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Abstract A host-pathogen surpasses the plant defense
machinery and successfully infects the plant to serve its
needs. In contrast, a nonhost pathogen is restricted by plant
immune responses. In this study, we deciphered the dif-
ferential responses of Arabidopsis against the host-patho-
gen (Pseudomonas syringae pv. maculicola, Psm) and the
nonhost pathogen (P. syringae pv. tabaci, Pst) infection.
The Pst multiplication was restricted in Arabidopsis plant
coinciding with the absence of any disease symptoms
which was also associated with the increase in defense
associated, pathogenesis related genel (PRI) expression
and callose deposition. Host-pathogen infection, on the
other hand, caused chlorotic symptoms with much less
activation of the defense marker genes compared to the
nonhost infection. Proline content was decreased in plants
infected with Psm but not in case of Pst infection. Proline
is a crucial plant metabolite, and osmolyte suggested to be
involved in plant defense responses. However, the differ-
ential regulation of proline pathway under a susceptible or
resistance response has not yet been unravelled. The
expression profile of proline metabolism genes in a time
course post-infection revealed drastic differences after Psm
and Pst pathogen infection. The elevated expression of
proline catabolic genes, AtProDH and AtP5CDH were
noted under Psm infection. In contrast, plants infected with
Pst showed upregulation of AtProDH but a decline in
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AtP5CDH transcripts along with an upregulation of the
biosynthesis genes i.e. AtP5CS and AtP5CR. Our study
shows that proline metabolism is tightly regulated under
host and nonhost pathogen infection and impacts suscep-
tibility and resistance of the plants, respectively.

Keywords Plant defence - Host pathogen - Nonhost
pathogen - Proline - Proline metabolism - Defence gene -
Nonhost resistance

Introduction

Plants encounter a plethora of potential pathogens at dif-
ferent stages of their life cycle (Rejeb et al. 2014). How-
ever, only a few of these pathogens can cause disease
(Lipka et al. 2008). Most plant species depict an active
defense mechanism which is not suppressed by a potential
plant pathogen. The robust and broad-spectrum resistance
mechanism of plant species to defend all the non-adapted
pathogen species which are potential threat is called as
nonhost resistance (NHR) (Thordal-Christensen 2003;
Mysore and Ryu 2004; Nuernberger and Lipka 2005,
Senthil-Kumar and Mysore 2013). A plant species which
confers tolerance against all races of a potential plant
pathogen which are pathogenic to another plant species are
called nonhost plant and these pathogens are known as
nonhost pathogen (Senthil-Kumar and Mysore 2013). NHR
requires preformed and inducible defense responses and
has multiple layers of defense which involve many
underlying mechanisms and makes it very complex (Nicks
and Marcel. 2009; Gill et al. 2015; Ayliffe and Sgrensen
2019; Fatima et al. 2019; Fonseca and Mysore. 2019).
Plant immune system is induced by pathogen attack and
predominantly relies on basic innate immunity as well as
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systemic signals which are translocated from the infected
cells to the whole plant to restrict the infecting pathogen
from spreading, which is referred as systemic acquired
resistance (SAR) (Dangl and Jones 2001; Ausubel 2005).
Plant innate immunity consists of two layers; first, patho-
gen-associated molecular patterns (PAMPs) or microbe-
associated molecular patterns (MAMPs) are recognized by
pattern recognition receptors (PRRs) present on the plant
extracellular surface and triggers immunity (called as PTI)
(Jones and Dangl 2006; Yu et al. 2017). The second one is
elicited in response to a pathogen overriding the PTI and
releasing effector molecules inside the plant cells. These
effector molecules are recognized inside the cytosol by
plant resistance proteins (R-protein). These R-proteins act
as surveillance system in the cell, which interrupts effectors
and leads to the effector-triggered immunity (ETI) (Jones
and Dangl 2006; Cui et al. 2015). A host-pathogen is
competent enough to suppress the plant defense machinery
and successful in gaining the entry and extracting nutrients
from the host plant cell. For example, the foliar pathogens,
Pseudomonas syringae pv. tomato (Pto) (causes bacterial
speck of tomato) and P. syringae pv. maculicola (Psm)
(causes necrosis and water-soaked symptoms in cruciferae
plant species) enters the plant by natural openings such as
stomata (Melotto et al. 2008; Griffin and Carson 2015;
Zhao et al. 2000).

