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Abstract
In this study, we focus on the phenylalanine ammonia lyase (PAL) as one of the possible defense factors of black rice (a black
colour mutation of Oryza sativa, containing a high amount of anthocyanin and other antioxidants) against Xanthomonas oryzae
pv. oryzae (Xoo), causing bacterial leaf blight of rice. Two black rice varieties namely Pari Ireng and Melik, and three white rice
varieties (IRBB21, Java14, and IR64) as control were used in this study. The analysis of the resistance trait was performed by
determining disease intensity (DI) and area under the disease progress curve (AUDPC). The determination of PAL activity was
performed using HPLC by analyzing trans-cinnamic acid as a product of PAL enzyme by in vitro bioassay. Protein profile
analysis using SDS-PAGE was also performed to compare the profile of the infected and non-infected plants. The results showed
that Java 14 (positive control) has the highest AUDPC (107.59) followed by Pari Ireng (128.33), Melik (199.63), and IRBB21
(250.19). Meanwhile, IR64 has the lowest AUDPC (304.63) which was consistent as a negative control. There was a significant
increase in PAL enzyme activity in Pari Ireng, Melik and Java 14 but not in IR64 and IRBB21 following Xoo infection. Those
results indicated that PAL contributes to the resistance mechanism against Xoo. The distinctive protein profile (ranged from 48 to
75 kDa) was also observed between the infected and non-infected cultivar. Based on our results, Pari Ireng was classified as a
resistant cultivar against Xoo.
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Introduction

Bacterial leaf blight (BLB) disease is one of the most impor-
tant biotic stresses on rice in Indonesia and in other rice-
producing countries in Asia (Mahmood et al. 2006). BLB is
caused by Xanthomonas oryzae pv. oryzae (Xoo). Bacterial
leaf blight disease was noted as a limiting factor in increasing
rice production (Pascuzzi and McCouch 2007) and reducing

rice yields by up to 30–40% as well as reducing the quality of
rice (Kadir 2009).

In rice plants, there are many enzymes that play a role
in increasing the resistance towards Xoo and one of them
is phenylalanine ammonia lyase (PAL) (Song et al. 2016;
Yasmin et al. 2016). PAL is an enzyme induced in the
phenyl-propanoid pathway in the biosynthesis of various
natural products of phenyl-propanoid such as lignin, pig-
ment, flavonoid, and phytoalexin. PAL activity is influ-
enced by biotic and abiotic responses including pathogenic
attacks, injured tissue, UV radiation, heavy metal expo-
sure, low temperature, and low levels of nitrogen, phos-
phate, or ions (Dixon and Paiva 1995). PAL induction and
activity is a stress response that can be used as regulatory
control. The control may occur through several mecha-
nisms of product inhibition, transcriptional and transla-
tional regulation, post-translational inactivation and prote-
olysis, subcellular enzymes/compartments, and metabolite
feedback regulation (Dixon 2001). Therefore, by monitor-
ing the PAL activity, it can be used to predict and support
the defense response of a certain mechanism in black rice.
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Therefore, in this study, we aim to understand the mecha-
nism of the defense by monitoring the upstream enzyme
(PAL) activity following Xoo infection in black rice as one
of the model pathways of plant defense.

Materials and methods

Rice plant material

The rice cultivars used in this study included two black rice
cultivars (Pari Ireng and Melik), IRBB21 as a moderate resis-
tance control which contain Xa21 gene, IR64 as susceptible
control, and Java 14 as resistant control (Susanto and Sudir
2012). Pari Ireng and Melik seeds were obtained from Balai
Pengkajian dan Teknologi Pertanian (BPTP) Yogyakarta. The
seeds of the other varieties were obtained from Balai Besar
Penelitian Tanaman Padi Sukamandi, Subang, West Java.
After sowing in the soil (soil to compost fertilizer ratio 3:1)
the rice plants were maintained under greenhouse conditions
(30–32 °C, 70–85% RH, 12 h dark and light period in tropical
conditions) until reach the heading period.

Inoculation of Xoo

The inoculation of Xoo was performed by using leaf clipping
method (Kauffman et al. 1993). To avoid overheating and
prevent the bacteria from dying, the inoculation took place
in the evening. The scissor was soaked into the bacterial
suspension (108cells ml−1), two centimeters from the
leaf tip. The mock treatment was used by soaking the
scissor into sterile water in order to monitor the re-
sponse of PAL due to injury effect instead of Xoo infection.
Each treatment was replicated ten times. Three days after in-
oculation, the leaves then were harvested and used for further
downstream analysis.

