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Abstract

Phenylalanine ammonia-lyase (PAL) is a key enzyme in the phenylpropanoid pathway. A full-length of the gene putatively encoding
phenylalanine ammonia-lyase (PAL) was cloned from kenaf (Hibiscus cannabinus L.) using degenerate primers and the RACE (rapid
amplification of cDNA ends) method. The full-length PAL ortholog in kenaf consists of a 2,148 bp open reading frame encoding 715
amino acids (JQ779022). The deduced amino acid sequence showed high similarity to those of PAL from Ricinus communis (88%)
and Vitis vinifera (86%). The expression of the PAL transcript was examined in different tissues, developmental stages, and after
treatments with abiotic stresses (wound, NaCl, cold, H,O,, ABA, SA, MeJA and drought) using quantitative real-time reverse
transcriptase polymerase chain reaction (QPCR). The PAL ortholog was differentially expressed in the different tissues and
developmental stages. The highest transcript level of the PAL ortholog was observed in young (4-week-old) stem and mature flower
tissues, with a certain level of expression in all tissues and organs tested. Three-week-old kenaf stem tissues were used to evaluate the
effects of abiotic stresses on PAL ortholog expression. The highest transcript level of the PAL ortholog was observed at an early time
point (1 or 6 h) after treatments with wound (1 h), H,O, (6 h) and SA (6 h), while the highest transcript level was detected at the late
time point (24 h) after treatments with NaCl, cold and ABA. The PAL ortholog was not significantly induced by MeJA, while drought
repressed the PAL ortholog.

Keywords: gene expression; kenaf (Hibiscus cannabinus L.); phenylalanine ammonia-lyase (PAL); phenylpropanoid pathway;
quantitative real-time PCR.

Abbreviations: Hc- Hibiscus cannabinus; PAL-phenylalanine ammonia-lyase; ABA- abscisic acid; MeJA-methyl jasmonate; SA-
salicylic acid.

Introduction

Kenaf (Hibiscus cannabinus L.) is an annual dicotyledonous unit is relatively unbranched and less condensed than the G unit.
plant that grows in temperature and tropical regions (Dempsey, The lignin content of bast fibers in kenaf is less than 11% with
1975). Since kenaf has wide ecological adaptability and a high amount of cellulose (Van Dam, et al., 1994; Gutiérrez et
produces large amounts of biomass within a short growing al., 2004; Marques et al., 2010). Various secondary metabolites
season, it has great potential for use in biomass production are produced through the phenylpropanoid pathway, including
(Francois et al., 1992; Lam et la., 2002; Araki and Kubota, lignins, flavonoids and coumarins, most of which are important
2005). Keanf is also an important crop in the pulp and paper metabolites to plants (reviewed by Vogt, 2010). This pathway
industries because of the high quality of its fiber (Ahmed et al., starts with cinnamic acid synthesis from phenylalanine by
1988; Pande and Roy, 1996). Kenaf has moderately long fibers phenylalanine ammonia lyase (PAL) in the cytosol and the
in its outer stem (bast) and short fibers in its core, which make pathway is modulated by PAL, which is the rate-limiting
its fibers a promising source of raw materials for pulp, paper enzyme (Hisano et al., 2009). PAL activity may be regulated by
and other fiber products (Anterola et al., 2002; Apel and Hirt, feedback inhibition by the pathway product, cinnamic acid,

2004). The amount of lignins in fibers affects the efficiency of which may modify the expression of the PAL gene (Christensen
pulping process. Bast fibers in kenaf contain a high amount of et al., 2001; Del Rio et al., 2004). PAL is a potential target for
the S unit of lignins, which has less resistant linkages than the herbicide due to its central role in plant metabolism (Basson
lignins composed of the G unit (Gutiérrez et al., 2004). The S and Dubery, 2008). Phenylpropanoid compounds have
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important roles in plant defense mechanisms, reproduction and
development (reviewed by Vogt, 2010). More than one PAL

genes are found in Arabidopsis (Raes et al., 2003). For example,

two activities of PAL were induced by various stimuli, such as

red light, UV irradiation, chilling, mechanical wounding, ozone,

pathogen attacks and various plant hormones (Brodenfeldt and
Mohr, 1988; Reddy et al., 1994; Singh et al., 1999; Campos-
Vargas and Saltveit, 2002; Jiang and Joyce, 2003; Lafuente et
al., 2003; Campos-Vargas et al., 2005; Chen et al., 2006). In
higher plants, PAL genes exist as a family of genes (Fukasawa-
Akada et al., 1996; Butland et al., 1998; Kumar and Ellis, 2001;
Cochrane et al, 2004), and each gene may have distinct

metabolic functions, such as flavonoids, lignin biosynthesis, etc.

In this study, a putative PAL ortholog was cloned for the first
time, and the expression of the ortholog was characterized in
different tissues, developmental stages and under stress
conditions in 3-week-old stem tissues of kenaf after treatments
with various stresses [wound, NaCl, cold, H,O,, abscisic acid
(ABA), salicylic acid (SA), methyl jasmonate (MeJA) and
drought]. Understanding the expression pattern of PAL is
important for identifying targets for biotechnological
modification that could improve product synthesis.