The pathogen which surpasses the preformed defense
mechanism and is recognized by the extracellular plant
receptors which cause activation of plant immune system
are adapted pathogens. While non-adapted pathogens are
restricted by preformed or induced defenses upon pathogen
entry. Based on the adapted and non-adapted pathogens,
plant generally shows two types of resistance termed as
host resistance and nonhost resistance (NHR) mechanism
respectively (Gill et al. 2015). Host resistance occurs due to
specific R protein present in plant and this is accession or
cultivar specific and this is often used in breeding programs
but less durable while NHR is multi-layered and more
durable (Mysore and Ryu 2004; Dangl et al. 2013). NHR is
of two types; type I resistance mechanism does not produce
any visible symptom on the plant while type II resistance
mechanism shows hypersensitive response mediated cell
death similar to R-gene mediated cell death (Mysore and
Ryu 2004; Senthil-Kumar and Mysore 2013).

In the recent past, a virus-induced gene silencing
(VIGS)-based forward genetic screening showed involve-
ment of proline catabolic enzyme, proline dehydrogenase
(ProDH1) and ornithine amino transferase (OAT) in non-
host resistance mechanism (Senthil-Kumar and Mysore
2012). In another study, proline degradation enzyme pro-
line dehydrogenase (ProDH) has been shown to act in
defense against the avirulent bacterial pathogen, Pro-
AvrRpml in Arabidopsis (Cecchini et al. 2011). Besides,

proline has been well known to accumulate in a plant cell
to confer tolerance against most abiotic stresses such as
osmotic stress, salinity stress, and waterlogging stress
(Verslues and Sharma 2010; Hayat et al. 2012). Proline has
also been shown to be accumulated under biotic stress
imposed by Pro AvrRpml and Pto AvrRpt2 during plant-
pathogen incompatible reaction in Arabidopsis as a defense
strategy (Fabro et al. 2004). Thus, proline metabolism
seems to be an important regulatory mechanism for plant
defense against pathogens. However, a clear understanding
of the role of proline and its metabolism in defence against
host and nonhost bacterial pathogen is still missing. In this
study, we have studied the differential response of Ara-
bidopsis plant after infection with host (Psm) and nonhost
(Pst) pathogen with regards to basal innate immune
responses and the genes involved in proline metabolism.

Materials and methods
Plant growth

Arabidopsis thaliana ecotype Columbia-0 (Col0O, Ara-
bidopsis Biological Research Centre, accession number
CS70000) was grown in plastic pots with dimensions of
7-inch x 3-inch (height x diameter) filled with a substra-
tum of agro peat and vermiculite (3:1 vol/vol) mix. The top
layer of the substratum was covered with mesh. Pots were
saturated with water and seeds were sown followed by
incubation in a cold room (4 °C) for 2 days. Pots were
transferred to growth room under conditions of 23 °C day
and 19 °C night temperature, 150-200 pE m> s~ ' light
intensity and photoperiod of 12 h light/12 h dark. Plants
were watered at 3 days interval with Hoagland solution
[Solution A containing 1 mL/L of 1 M KH,PO,, 1 M
KNO3, 1 M Ca(NO3),, 1 M MgSO04, solution B containing
H;BO3, MnCl,, ZnSO,, CuSO,4, H,MoO, and solution C
containing Fe-EDTA] till full-grown rosettes were
observed. Thirty-days-old well-grown rosette plants were
used for pathogen inoculation.

Bacterial strains and inoculum preparation

Pseudomonas syringae pv. maculicola ES4326 (Psm) was
used as a host-pathogen and P. syringae pv. tabaci 6605
(Pst) was used as a nonhost pathogen on A. thaliana
(Mysore and Ryu 2004). Primary culture was grown from a
single colony of Psm and Pst in 10 mL King’s B (KB)
medium (Cat# M1544, HiMedia Laboratories, Mumbai,
India) with or without kanamycin (50 pg/mL), respectively
at 28 °C till the culture optical density at 600 nm (ODg),
reaches at 0.2. Secondary culture of Psm and Pst was
grown in 500 mL KB medium from primary inoculum till
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0.5 ODg¢gy was obtained. Bacterial cultures were cen-
trifuged at 4270 g at room temperature, and the supernatant
was discarded. Pellet was washed in sterile distilled water
(500 mL) twice and finally the pellet was suspended in
500 mL sterile distilled water. ODgqy was checked for the
bacterial suspension, and the desired concentration to be
used was obtained by diluting with sterile water for the dip
inoculation of plants.