Disease intensity and area under disease curve
progress (AUDPC) calculation

The observed leaf damage (see below for formula) was
converted into disease intensity every seven days for
one month. The disease intensity figures were then used
to determine the AUDPC value. The damage scale was
calculated using the formula according to Suparyono
(2003):

Damage scale ¼ Length of symptoms of HBD mmð Þ
Leaf length mmð Þ � 100% ð1Þ

The damage scale obtained was then categorized into five
categories/scores and the disease intensity was calculated
based on the formula according to Tjubarat et al. (1999) cit.
in Djatmiko et al. (2011) and the AUDPC calculation was

performed according to Djatmiko et al. (2011). To determine
the significant differences of each treatment, the Duncan’s
multiple range test (DMRT) at 95% confidence level
was also used.

Category/score of Xoo damage scale:

0 ¼ no attack
1 ¼ damage scale 1−5%
3 ¼ damage scale 6−12%
5 ¼ damage scale 13−25%
7 ¼ damage scale 26−50%
9 ¼ damage scale 51−100%

ð2Þ

Disease intensity formula:

DI ¼ Σ nxv

N x Z
X 100%

DI ¼ disease intensity
N ¼ number of plant observed

Z ¼ highest category

n ¼ number plant from each score
v ¼ score=category

ð3Þ

AUDPC formula:

AUDPC ¼
∑
n

i¼1

Xiþl þ Xi

2

� �
tiþl−ti

N−1
Xi ¼ disease level at time ti
t ¼ time daysð Þ following infection
n ¼ number of observation

ð4Þ

Phenylalanine ammonia lyase (PAL) extraction

One hundred milligram of symptomatic leaf sample was
groundwith liquid nitrogen by using amortar until fine powder.
The sample was then put into 1.5 ml tube, and the enzyme was
extracted by adding 1 ml of 0.2 M borate buffer pH 8.8 con-
taining proteinase inhibitor cocktail (Cat. No. 11836153001,
Roche, Swiss) then centrifuged at 12000 g for 15 min at
4 °C. The supernatant was transferred into a new tube and
stored at 4 °C until used. The aliquot of the crude extract was
used to determine the protein concentration by using Bradford
microplate assay method (Bradford 1976). Bovine serum albu-
min (BSA) was used as a protein standard to make the standard
curve. The standard as well as the sample at the microplate,
replicated three times, was measured at wavelength 595 nm
using visible spectrophotometry (GENESYS™ 10 UV
Scanning, Thermo Scientific).
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Determination of PAL activity

The in vitro bioassay to measure PAL activity was performed
by analyzing trans-cinnamic acid as a product of PAL enzyme,
using high-performance liquid chromatography (HPLC). A
total of 100 μl of the crude extract was incubated at 40 °C in
the waterbath for 5 min, then added 50 μl of L-phenylalanine
30 mM and the incubation was continued for 1 h followed by
addition of 5 ml of HCl 5 N addition to the reaction. The
extract then was stored in a dark room with a temperature of
4 °C until the analysis by HPLC performed (HPLC conditions
column = YMC-Triat C18 Reserved - Phase (250 mm ×
4.6 mm, 5 m), Mobile phase = Glacial acetic acid 1%:
Methanol (70: 30), Detector = UV-Vis 278 nm). The concen-
tration of trans-cinnamic acid then used to determine the PAL
activity in mM/g according to Darmanti (2015) based on the
following formula:

PAL ¼ TSð Þ x TVR=VCð Þ x TVCE=SWð Þ x TPx100ð Þ
PAL ¼ PAL activity
TS ¼ Trans−cinnamic acid concentration

TVR ¼ Total volume of the reaction
VC ¼ Volume of crude enzyme

TVCE ¼ Total volume of crude enzyme
SW ¼ Sample weight
TP ¼ Total protein concentration

ð5Þ

To determine the significant differences of each treat-
ment, the DMRT test at 95% confidence level was also
used.

SDS-page

The Laemmli (1970) method for separating proteins by sodi-
um dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) was used to determine the protein profile
by using 12% (w/v) of separating gel and 4% (w/v) of
stacking gel. The protein concentration of 15 μg was
used in each sample and loaded onto the gels. The
sample was then electrophoresed for 3 h at gradually
increased voltage including 50 V for 20 min, 80 V for
1 h, and 100 V for the final step by using standard
electrophoresis chamber (Atto, Japan). In the gel, the
prestained wide range molecular weight (GoldBio,
USA) was included to determine the molecular weight
(MW) of the protein bands. The silver staining method
accrording to Rabilloud (1992) was used to visualize the
protein band in the gel. The molecular weight of the
protein bands subsequently determined by extrapolation
method based on the protein marker bands (Khunsook
et al. 2003).