Results and discussion

Kenaf PAL ortholog shares sequence characteristics with
other PALs

In order to clone the full-length of PAL ortholog in kenaf, we
used degenerate primers and the RACE (rapid amplification of
cDNA ends) system. PAL ortholog (GenBank Accession No.
JQ779022) consists of a 2,148 bp open reading frame (ORF)
encoding 715 amino acids with 176.92 kDa and 4.92 pl, as
calculated by the ExPASy Proteomics Server (Fig 1). Blast
search showed that the deduced kenaf PAL ortholog shared 88,
86, 85, 85, 85, 85, 85, 83, 81, 80 and 73% similarities with the
amino acid sequences of PALs from Ricinus communis
(XP002519521), Vitis  vinifera (ABM67591),  Populus
trichocarpa (ACC63887), Populus trichocarpa x Populus
deltoids (AAA33805), Morus alba var. multicaulis
(AEE81750), Pyrus x  bretschneideri  (ADF59061),
Catharanthus roseus (BAA95629), Arabidopsis thaliana PAL1
(At2g37040), A. thaliana PAL2 (At3g53260), A. thaliana PAL4
(At3g10340) and A. thaliana PAL3 (At5g04230), respectively
(Fig 2). The first 23 amino acids are different among other PAL

sequences, while the rest of the sequences are highly conserved.

The PAL ortholog grouped in a sub-cluster of 4 proteins:
Populus trichocarpa x Populus deltoids, Populus trichocarpa,
Ricinus communis and Morus alba var. multicaulis based on a
phylogenetic tree (Fig 3). Amino acid ammonia-lyases catalyze
the addition of ammonia to achiral olefinic acids to form chiral
L-amino acids, and include histidine ammonia-lyases (HAL),
aspartate ammonia-lyases (AAL), 3-methylaspartate ammonia-
lyases (MAL), and phenylalanine ammonia-lyase (PAL), etc
(Hanson and Havir, 1973). The C-terminal region shares a high
sequence identity, and contains a multi-helix region that plays
an important role in the regulation of the enzyme activity by
destabilizing the active conformation of the Tyr110-loop (Lee
et al., 2003; Pilak et al. 2006). According to X-ray structures,
HAL contains the cofactor 3,5-dihydro-5-methylidene-4H-
imidazol-4-one (MIO) by cyclization and dehydration of
residues within the Ala-Ser-Gly sequences (Schwede et al.,
1999; Langer et al., 2001; Baedeker and Schulz, 2002). The
Ala-Ser-Gly signature was also observed in the putative PAL
ortholog in kenaf (resides 201-203; Fig 1 and 2). Three central
o helices form a triple coiled coil creating an electropositive
platform for cofactor MIO. Tyr110 is of the most conserved
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Fig 1. The full length cDNA and deduced amino acid sequence
of the kenaf phenylalanine ammonia-lyase (PAL) ortholog. The
start codon (ATG) and stop codon (TAA) are underlined and
in bold. The conserved residues of PAL were boxed: Tyr110,
Ala-Ser-Gly and Gly493.

residues within the MIO-containing ammonia-lyase family and
is essential to the catalytic activity (Fig 1 and 2; Pilbak et al.,
2006). Gly493 was also observed in the putative PAL ortholog
in kenaf, which is the first residue of the a-helix a17 and one of
the 3 central a-helices forming an electropositive platform for
the cofactor MIO (Fig 1 and 2; Calabrese et al., 2004). This
result suggests that the PAL ortholog of kenaf belongs to a PAL
enzyme. Therefore, we designated the PAL ortholog of kenaf as
HcPAL. In the Arabidopsis genome, there are 4 PAL genes
(PALLI, 2, 3 and 4) (Raes et al., 2003). The deduced amino acid
sequences of HcPAL have the highest similarities with AtPAL1
(83%) and AtPAL2 (81%). While the pall and pal2 single
mutants showed no obvious visible phenotypes in growth and
development, the pall pal2 double mutants showed infertility,
reduction in lignin, modification in cell wall structure, and
deficiency in anthocyanin pigments (Rohde et al., 2004; Huang



et al., 2010). The double mutants were more sensitive to UV-B
radiation but more tolerant to drought than wild-type
Arabidopsis. These results indicate that the function of PALI
and PAL2 was redundant. The pall pal2 pal3 pal4 quadruple
mutants were stunted and sterile and displayed reduced
accumulation of SA, making the plants more susceptible to
Pseudomonas syringae (Huang et al., 2010).