Dip inoculation method

Dip inoculation method was adapted from the protocol
described by Jacob et al. 2017. Bacterial inoculum was
prepared in a plastic tray containing bacterial suspension
(final ODggpg = 0.05) and 0.02% silwet L-77 (Lehle seeds,
Round Rox, Texas, USA). Siwet L-77 acts as a surfactant
which helps the bacteria to stick to the leaf surface. A.
thaliana plants were dipped in bacterial suspension for
2 min. Plants were covered with tray for 12 h to maintain
high humidity for successful infection and incubated in a
growth room with the above-mentioned growth conditions.

In-planta bacterial number assessment

To determine bacterial multiplication in A. thaliana leaf, in
planta bacterial population was measured at 0, 1, 2, and
3 days post-inoculation (dpi) by following similar method
described by Jacob et al. (2017) with some modifications.
Leaf disc was cut from 1 cm cork-borer and was used for
bacterial number assessment. Leaf discs were surface
sterilized with 70% ethanol for 30 s and rinsed thrice with
sterile distilled water followed by blot drying on a tissue
paper. The sample was homogenized in 1 mL sterile dis-
tilled water in a micro-centrifuge tube. The diluted sample
was plated onto KB plate containing appropriate antibiotics
and incubated at 28 °C. Colonies of Psm and Pst were
counted after 2 days and 1-day post-plating respectively. In
planta bacterial population was represented as log;o CFU/
cm?. Ten biological replicates were used for the assay.

Ion leakage assay

Damage caused by pathogen infection was estimated by
measuring ion leakage in the inoculated plants by follow-
ing the protocol of Tripathy et al. (2000). Ion leakage was
measured from 1 cm diameter leaf discs. Leaf discs were
thoroughly rinsed with water after punching and gently
agitated in 10 mL distilled water at 20 °C. Ion leachates in
the bathing medium were determined by measuring ion
conductivity (microprocessor-based EC-TDS-SAL meter,
model-1602, Esico International, Himachal Pradesh, India)
(C1). Subsequent to this, the samples were boiled at 100 °C
such as to completely kill plant cells and release the total
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ions into the bathing medium. The bathing medium was
cooled down to room temperature, and ion leachates were
measured (C2). Three biological replicates were used for
the measurement. Percent ion leakage was measured by
using the following formula.

% ion leakage = (C1/C2) x 100

Cell death assay

Trypan blue staining of the inoculated leaves was per-
formed to assay cell death by following method described
by Fernandez-Bautista et al. (2016). Infected leaf at 1 dpi
was placed in trypan blue solution (0.05%) (Cat#TCLO0O0S,
HiMedia Laboratories) for 2 h and then washed overnight
with ethanol: acetic acid solution (3:1, vol/vol). Stained
leaves were observed under Nikon Stereozoom microscope
(Nikon Instrument Inc., Melville, NY, USA) and the image
was captured with the camera attached to the microscope at
0.6 x magnification and visualized by NIS element
software.

Callose deposition assay

Callose deposition was observed by aniline blue staining
by following the method described in Schenk and Schikora
(2015). Plant leaves infected with the host or nonhost
pathogen at 1 dpi were bleached with ethanol and acetic
acid solution (3:1, vol/vol) to remove the background
chlorophylls. Destained leaves were washed with 150 mM
solution of K,HPO, for 30 min. This was followed by
staining with aniline blue (Cat#GRMO901, HiMedia)
(0.01%) and 150 mM K,HPO, (Cat#GRM1045, HiMedia)
solution for 2 h. Leaves were observed under a Leica TCS
SP8 confocal microscope under DAPI filter (excitation
filter 390 nm; dichroic mirror 420 nm; emission filter
460 nm).

Proline estimation

Proline estimation was done according to the protocol
mentioned by Bates et al. (1973). Leaf tissue (100 mg) was
homogenized in 1 mL of 3% sulfosalicylic acid (Cat#
A297-500, Fisher Scientific, Mumbai, India) and centrifu-
gation at 7000 rpm for 5 min to get the plant extract. This
extract was used for proline estimation by adding acid
ninhydrin (Cat# T349-10, Fisher Scientific), glacial acid
(Cat# A38S-500, Fisher Scientific) and incubated at 70 °C
for 1 h. Toluene (Cat# T324-1, Fisher Scientific) was
added to the reaction mix and mixed well on ice. The
topmost clear layer was transferred into a fresh tube and
OD at 520 nm was measured by FLUOstar Omega plate
reader (UV Visible absorbance) (Biotron Helthcare Pvt.
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Ltd, Mumbai, India). A standard curve was prepared using
L-proline (P5607, Sigma Aldrich Inc. Merck KGaA,
Darmstadt, Germany). As per the standard curve, ODs;q.
=1 corresponds to 36.2 pg of L-proline reacted with
ninhydrin. This proline value (36.2) was used as a factor in
the below-mentioned formula.