Results and discussion

Disease intensity and AUDPC

Disease intensity was calculated by monitoring the disease
progress within four weeks. The determined disease intensi-
ties were used to determine the percentage of the area of plant
tissue that is attacked by pathogens from the total area ob-
served (Agrios 2005). Results are presented in Table 1, where
it is clear that each cultivar experiences an increase in disease
intensity values every week. Based on Gnanamanickam et al.
(1999) the resistance of a rice variety to bacterial leaf blight is
determined by several factors, one of which is the incubation
period of the disease. Therefore, the disease intensity obser-
vation during four weeks was necessary to carried out to eval-
uate the black rice cultivars resistance following Xoo
infection.

Based on the results of the DMRT test, each cultivar
showed a significant increase in disease intensity values in
the first week up to the fourth week. As expected, Java 14
cultivars (positive control) had the lowest disease intensity
value compared to other cultivars, and IR64 (negative control)
had the highest disease intensity value. Pari Ireng cultivar was
more resistant than Melik and IRBB21 cultivars.

Based on the disease intensity value, the progress of the
disease in the form of AUDPC is represented in Fig.1. The
higher the value of AUDPC, the more the variety is suscepti-
ble to the disease. Our results show that AUDPC was in line
with the disease intensity. Pari Ireng cultivar was more resis-
tant than Melik. Overall, Java 14 (positive control) has the
highest AUDPC (107.59) followed by Pari Ireng (128.33),
Melik (199.63), and IRBB21 (250.19). Meanwhile, IR64 has
the lowest AUDPC (304.63) which was consistent as a nega-
tive control.

PAL enzyme activity of black rice following Xoo
infection

In plants, phenyl-propanoid pathways produce important es-
sential metabolites such as flavonoids, isoflavonoids, lignins,
anthocyanins, antimicrobial compounds, and phenolic esters

Table 1 Disease intensity from week 1 to week 4

Cultivar Week-1 (%) Week-2 (%) Week-3 (%) Week-4 (%)

IR64 20.93c 42.22g 64.81k 86.67l

IRBB21 15b 38.15f 53.33i 63.33k

Java 14 7.96a 16.29b 25.19d 30.37e

Melik 15.37b 34.44f 47.41h 58.52j

Pari Ireng 14.81b 21.48c 32.96ef 44.81gh

The numbers followed by different letters show a significant difference
with the DMRT test at 95% confidence level
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which act as a defense response to microbial infections and
abiotic stress (Ritter and Schulz 2004). PAL is an enzyme in
the phenyl-propanoid pathway, which converts L-phenylala-
nine to trans-cinnamic acid through the non-oxidative
removal of ammonia. Trans-cinnamic acid is used as a
precursor for lignification and flavonoids biosynthesis,
one of which is anthocyanin (Balakrishnan and
Subramaniam 2009). In addition, PAL enzymes
are also important in the formation of phenolic compo-
nents that play a role in the recovery of wounds that
occur in plants. Increased PAL activity can be expressed
as a defense reaction in plants as protection against
pathogen infection (Chet 1993; Seki et al. 1999; Cui et al.
2000; Logemann et al. 2000).

To monitor the PAL enzyme activity following Xoo infec-
tion, in vitro bioassay of PAL enzyme was performed by an-
alyzing trans-cinnamic acid concentration with HPLC. The
trans-cinnamic acid chromatogram is represented in Fig. 2.
The results of the analysis showed that PAL enzyme activity
in control treatment of all cultivars was the lowest. However,

mock and infection treatment results in increasing activity,
which was highest in the inoculated plants (Table 2) indicating
that PAL enzyme activity was induced by wounding. The
comparison between treatments showed an increase trend of
PAL enzyme activity in every cultivar. This result confirmed
that Xoo infection affects the expression of PAL as one of the
defense systems in black rice plant.