HcPAL expression in kenaf

The level of the HcPAL transcript was analyzed in various
tissues and organs using QPCR. The HcPAL transcript was
detected in all tissues and organs tested, including the root,
stem, petiole, leaf and flower (Fig 4A). Since PAL plays crucial
role in the pathway, PAL is expressed in all tissues and organs.
The highest transcript levels of HcPAL were detected in the
young stem (4-week old) and mature flower. During stem
development, the transcript level of HcPAL gradually increased
up to 4 weeks, and then subsequently decreased (Fig 4B). The
transcript levels of HcPAL were similar during 8- to 20-week
of stem development. The highest transcript level was observed
in the mature flower during flower development, while the
highest transcript level was detected in the young leaf during
leaf development (Fig 4C and 5D). These results were in
agreement with the findings of previous reports. High levels of
the PAL transcripts were detected in the root and flower of
tobacco plant, while low level of transcript was found in the
mature leaf (Fukasawa-Akada et al., 1996). Four transcripts of
the Arabidopsis PAL genes were detected in inflorescent stem
(Raes et al., 2003). The highest expression was observed in
PALI, PAL4 and PAL2, while the PAL3 transcript was only
detected at a very low level (Raes et al., 2003). Arabidopsis
PAL] and PAL2 were known to be important for lignin
biosynthesis (Oh et al., 2003; Rohde et al., 2004). Arabidopsis
PALI was most closely related to PAL2, while PAL3 clustered
together with PAL4. Arabidopsis PALI and PAL2 also shared
common structures in the promoter regions and showed similar
expression patterns (Raes et al., 2003). A high level of HcPAL
transcript was also observed during flower development in
kenaf. Since a high level of phenylpropanoid compounds, such
as si-napate and flavonoids, was found in Arabidopsis flower,
PAL expression was required during flower development
(Chapple et al., 1994). While HcPAL was highly expressed in
the stem, the tomato PALS transcript was not detected in the
stem by northern blot analysis (Guo and Wang, 2009). This
result indicates that different PAL genes accumulate differently
in different tissues. A similar result was observed in raspberry
(Kumar and Ellis, 2001). Again, this indicates that there are
distinct regulatory mechanisms for the different PAL genes.
Overall, the expression results also confirmed the putative
function of HcPAL as PAL.

HcPAL expression in response to various abiotic stresses

Defense mechanisms are activated by stresses, which lead to
the induction of defense enzymes and cell wall reinforcement,
including lignin deposition (Hano et al., 2006; Desender et al.,
2007; Hamann et al., 2009). Phytohormones including ABA,
SA, JA and ethylene may be produced by stresses, which may
control the expression of various genes. The phytohormones
produced can amplify the initial signals to generate a second
round signaling pathway (Mahajan et al., 2005; Shao et al.,
2007). In this study, various abiotic stresses and signal
molecules, such as wound, NaCl, cold, H,O,, ABA, SA, MeJA
and drought, were applied to kenaf plants to examine the
expression patterns of HcPAL using QPCR (Fig 5). Stem
tissues of 3-week-old plants were harvested after treatments for
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Fig 2. Multiple alignment of deduced amino acid sequences of
the phenylalanine ammonia-lyase (PAL) ortholog with other
PAL sequences. Alignment was conducted using ClustalW and
BOXSHADE sequence alignment program in Biology
WorkBench. Residues shaded in black were identical amino
acids with other PAL sequences. The conserved residues (Ala-
Ser-Gly) were marked with asterisk. The PAL sequences used
were as follows: (1) Morus alba var. multicaulis (AEE81750),
(2) Pyrus x bretschneideri (ADF59061), (3) Catharanthus
roseus (BAA95629), (4) Hibiscus cannabinus (JQ779022), (5)
Ricinus communis (XP002519521), (6) Populus trichocarpa
(ACC63887), (7) Vitis vinifera (ABM67591),

(8) Populus trichocarpa x Populus deltoids (AAA33805), (9)
Arabidopsis thaliana PALA (At3g10340), (10) A. thaliana
PAL3 (At5g04230), (11) A. thaliana PAL2 (At3g53260), (12) A.
thaliana PAL1 (At2g37040).

QPCR analysis. While all treatments induced the expression of
HcPAL, ABA (at early time points) and drought repressed
expression. The changes in HcPAL expression by MeJA
treatment were not significant.

Wound, In wound treatment, the level of the HcPAL transcript
was maximal 1 h after treatment, and then gradually decreased
to the level of the control. Wounding induced genes related to
lignin biosynthesis, resulting in the accumulation of lignin
surrounding the wound sites, such as PAL, C4H (cinnamate 4-
hydroxylase), F5H (ferulate 5-hydroxylase), CAD (cinnamyl
alcohol dehydrogenase), CCR (cinnamoyl-CoA reductase) and
4CL (4-coumarate:CoA ligase) (Delessert et al., 2004; Soltani
et al., 2006; Moura et al., 2010). A similar expression pattern of
PAL was observed in the suspension cells obtained from
Scutellaria baicalensis (SbPAL; Xu et al., 2010). The SbPALI
transcript accumulated transiently within 1-3 h after wounding,



and then decreased to the control level. The other two PAL
transcripts (SbPAL2 and ShPAL3) increased to maximum levels
within 24 h after wounding, and then returned to control levels.
NaCl, The HcPAL transcript was significantly induced by 200
mM NaCl treatment and was maximal after 24 h. Induction by
NaCl was also observed in the tomato PAL gene, SIPAL5 (Guo
and Wang, 2009). NaCl treatment induced up to 90%
accumulation in lignin contents in soybean roots (Neves et al.,
2010). NaCl caused an increase in lignification or altered the
monomeric composition of the lignin, which is one of the
mechanisms used to overcome high salt conditions (Neves et
al., 2010).