Proline (png/g FW)
_ OD520 of the sample x Volume of the extracr (mL) x Factor (36.2)

The volume of the aliquot (mL) x Fresh weight of the tissue (g)

RNA isolation and ¢cDNA preparation

Total RNA was isolated from leaf tissue (100 mg) which
was harvested from the mock or pathogen-treated plants at
3, 12, and 24-h post-infection (hpi). The sample was
homogenized in liquid nitrogen to make a fine powder.
Total RNA was extracted by TRIzol™ reagent (Cat# 543
15596026, Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. RNA was treated with
DNAsel (Cat# M0303, New England Biology, Ipswich,
MA, USA) to remove DNA from the RNA sample. The
RNA integrity was checked on agarose gel (1%) and
quantified using NanoDrop 1000 UV-Vis spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).
cDNA was prepared from 2 pg RNA using verso cDNA
synthesis kit (Cat# K1621, Thermo Fisher Scientific)
according to the mentioned protocol.

Expression profiling by quantitative real-time PCR

Expression profile of proline metabolic pathway genes was
done by quantitative real-time PCR (RT-qPCR) using ABI
Prism 7000 sequence detection system (Applied Biosys-
tems, Foster City, CA, USA). The gene-specific primers
were designed with the National Centre for Biotechnology
Information (NCBI) primer design tool (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/) and are listed in Supple-
mentary Table S1. The reaction mixture contained cDNA
template (1 pL), gene-specific primer (10 mM/mL) (1 pL),
SYBR Green master mix (5 pL) (Cat# 4309155, Thermo
Fisher Scientific) and the reaction volume was made up to
10 pL with sterile water. Four biological replicates were
used and the expression values of AtTACTINS were used as
an endogenous control. Comparative cycle threshold (ACt)
values for each gene were obtained after normalization
with the AfACTINS expression value. The fold change
values for the gene expression were estimated by normal-
izing the ACrt value of pathogen inoculated samples with
mock-treated sample (Livak and Schmittgen 2001) and
values were represented as 2~“*T. Student’s 7 test was

used for evaluating the statistical

p value < 0.05.

significance at

Statistics or data analysis

The total number of biological replicates are mentioned in
each figure legend. One-way ANOVA with HolmSidak
correction and student’s ¢ test were used for statistical
analyses. Significance differences were measured at
p <0.05 and shown with different letters. Error bars
indicate standard error of the mean (SEM). Statistical
analysis was done using SigmaPlot 11.0 (Systat Software
Inc., Chicago, IL, USA).

Results

Bacterial host or nonhost pathogen infection
on Arabidopsis plants and disease development

Arabidopsis plants were infected with host (Psm) or non-
host (Pst) pathogen by dip inoculation. Plants were kept in
a growth room and covered with transparent covers to
maintain humidity and assist bacterial infection. Host-

A

Mock

Mock Pst

Fig. 1 Disease symptom development on Arabidopsis plants after
infection with host and nonhost pathogen. Representative photographs
show chlorotic symptoms in a plant infected with host (Pseudomonas
syringae pv. maculicola, Psm) pathogen after 3 dpi (A). Red color
arrows show chlorotic disease symptoms. No disease symptoms were
observed in a plant infected with nonhost pathogen (P. syringae pv.
tabaci, Pst) pathogen after 3 dpi (B). dpi represents days post
inoculation; mock, water-inoculated control. Scale bar = 1 cm (color
figure online)
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pathogen (Psm) infected Arabidopsis plants showed
chlorotic, water-soaked symptoms on a leaf at 3 dpi. The
visible signs of chlorosis started appearing from day two
and progressed to prominence at 3 dpi (Fig. 1A). Nonhost
(Pst) pathogen was also inoculated in the same manner as
that of host (Psm) pathogen by facilitating high humidity to
allow bacterial entry. But nonhost pathogen did not show
any visible chlorotic symptom and the infected plant was as
healthy as a mock-inoculated plant (which was dipped in
sterile water for 2 min) (Fig. 1B).