Interestingly, PAL enzyme activity was consistent with the
AUDPC value in all cultivars tested. Java14 cultivar which is
known as the resistant cultivar, has the highest PAL enzyme
activity (90.41 mM/g) whereas IR64 cultivar which was the
susceptible cultivar has the lowest PAL enzyme activity
(4.80 mM/g). In addition, Pari Ireng which has a higher con-
tent of anthocyanin as compared to Melik also has a higher
PAL enzyme activity compared to Melik. The activity of PAL
enzyme also increased significantly in Pari Ireng (72%) as
well as Melik (66%) cultivars following Xoo infection. The
dramatic change of PAL activity happened in Java 14 in con-
trol treatment (11.56 mM/g) to mock (48.43 mM/g) and infec-
tion treatment (90.41 mM/g) indicating that PAL enzyme

Fig. 2 Chromatogram of trans-cinnamic acid of sample of Pari Ireng as a product of PAL enzyme detected by HPLC
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Fig. 1 The area under disease
progress curve (AUDPC) of black
rice cultivars compared to control
cultivars. (Positive control:
Java14, Negative control: IR64,
Moderate control: IRBB21).
Bars followed by letter indicate
the SD and siginificant differ-
ences based onDMRT test at 95%
confidence level
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plays important role in the defense system of the black rice
following Xoo infection. This kind of mechanism did not oc-
cur in Pari Ireng. Although Pari Ireng has the highest PAL
enzyme activity in control treatment (16.00 mM/g), the
change is not as high as Java14 following Xoo infection.
The high level of PAL enzyme activity in Pari Ireng is prob-
ably due to the basal metabolism of this cultivar. Pari Ireng has
the highest anthocyanin content among all cultivars tested,
indicating that a precursor of PAL enzyme may be involved
in the biosynthesis of PAL. In other words, the defense mech-
anism of black rice (in PAL pathway) may be slightly different
with Java14 as compared to the other cultivar studied, but the
PAL pathway may still contribute to the defense. This is

supported by low PAL activity in IR64 and IRBB21. In addi-
tion, the regulation of PAL activity in plants is increasingly
complex due tomany PAL encoding genes, some of which are
only expressed in specific tissues or only under certain envi-
ronmental conditions (Emiliani et al. 2009). Therefore, further
study elucidating PAL encoding genes in different black rice
cultivars especially in Pari Ireng cultivar is interesting and
necessary.

Protein profile of black rice following Xoo infection

Plant attacked by viruses, bacteria, pathogens, parasites, and
herbivorous insects will have an impact on plant imbalances

Table 2 PAL enzyme activity
following Xoo infection PAL Enzyme Activity (mM/g)

IR64 IRBB21 Java 14 Melik Pari Ireng

Control 4.80 e ± 1.2 8.81 de ± 1.1 11.56 de ± 1.1 11,87 de ± 1.6 16.00 de ± 0.4

Mock 10.41 de ± 0.4 20.01 de ± 2.6 48.43 bc ± 12.6 28.54 cde ± 3.2 31.00 cde ± 0.5

Infection 21.49 de ± 0.9 29.43 cde ± 1.2 90.41 a ± 30.3 35.70 bcd ± 6.4 58.05 b ± 12.8

The numbers followed by different letters show a significant difference with the DMRT test at 95% confidence
level

Fig. 3 Protein profile (a) and
representative diagram of protein
profile (b) in black rice following
Xoo infection. 1 = control,
2 =mock, 3 = infection treatment
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(Pimentel 2001) and respond to these stresses by producing
several defense compounds and protein such as pathogenesis-
related (PR) proteins (Edreva 2005). To this end the
protein profile of black rice to find out the full descrip-
tion of the regulated protein as a defense response
caused by Xoo bacterial infection was performed.
Protein analysis in this study was done by separating
proteins using electrophoresis method SDS-PAGE 1 dimen-
sion. Separation of proteins with electrophoresis aims to ob-
serve if there is a difference in protein profile produced by
infection of Xoo bacteria.

Based on the protein profile (Fig. 3), there are no big dif-
ferences between all cultivars as well as in each treatment. The
protein bands ranged from 8 kDa to 91 kDa and showed some
similarity. However, a distinctive protein band can be ob-
served in Pari Ireng and Java14 (ranging from 48 to 75 kDa)
in infection treatment, indicating that protein may play a
role in defense mechanism (red box in Fig. 3).
Interestingly, at 75 kDa there is a thick band which
may correspond as PAL protein which has molecular
weight of 75 kDa (UniProt). This assumption needs fur-
ther confirmation by protein sequencing. Nevertheless, further
study is needed to indentify more protein possibly involved in
the defense mechanism of black rice following Xoo infection.

Conclusions

PAL contributes to the resistance mechanism of black rice by
increasing its activity in the cells following Xoo infection. The
activity of PAL enzyme increased significantly in Pari Ireng
(72%) as well as Melik (66%) cultivars following Xoo infec-
tion. However, the activity of PAL enzyme in Pari Ireng cul-
tivar was higher than in Melik. The value of AUDPC, PAL
activity, and protein profile analysis confirmed that black cul-
tivar Pari Ireng was more resistant than Melik cultivar follow-
ing Xoo infection.
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