Cold, HcPAL transcripts were induced within 6 h and reached a
maximum level by 24 h after cold (10°C) treatment. Low
temperature increased the activity of PAL, which led to the
accumulation of p-coumaric, ferulic, synaptic acids and the
esterified soluble forms of these acids in the leaf mesophyll
cells of oilseed rape leaf (Solecka and Kacperska, 1995;
Solecka et al., 1999). The accumulation of the esterified forms
may be important to protect plants from free phenols (Whetten
and Sederoff, 1995). There are four PAL genes in Arabidopsis
(AtPALI, 2, 3 and 4) that expressed in inflorescent stem (Raes
et al., 2003). Both AtPALI and AtPAL2 increased by low
temperatures (Olsen et al., 2008). These results indicated that
AtPALI and AtPAL2 involved in abiotic environmental-
triggered flavonoid synthesis.

H,0, The HcPAL transcript level was maximal after 6 h of
treatment with 10 mM H,O, and then gradually returned to
control levels. In Arabidopsis cell cultures, treatment with 5
mM H,0, induced AtPALI (Desikan et al., 1998). Gayoso et al.
(2010) suggested that there may be a possible relationship
between the H,O, content and PAL activity in the roots
tomatoes resistant to Verticillium dahliae. In susceptible tomato
plants, a delay was observed in the expression of PAL genes in

response to the production of H,O, compared to resistant plants.

The induction of PAL genes by H,0, was also detected in
Arabidopsis cell cultures (Desikan et al., 1998). Treatment with
H,0, induced the accumulation of p-coumaric acid and the
activity of peroxidase (Gayoso et al., 2010). The induced p-
coumaric acid may be used to maintain cell walls in plants by
cross-linking the lignins to the polysaccharides in cell walls
(Pan et al., 1998).

ABA, The level of the HcPAL transcript increased significantly
after various treatments but not by 100 uM ABA. The level of
the HcPAL transcript decreased relative to the control up to 6 h
after treatment, and was recovered at 12 h and reached a
maximum 24 h after treatment. ABA is known to be involved in
the response to various environmental stresses, such as drought
and salt (reviewed in Zhu, 2002). ABA treatment reduced the
transcript level of tomato SIPALS and the transcript level was
not recovered to the control level after 24 h of treatment, while
SIPAL5 was induced significantly by various abiotic stresses,
such as NaCl, mannitol and cold (Guo and Wang, 2009).
Therefore, tomato SIPAL5 was categorized into the ABA-
independent cascade. Many genes were induced by ABA
treatment and the genes were also induced by drought, salt,
osmotic stress and cold treatments (Shinozaki and Yamaguchi-
Shinozaki, 1996). Some genes induced by water stress were not
induced by exogenous ABA application, which indicates the
existence of both ABA-independent and ABA-dependent signal
transduction pathways (Bray, 1997).

SA and MeJA, Treatments with 5 mM SA and 100 uM MeJA
induced the accumulation of HcPAL. The accumulation of the
HcPAL
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r—Arabidopsis thaliana PAL1
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Fig 3. Phylogenetic tree of kenaf phenylalanine ammonia-lyase
(PAL) ortholog. The tree was generated using the neighbor-
joining method of ClustalW and Mega5 with amino acid
sequences of the kenaf PAL ortholog and other plants. The
bootstrap values from 1000 replcations are in percent at the
nodes. The PAL sequences used were as follows: (1)
Arabidopsis thaliana PAL4 (At3g10340), (2) A. thaliana PAL3
(At5g04230), (3) A. thaliana PAL1 (At2g37040), (4) A.
thaliana PAL2 (At3g53260), (5) Catharanthus roseus
(BAA95629), (6) Pyrus x bretschneideri (ADF59061), (7)
Morus alba var. multicaulis (AEE81750), (8) Populus
trichocarpa x Populus deltoids (AAA33805), (9) Vitis vinifera
(ABM67591), (10) Populus trichocarpa (ACC63887), (11)
Ricinus communis (XP002519521), (12) Hibiscus cannabinus
(JQ779022). Human (ACJ38232) sequence was used as an
outgroup.
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Fig 4. Expression of the kenaf phenylalanine ammonia-lyase
(PAL) ortholog during developmental stages. Quantitation of
the relative transcript levels were analyzed using QPCR with
respect to ACTIN transcripts. The percent induction relative to
the control was calculated after deduction of the control
transcript level. (A) expression of HcPAL ortholog in various
tissues and organs from 16-week-old kenaf plants. (B)
expression of HcPAL ortholog during stem development (2, 3, 4,
16, 20 weeks after sowing), (C) expression of HcPAL ortholog
during flower development (YF, young flower; IF, immature
flower; MF, mature flower), and (D) expression of HcPAL
ortholog during leaf development (YL, young leaf; IL,
immature leaf; ML, mature leaf). Vertical bars represent the
means + SE (n = 3). Significant differences at a 5% level
between the mean values are indicated by different letters
above each point. NS, not significant.
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Fig 5. Expression of kenaf phenylalanine ammonia-lyase (PAL)
ortholog after treatments with abiotic stresses and signal
molecules. 3-week old stem tissues were subjected to various
abiotic stresses and signal molecules : wound, NaCl, cold,
H,0,, ABA, SA, MeJA and drought. Quantitation of the
relative transcript levels were analyzed using QPCR with
respect to ACTIN transcripts. The percent induction relative to
the control was calculated after deduction of the control
transcript level. Vertical bars represent the means + SE (n = 3).
Significant differences at a 5% level between the mean values
are indicated by different letters above each point. NS, not
significant.