In planta bacterial number continued to increase in
Arabidopsis plants infected with host (Psm) pathogen and
corroborated with the appearance of disease symptoms on
plant leaves. At O dpi bacterial number in log;y CFU was
four which significantly increased to 10 at 3 dpi (Fig. 2A).
Nonhost (Pst) bacteria also entered in the plant and 0 dpi
bacterial number in log;o CFU was ~ 3 and it increased to
4.8 at 2 dpi but did not multiply further at 3 dpi (Fig. 2A).
We checked the membrane leakage as a parameter to assess
the damage caused by infecting pathogen. The results
revealed that membrane leakage was significantly
increased due to host (Psm) infection at 3 dpi (Fig. 2B) but
there was not a significant difference between nonhost Pst

Fig. 2 Differential response of
Arabidopsis plants inoculated
with host and nonhost pathogen.
Graphs represent the
progression of bacterial
multiplication of host pathogen
(Psm) and nonhost pathogen
(Pst) (A) in inoculated leaves.
Graphs show membrane leakage
(%) in leaves inoculated with
host pathogen (B) and nonhost
pathogen (Pst) (C). Values are
represented as an average of ten
biological replicates and error
bars are the standard error of the

>

12 -

10

a

In planta bacterial number
[Log,, (CFU/cm?)]
»

treated plants and mock plant (Fig. 2C). The results thus
indicated that most likely the plant defended the nonhost
pathogen successfully.

Defense response of Arabidopsis against host
and nonhost pathogen infection

Arabidopsis plants have been demonstrated to deposit
callose on cell wall as a strategy to restrict pathogen entry.
We checked the callose deposition in plant leaves after
infection with host (Psm) or nonhost (Psf) pathogen at
1 dpi. We found nonhost pathogen-infected plant leaf had
callose deposits, but these were absent in the mock-inoc-
ulated plants (Fig. 3A). This shows that callose is deposited
in response to nonhost pathogen infection as a defense
strategy. Host-pathogen treated plant did not contain cal-
lose deposits, but cell wall was ruptured and stained by
aniline blue as patches indicating disease cell death. The
bright-field image showed no callose deposition and cell
wall degradation (Fig. 3A). Next, we checked cell death
with trypan blue staining in Arabidopsis leaves after
infection with host (Psm) or nonhost (Psf) pathogen
infection at 3 dpi. Psm infected leaves showed the blue

HQ
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Mock Psm Pst

Fig. 3 Influence of host and nonhost pathogen inoculation on plant
resistance. The representative photograph shows callose deposition
(A) and cell death (B) in Arabidopsis plants at 1 dpi with Psm and
Pst. Callose deposition was assayed in the inoculated plant by aniline
blue staining. The samples were observed under DAPI filter and
brightfield using Leica TCS SP8 MP confocal microscope at 1 dpi
after staining for 2 h with aniline blue solution. Blue arrow indicates
the callose deposited on a leaf. Nonhost pathogen (Pst) infected
leaves exhibit callose deposition which are shown in navy blue colour
dots, indicated with a blue arrow while host (Psm) pathogen did not
cause callose deposition. Host-pathogen infection caused cell death
but callose deposition was not observed (A). Scale bar = 100 pm.
Cell death was visualized by trypan blue staining. Mock leaf did not
stain with trypan blue showing no cell death. Psm infected leaf was
stained with trypan blue at the cell death region whereas Pst infected
leaf did not show any cell death (B). Scale bar = 500 pm (color
figure online)

staining of the dead region and no staining was observed in
the case of Pst infected leaves (Fig. 3B). The results depict
that there was cell death due to host-pathogen infection.
To check the defense response after infection with host
or nonhost pathogen, we analyzed the expression of PRI
(Pathogenesis Related protein 1) and nonhost resistance
marker gene NHOI (Nonhost of P. s phasiolicola 1). PR1
gene expression was upregulated in both Psm and Pst
infected plant leaf. PR1 expression in Psm infected plant
was 3.3-fold at 3 hpi, 72-fold at 12 hpi and 260-fold at
24 dpi while PR1 expression was way higher in Pst (non-
host pathogen) infected plants such that it was 29-fold at
3 hpi, 665-fold at 12 hpi and 1430-fold at 24 hpi (Fig. 4A).
Psm infected plant had a basal level of NHOI relative
expression 1-fold at 3 dpi which was 0.8-fold at 12 hpi and
around 1.2-fold at 24 hpi. In contrast, under nonhost Pst

infection NHOI relative expression was up by 1.2-fold at
3 dpi which was increased to 4.7-fold at 12 hpi and
reached 2.5-fold at 24 hpi when compared with mock-
inoculated plants (Fig. 4B).

