be correlated here with high expression
under genotoxic stress. The information regarding the
roles of NUCLEASE, TIR900, TIR920 are still limited
however recent study on hypoxia stress revealed the
change in expression (Lee and Bailey-Serres, 2019).
Also, gene information present on online data server
like NCBI assigns defence response, apoptosis, innate
immune response to TIR900 and TIR920. The role of
MT2A in mediating the oxidative stress in plants is
also confirmed by various studies (Zhu et al., 2009)
which can be linked to its high expression under the
same in our study.

Further in planta experiments can be planned
with these results to elucidate the role and molecular
mechanism of NDLs action in stress management.
Functional characterization of PIs using over-expression
and mutant based phenotypic and physiological analysis
in various NDL’s background will unveil their actual
role in plant growth/development and NDL mediated
abiotic stress signalling. It will help us in designing
further experiments to explore this area in future for
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plant stress management. Our findings also highlight
more candidate genes which can be exploited in
agriculture field for crop improvement after validation
in Arabidopsis.
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