transcript was maximal 6 h after treatment with SA, and then
gradually returned to control level. A similar expression pattern
of HcPAL was observed after treatment with SA and H,O,.
MelJA treatment also induced HcPAL; however, the induction
was not statistically significant. Treatment with elicitor
molecules, such as SA and MeJA, resulted in the activation of
defense mechanisms, including induction of cell wall
strengthening and defense enzymes (Desender et al., 2007).
PAL transcripts from Lycoris radiata (LrPAL) were
significantly induced by MeJA, and moderately increased by
SA (Jiang et al., 2011). The addition of exogenous SA also
induced PAL activity in pear and Saussurea medusa cell
cultures (Cao et al., 2006; Yu et al., 2006). Addition of MeJA
induced expression of enzymes that were important to the PAL
pathway, including the PAL gene (Lois et al., 1989; Gundlach
et al., 1992; Walters et al., 2002)

Drought, Application of drought to kenaf repressed the
expression of HcPAL. The expression of HcPAL was
significantly down-regulated after 14 days of treatment. A
similar down-regulation of expression was reported in Camellia
sinensis PAL (CsPAL) (Singh et al., 2009). HcPAL transcripts
decreased in response to both drought and ABA treatments.
CsPAL was also down-regulated by both drought and ABA
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treatments. It was also reported that the activity of PAL was
decreased by ABA treatment (Ward et al., 1989; Graham and
Graham, 1996). The down-regulation of PAL may be due to
enhanced cellular injury, increased membrane permeability,
and the reduction in the rate of net photosynthesis during
drought and ABA treatment. In conclusion, a full-length PAL
gene putatively encoding phenylalanine ammonia-lyase was
cloned from Hibiscus cannabinus L., which is an enzyme that
is involved in the initial step of the phenylproanoid pathway.
The expression of PAL is controlled by developmental stages
and environmental stresses. Therefore, it is essential to
understand how PAL expression is regulated during
developmental stages and in response to various abiotic stresses.

Materials and methods
Plant materials

Kenaf seeds (Hibiscus cannabinus L., C-9) were obtained from
Advanced Radiation Technology Institute (Korea Atomic
Energy Research Institute, Jeongeup 580-185, Korea). The
seeds are originally from Russia (GenBank of Korea Rural
Development Administration IT No. 202789). Non-soil mixture
(TOBIETEC, Chungbuk, Korea) was used to germinate seeds
in pots, and the germinated seedlings were grown for up to 4
weeks in a controlled environment condition with 16-h light /8-
h dark, 100 pmol m™ s™ at 22°C with watering twice a week.
After 4-week growth in a controlled environment condition,
seedlings were transplanted into 20-cm pots with a non-soil
mixture and grown in a greenhouse with natural sunlight for up
to 20 weeks, watering twice a week. Tissue samples (root, stem,
petiole, leaf and flower) were harvested from 16-week-old
kenaf plants. Harvested tissue samples were frozen in liquid
nitrogen and stored at -80°C. Leaf development was separated
into three stages: 1) young leaf (YL), < 2 cm long; 2) immature
leaf (IL), 3-5 cm long; and 3) mature leaf (ML), > 9 cm long.
Flower samples were also separated into three developmental
stages: 1) young flower (YF), unopened green flower, < 2 cm
long with green sepal; 2) immature flower (IF), unopened white
flower, > 3 cm long with green sepal; and 3) mature flower,
open white flower.

Stress treatments

Three-week-old seedlings grown in a growth room were
subjected to stresses. Stem tissues were harvested for QPCR
analysis. Seedlings were watered with ABA (100 uM), H,0,
(10 mM), SA (5§ mM), NaCl (200 mM), or cold (10°C). Plants
were watered with distilled water and used as the control.
Stems were cut longitudinally with scissors in opposite sides
(less than 1-mm deep) for wound treatment. Stems were
sprayed with 100 uM MeJA , which was dissolved in 0.004%
ethanol. The treated seedlings were covered with a vinyl bag
until harvest. Stem tissues were harvested 1, 6, 12, 24 and 48 h
after treatments. For control plants, seedling were sprayed with
0.004% ethanol and covered with a vinyl bag. For cold
treatment, seedlings were incubated in cold room (10°C) with
the same light condition for 1, 6, 12, 24 and 48 h. Harvested
tissues were frozen in liquid nitrogen and stored at -80°C until
use.