Differential regulation of proline metabolism
in Arabidopsis plants inoculated with host
or nonhost pathogen

We observed a decrease in free proline levels in Psm but no
significant difference in Pst infected sample as compared to
mock at 1 dpi (Fig. 5). To decipher further, we investigated
the expression profile of proline metabolism genes in
Arabidopsis leaves after infection with Psm and Pst at 3-,
12- and 24-hpi by quantitative real-time PCR. Proline
biosynthetic gene P5CSI and P5CS2 were upregulated in
Psm-infected samples at 3 hpi with a higher expression of
P5CS2 than P5CS1. However, at later time points of 12 hpi
and 24 hpi, both these genes were downregulated with
P5CS1 being the most downregulated than P5CS2. How-
ever, Pst infection led to an increase in the P5CSI and
P5CS2 gene transcript levels at 3, 12 and 24 hpi. P5CS2
expression was more compared to P5CS/ at 12 and 24 hpi.
Similarly, proline synthesizing PSCR gene was upregulated
at 3 hpi in Psm infected leaves but downregulated at 12 and
24 hpi. In contrast, this gene was upregulated at all the
tested time-points in Pst infected leaves. This shows that
proline synthesis increases in case of Pst infected plants but
decreases in case of Psm infected plants. That is why we
found more proline in Pst infected leaves as compared to
Psm infected leaves at 1 dpi (Fig. 5). Proline degradation
genes were upregulated under both the pathogen stresses.
ProDHI and ProDH?2 genes were upregulated upon Psm
infection and ProDHI gene transcript levels were higher
compared to ProDH?2. Pst infected leaves also showed an
increase with ProDH1 being highest compared to ProDH2.
Thus, plants exhibit elevated expression of ProDH genes
upon host and nonhost pathogen infection, however, the
ProDH gene expression was more in the case of Pst
infection than Psm infection. The expression level of
another gene encoding proline catabolic enzyme P5SCDH
was higher in Psm infected leaves at 24 hpi but this gene
was downregulated in Pst infected leaves at all three time
points (Fig. 6). The expression level of gene encoding
ornithine amino transferase (OAT, catabolizes ornithine
and forms P5C) was slightly upregulated in Psm infected
samples at all three time points while OAT gene expression
was found higher in Pst-infected samples at 12 and 24 hpi
as compared to Psm-infected samples. Proline degradation
occurs in both cases (Psm and Pst infected plants) while
proline synthesis is increased in case of Pst but not in Psm
infected plants. That is why we found decrease in proline
levels in Psm infected plants while no significant decrease
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Fig. 4 Transcript expression profile of defence genes in plants
inoculated with host and nonhost pathogen. Graphs show fold change
in gene expression of PRI (pathogenesis related gene 1) (A) and
NHOI (nonhost of phaseolicola 1) (B) in host and nonhost inoculated
samples when compared with the expression profile in mock samples
at 3, 12 and 24 hpi. Host pathogen Psm and Nonhost pathogen Pst is

350 - a
300 -

250 A
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100 - b
0 T T 1
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Fig. 5 Proline content in Arabidopsis plants after inoculation with
host and nonhost pathogen. Proline content was measured in leaves
inoculated with host (Psm) and nonhost (Pst) pathogen at 1 dpi. The
different letters indicate significant values in treated samples when
compared with mock control by one-way ANOVA at p < 0.05. Data
are the average of four biological replicates and error bars designate
standard error of means

Proline (pg/g fresh weight)

in case of Pst infected plants compared to mock (Fig. 5).
SROS5 (similar to RCD One 5) (SROS) gene is present in
tandem to the PSCDH gene in the Arabidopsis genome and
both genes overlap (Borsani et al. 2005). This junction
produces natural cis acting siRNAs which degrade the
P5CDH transcripts. The SROS5 gene expression was
downregulated in host (Psm) infected samples at 12 and
24 dpi while its expression was upregulated in nonhost
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used. The expression profile was performed by RT-qPCR and the
expression value of AtTACTINS was used to normalize data in pAact
method. Bars represent data averaged from four biological replicates
and error bars are the standard error of the mean. Significance was
calculated by one-way ANOVA and different letters indicate
significant differences at p < 0.05

(Pst) infected samples at 3, 12 and 24 hpi. Pst infected
samples had downregulation of PSCDH transcripts. While
SROS5 was downregulated in Psm infected sample which
causes no degradation of P5CDH transcripts by siRNA and
P5CDH transcripts were upregulated in Psm infected
sample at 24 dpi (Fig. 6). Our results thus suggest that PSC
is increased more in mitochondria upon Pst infection due to
increase in ProDH, OAT and downregulation of PSCDH
transcripts.