RNA extraction

Total RNA was extracted from various kenaf tissues and
treated with DNase I as previously described (Ghosh et al.,
2012). The RNA integrity and quantity were verified with an
agarose gel and spectrophotometer (NanoDrop ND-1000,
NanoDrop Technologies, Wilmington, DE, USA).



Cloning of a full-length gene

First-strand cDNA was synthesized from 2 pg RNA, which
consisted of a mixture of stem and leaf RNA, using
Superscript® I first-strand synthesis supermix (Invitrogen,
Carlsbad, CA, USA) with a gene specific primer (PALr2, 5’-
TG(A/G)TC(A/C/G)GT(A/G)AACTC-3’). The degenerate
primers were designed to amplify the fragment of a
transcriptionally active PAL gene based on the consensus

taeda: Factors affecting monolignol ratios and carbon
allocation in phenylpropanoid metabolism. J Biol Chem
277:18272-18280

Apel K, Hirt H (2004) Reactive oxygen species: metabolism,
oxidative stress, and signal transduction. Annu Rev Plant
Biol 55:373-399

Araki T, Kubota F (2009) Comparison of growth feature and
drought  tolerance between two tomato (Solanum
lycopersicum L.) Mol Biol Rep 36:1579-1585

sequences of the PAL orthologs of Populus trichocarpa
(ACC63887), Populus trichocarpa x Populus deltoids
(AAA33805), Arabidopsis thaliana PAL1 (At2g37040), A.
thaliana PAL2 (At3g53260), A. thaliana PAL3 (At5g04230),

Bae H, Kim S-H, Kim MS, Sicher RC, Strem MD, Natarajan S,
Bailey BA (2008) The drought response of Theobroma cacao
(cacao) and the regulation of genes involved in polyamine
biosynthesis by drought and other stresses. Plant Physiol Biochem

and A. thaliana PAL4 (At3g10340). The forward primer
sequence is as follows: 5’-GC(C/G/T)AG
(T/C)AGTGA(T/C)TGGGT-3’. The PCR product was purified
from the agarose gel using a Wizard® SV Gel and PCR Clean-
up System (Promega, Madison, WI, USA). The purified PCR
product was cloned into pPGEM® -T easy Vector (Promega) and
DNA sequences were analyzed by Cosmogenetech Co. (Seoul,
Korea). Both 5" and 3° RACE (rapid amplification of cDNA
ends, Invitrogen) were applied to clone a full length of PAL
ortholog in keanf.

QPCR analysis

QPCR was performed to examine the expression pattern of PAL
ortholog as described by Bae et al. (2008). Mx3000P QPCR
System (Agilent, Santa Clara, CA, USA) with SYBR Green
QPCR Master Mix (Agilent) were used for QPCR. Kenaf
ACTIN gene (DQ866836) was used as an expression control
with  the primer sequences: forward primer, 5°-
ATGGACAAGTCAT TACTATTGGAGC-3’; reverse primer,
5’-AGTGATTTCCTTGCTCATACGGT-3’. The forward (5°-
GGTGTCACTTGAGAATGGAAATG-3’) and reverse (5°-
AAAGCATACTAGC ATATGGGAAGAG-3’) primers of PAL
ortholog were as designed using the Primer 3 software of
Biology Workbench (expected size, 246 bp;
http://workbench.sdsc.edu/).

Data analyses

DNA and protein sequences were analyzed using NCBI Blast
(http://blast. ncbi.nlm.nih.gov/), Biology WorkBench, ExPASy
Proteomics  Server  (http://expasy.org/tools/  pi_tool.html).
Mega5 (http://www.megasoftware.net/) was used to construct a
phylogenetic tree with amino acid sequences by the neighbor
joining method. Data for gene expression levels were statistical
analyzed for significance using SASS (SASS Inc., Cary, NC,
USA). The statistical significance of the mean differences was
analyzed using Duncan’s multiple range test at a significance
level of P <0.05.

Acknowledgements

Authors are thankful to Dr. Si-Yong Kang for providing kenaf
seeds. This work was carried out with the support of
“Cooperative Research Program for Agriculture Science &
Technology Development (PJ907054)” Rural Development
Administration, Republic of Korea.

References

Ahmed A, Scott GM, Akhtar M, Myers GC (1988) Biokraft
pulping of kenaf and its bleachability. North American
Nonwood Fiber Symposium. 231-238

Anterola AM, Jeon JH, Davin LB, Lewis NG (2002)
Transcriptional control of monolignol biosynthesis in Pinus

397

46:174-188

Baedeker M, Schulz G E (2002) Structures of two histidine
ammonia-lyase modifications and implications for the
catalytic mechanism. Eur J Biochem 269:1790-1797

Bailey BA, Bae H, Strem MD, De Mayolo AG, Guiltinan MJ
(2005) Gene expression in leaves of Theobroma cacao in
response to mechanical wounding, ethylene, and/or methyl
jasmonate. Plant Sci 168:1247-1258

Basson AE, Dubery IA (2008) Identification of a cytochrome
P450 cDNA (CYP98AS) from Phaseolus vulgaris, inducible
by 3,5-dichlorosalicylic acid and 2,6-dichloro isonicotinic
acid. J Plant Physiol 164:421-428

Bray EA (1997) Plant responses to water deficit. Trends Plant
Sci 2:48-54

Brodenfeldt R, Mohr H (1988) Time courses for phytochrome
induced enzyme levels in phenylpropanoid metabolism
(phenylalanine ammonia-lyase, naringenin-chalcone
synthase) compared with time courses for phytochrome-
mediated end-product accumulation (anthocyanin, quercetin).
Planta 41:383-390

Butland SL, Chow ML & Ellis BE (1998) A diverse family of
phenylalanine ammonia-lyase genes expressed in pine trees
and cell cultures. Plant Mol Biol 37:15-24

Calabrese J C, Jordan DB, Boodhoo A, Sariaslani S, Vannelli T
(2004) Crystal structure of phenylalanine ammonia-lyase:
multiple helix dipoles implicated in catalysis. Biochem
43:11403-11416

Campos-Vargas R, Nonogaki H, Suslow T, Saltveit ME (2005)
Heat shock treatments delay the increase in wound induced
phenylalanine ammonia-ammonia-lyase activity by altering
its expression, not its induction in Romaine lettuce (Lactuca
sativa) tissue. Physiol Plant 132:82-91

Campos-Vargas R, Saltveit ME (2002) Involvement of putative
chemical wound signals in the induction of phenolic
metabolism in wounded lettuce. Physiol Plant 114:73-84

Cao J, Zeng K, Jiang W (2006) Enhancement of postharvest
disease resistance in Ya Li pear (Pyrus bretschneideri) fruit
by salicylic acid sprays on the trees during fruit growth. Eur J
Plant Pathol 114:363-370

Chapple CCS, Shirley BW, Zook M, Hammerschmidt R,
Somerville SC (1994) Secondary metabolism in Arabidopsis.
In Arabidopsis (Meyerowitz, E.M., ed.). Cold Spring Harbor.
NY, USA: Cold Spring Harbor Laboratory Press. 989-1030

Chen JY, Wen PF, Kong WF, Pan QH, Zhan JC, Li JM (2006)
Effect of salicylic acid on phenylpropanoids and
phenylalanine ammonia-lyase in harvested grape berries.
Postharvest Biol Technol 40:64-72

Christensen JH, Overney S, Rohde A, Diaz WA, Bauw J,
Simon P, Van Montagu M, Boerjan W (2001) The
syringaldazine-oxidizing peroxidase PXP 3-4 from poplar
xylem: cDNA isolation, characterization and expression.
Plant Mol Biol 47:581-593

Cochrane FC, Davin LB, Lewis NG (2004) The Arabidopsis
phenylalanine ammonia lyase gene family: kinetic



characterization of the four PAL isoforms. Phytochem
65:1557-1564

Del Rio JC, Gutiérrez A, Hernando M, Landin P, Romero J,
Martinez AT  (2004) Correlation between lignin

syringyl/guaiacyl ratio in eucalypt wood and paper pulp yield.

Presented at the 16™ International Symposium on Analytical
and Applied Pyrolysis. Alicante, Spain. 165

Delessert C, Wilson IW, Van Der Straecten D, Dennis ES,
Dolferus R (2004) Spatial and temporal analysis of the local
response to wounding in Arabidopsis leaves. Plant Mol Biol
55:165-181

Dempsey JM (1975) Fiber Crops. The University Presses of
Gainesville. Gainesville, FL. 203-302

Desender S, Andrivon D, Val F (2007) Activation of defence
reactions in Solanaceae: where is the specificity. Cell
Microbiol 9:21-30

Desikan R, Reynolds A, Hacock JT, Neill SJ (1998) Harpin and
hydrogen both initiate programmed cell death but have
differential effects on defense gene expresion in Arabidopsis
suspension cultures. Biochem J 330:115-120

Francois LE, Donovan TJ, Maas EV (1992) Yield, vegetative
growth, and fibre length of kenaf grown on saline soil. Agron
J 84:592-598

Fukasawa-Akada T, Kung SD, Watson JC (1996)
Phenylalanine ammonia-lyase gene structure, expression, and
evolution in Nicotiana. Plant Mol Biol 30:711-722

Gayoso C, Pomar F, Novo-Uzal E, Merino F, de Ilarduya OM
(2010) The Ve-mediated resistance response of the tomato to
Verticillium dahliae involves H,O,, peroxidase and lignins
and drives PAL gene expression. BMC Plant Biology 10:232-
25