Discussion

Plants are constantly exposed to a plethora of pathogens in
nature where only a few can cause disease. The pathogen
which adapts and infects the host plants have evolved
various mechanisms to overcome the plant defense barrier
and manipulate the host machinery (Lipka et al. 2008; Lee
et al. 2017). Pathogens inject a range of effector molecules
inside a plant cell to target various plant mechanisms
(Speth et al. 2007). Some plants have resistance proteins
(R-protein) which can recognize the specific effector pro-
tein released by host-pathogen (gene for gene hypothesis).
This recognition leads to the R -protein mediated hyper-
sensitive response by the plant which causes cell death to
stop further spread of pathogen to another plant cell (Jones
and Dangl 2006). But most of plants exhibit nonhost
mechanism against the non-adapted pathogen which not
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Fig. 6 Transcript expression profile of proline metabolism genes in
plants inoculated with host and nonhost pathogen. Proline biosyn-
thesis occurs in cytosol and plastid in two steps; which initiates with
the conversion of glutamate to P5C by P5CS (P5CS1 and P5CS2) and
P5C is eventually converted to proline by PSCR. Proline catabolism
occurs exclusively in mitochondria where proline is catabolized to
P5C by ProDH (ProDHI and ProDH2). P5C is subsequently
catabolized to glutamate by PSCDH. OAT forms P5C from ornithine
and SROS act as an inhibitor of PSCDH transcript by natural si-RNA
mediated silencing. Differential transcript expression of the genes

only acts at the level of ETI but also at PTI (Senthil-Kumar
and Mysore 2013). The nonhost resistance mechanism is a
multi-layered robust mechanism which however is com-
plex to understand. We have compared the plant resistance
mechanism using both host (Psm) and nonhost pathogen
(Pst) to find out a differential response in Arabidopsis
plants. Host (Psm) bacterial pathogen showed successful
infection in Arabidopsis and results from in planta bacte-
rial multiplication showed an exponentially growing

encoding listed enzymes was determined by RT-qPCR in plants
inoculated with host (Psm) and Nonhost (Pst) pathogen at 3, 12 and
24 hpi. The gene expression data were normalized with the expres-
sion values of AfACTINS gene. Four biological replicates were
considered for expression profiling. Expression values are represented
as heatmap. P5CS, pyrroline 5-carboxylate synthase; PSCR, pyrroline
5-carboxylate reductase; ProDH, proline dehydrogenase; OAT,
ornithine amino transferase; SRO5, Similar to RCD One 5. Colorbar
scale in red and blue shows upregulation and downregulation in gene
expression, respectively

bacterial population causing chlorotic disease symptoms on
its host plant. In our study, we found that infact nonhost
bacteria (Pst) also infected the plants but was restricted by
active plant defense mechanisms as inferred from data on
in planta bacteria multiplication assay. There was no dis-
ease symptom observed after infection with nonhost
pathogen, and visibly the plant was no different than the
mock-inoculated plant. Furthermore, we checked the
membrane leakage after infection with host-pathogen
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which increased significantly compared to mock-inoculated
plants, while nonhost pathogen did not cause significant
damage to the membrane and there was no significant
change in electrolyte leakage compared to mock.

The NHR is a multi-layered defense strategy involving
pre- and post-invasive machinery stopping the entry of
bacteria inside the plant and suppression of bacterial
growth and multiplication respectively (Supplementary
Table 1). When plant recognizes the PAMPs by the PRRs
and triggers PTI, the plant closes the stomata which are the
entry point for the pathogen. The plant also makes changes
in the cell wall to make it resistant by depositing the callose
(a polysaccharide in the form of B-1,3-glucan with some [-
1,6-branches) (Chen and Kim. 2009). We, therefore,
checked the callose deposition in the cell wall of the plant
and found that plants which were infected with nonhost
pathogen, deposited the callose on cell wall but a plant
infected with host-pathogen failed to do so. Corroborating
with a successful infection and disease progression in a
host pathogen-infected plant, cell death was observed while
nonhost pathogen infection did not lead to any disease
symptom causing cell death. We did not observe the
hypersensitive cell death in case of Pst infected sample
while earlier report by Choudhary et al. 2017 showed HR
cell death. The difference is due to the method of inocu-
lation where Choudhary et al. (2017) have used the syringe
infiltration of the pathogen inside the apoplast surpassing
the plant preinvasive defense mechanism but we have used
the dip inoculation mimicking the natural mode of
infection.

It is possible that the host-pathogen surpasses the PTI
and can release effector molecules inside the plant cell to
manipulate the plant machinery and hence successfully
establishes and multiplies. The NHR mechanism involves
many underlying molecular mechanisms such as robust
SA-mediated defense signaling and other hormone signal-
ing. NHOI is shown as nonhost marker gene which is a
glycerol kinase which is required for gene for gene resis-
tance mechanism (Lu et al. 2001, Kang et al. 2003, Li et al.
2005). SA signaling leads to activation of TGA transcrip-
tion factors which activates the pathogenesis-related pro-
tein (PR) genes expression. We found that NHO] is indeed
a nonhost specific marker gene which expressed highly in
case of nonhost infection while no significant increase was
noted in case of host-pathogen infection. On the other
hand, PRI gene expression was observed under both host
and nonhost pathogen infection which suggests SA sig-
naling was activated in plants in both cases. PRI gene
expression was increased thousand-fold in case nonhost
pathogen infection but only hundred-fold in case of host-
pathogen infection compared to mock.

Proline acts as an osmolyte and gets accumulated under
different abiotic stress condition (Verslues and Sharma
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2010; Hayat et al. 2012) to scavenge the reactive oxygen
species. Oxidative burst also occurs during defense against
pathogen stress and it was observed that proline biosyn-
thetic gene P5CS2 was upregulated during an incompatible
host—plant interaction and proline levels were upregulated
but not in case of compatible host—plant interaction (Fabro
et al. 2004). We observed that proline was decreased in
host pathogen-infected sample as compared to mock plants.
But there was no significant difference in proline levels
between mock and in nonhost pathogen-infected plants.
Similarly, Cecchini et al. (2011) showed that proline
degradation enzyme ProDH contributes to plant defense in
case of avirulent pathogen and host plant interaction. A
study based on VIGS (virus-induced gene silencing), a
forward genetic approach had identified the proline cata-
bolic and metabolic genes ProDH and OAT (both localized
to mitochondria) as a nonhost resistance factors in Nico-
tiana benthamiana (Senthil-Kumar and Mysore 2013). To
delineate the response of the host and nonhost pathogen in
proline metabolism we checked the expression of pathway
genes and observed the differential response in proline
anabolism and catabolism. Our results revealed that gen-
erally the proline synthesis genes were upregulated in
nonhost pathogen-infected plants but were downregulated
in host pathogen-infected plants. While proline catabolism
gene AtProDH was upregulated in both cases, AtPSCDH
gene was upregulated in the host but not in nonhost where
P5CDH was downregulated. This shows that AtProDH and
AtP5CDH genes are not coupled and creates a difference in
P5C which is catabolized product of proline in mitochon-
dria. AtOAT gene is upregulated in both cases, but the
relative expression was higher in nonhost than host
pathogen-infected plants. This shows that proline metabo-
lism is differentially regulated leading to differential PSC
levels in mitochondria under host and nonhost pathogen
infection. PSC has been shown to produce ROS and
hypersensitive response (Hellmann et al. 2000; Maxwell
and Davis 2000; Deuschle et al. 2004; Nishimura et al.
2012; Qamar et al. 2015) and can be responsible for the
avirulent R-gene-mediated defense and nonhost resistance.
Host-pathogen manipulate the distinct plant mechanism for
their benefit. We observed that proline metabolism can be
one of the distinct mechanisms which host-pathogen has
manipulated for its successful growth and proliferation
inside the plant while the plant has used this metabolism
for defense against the nonhost pathogen.

Conclusion
Nonhost resistance (NHR) mechanism is a multi-layered

and broadspectrum defense mechanism and is complex due
to which it is a more durable resistance mechanism for
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plant species. Understanding of NHR is much needed to
apply this knowledge for developing durable disease
resistance crops. We have shown the differential response
of Arabidopsis plants to the host and nonhost pathogen.
Proline metabolism also plays an important role in defense
against pathogen and differential response has been
observed against host and nonhost pathogen infection.
Differential regulation of proline metabolism acts as a
defense mechanism against the nonhost pathogen in non-
host plant while it can also lead to susceptibility in host
plant against host-pathogen.
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