Ghosh R, Choi BS, Jeon M-J, Bae DW Bae, Shin SC, Park SU,
Lim H-S, Kim J, Bae H (2012) Comparative transcriptional
analysis of caffeoyl-coenzyme A 3-O-methyltransferase from
Hibiscus cannabinus L., during developmental stages in
various tissues and stress regulation. Plant Omics J 5:184-193

Graham TL, Graham MY (1996) Signaling in soybean
phenylpropanoid response. Dissection of primary, secondary,
and conditioning effects of light, wounding, and elicitor
treatments. Plant Physiol 110:1123-1133

Gundlach H, Miiller MJ, Kutchan TM, Zenk MH (1992)
Jasmonic acid is a signal transducer in elicitor-induced plant
cell cultures. Proc Natl Acad Sci USA 89:2389-2393

Guo J, Wang M-H (2009) Characterization of the phenylalanine

tomato

family in plant growth, development, and response to
environmental stress. Plant Physiol 153:1526-1538

Jiang Y, Xia N, Li X, Shen W, Liang L, Wang C, Wang R,
Peng F, Xia B (2011) Molecular cloning and characterization
of a phenylalanine ammonia-lyase gene (LrPAL) from
Lycoris radiata. Mol Biol Rep 38:1935-1940

Jiang YM, Joyce DC (2003) ABA effects on ethylene
production, PAL activity, anthocyanin and phenolic contents
of strawberry fruit. Plant Growth Regul 39:171-174

Kumar A, Ellis BE (2001) The phenylalanine ammonia-lyase
gene family in raspberry: structure, expression,and evolution.
Plant Physiol 127: 230-239

Lafuente MT, Zacarias L, Martinez-Telez MA, Sanchez-
Ballesta MT, Granell A (2003)

Phenylalanine ammonia-lyase and ethylene in relation to
chilling injury as affected by fruit age in citrus. Postharvest
Biol Technol 29:308-317

Lam TBT, Hori K, liyama K (2002) Structural characteristics
of cell walls of kenaf (Hibiscus cannabinus L.) and fixation
of carbon dioxide. ] Wood Sci 49:255-261

Langer B, Langer M, Rétey J (2001) Methylidene-imidazolone
(MIO) from histidine and phenylalanine ammonia-lyase. Adv
Protein Chem 58:175-214

Lee BK, Park MR, Srinivas B, Chun JC, Kwon I-S, Chung I-M,
Yun SJ (2003) Induction of phenylalanine ammonia-lyase
gene expression by paraquat and stress-related hormones in
Rehmannia glutinosa . Mol Cells 16:34-39

Lois R, Dietrich A, Hahlbrock K, Schulz W (1989) A
phenylalanine ammonia-lyase gene from parsley: structure.
Regulation and identification of elicitor and light responsive
cis-acting element. EMBO J 8:1641-1648

Mahajan S, Tuteja N (2005) Cold, salinity and drought stresses:
an overview. Arch Biochem Biophys 444:139-158

Mandal S (2010) Induction of phenolics, lignin and key defense
enzymes in eggplant (Solanum melongena L.) roots in
response to elicitors. African J Biotech 9:8038-8047

Marques G, Rencoret J, Gutiérrez A, del Rio JC (2010)
Evaluation of the Chemical Composition of Different Non-
Woody Plant Fibers Used for Pulp and Paper Manufacturing.
Open Agri J 4:93-101

Moura JC, Bonine CA, de Oliveira Fernandes Viana J,
Dornelas MC, Mazzafera P (2010) Abiotic and biotic stresses
and changes in the lignin content and composition in plants. J
Integr Plant Biol 52:360-376

(Solanum Neves GYS, Marchiosi R, Ferrarese MLL, Siqueira-Soares RC,
Ferrarese-Filho O (2010) Root growth inhibition and lignification
induced by salt stress in soybean. J. Agron Crop Sci 196:467-473

ammonia-lyase gene (SIPALS) from
lycopersicum L.) Mol Biol Rep 36:1579-1585
Gutiérrez A, Rodriguez IM, Del Rio JC (2004) Chemical

characterization of lignin and lipid fractions in kenaf bast fibers Oh S, Park S, Han K-H (2003) Transcriptional regulation of
used for manufacturing high-quality papers. J Agric Food Chem

52:4764-4773

Hamann T, Bennett M, Mansfield J, Somerville C (2009)
Identification of cell-wall stress as a hexose-dependent and
osmosensitive regulator of plant responses. Plant J 57:1015—
1026

Hano C, Addi M, Bensaddek L, Cronier D, Baltora-Rosset S,
Doussot J, Maury S, Mesnard F, Chabbert B, Hawkins S,
Lainé E, Lamblin F (2006) Differential accumulation of
monolignol-derived compounds in elicited flax (Linum
usitatissimum) cell suspension cultures. Planta 223:975-989

Hanson EA, Havir KR (1973) The enzymatic elimination of
ammonia, In: Boyer, P.D., ed. The Enzymes. Vol. 7, 3rd ed.
Academic Press, London and New York. 75-166

Hisano H, Nandakumar R, Wang ZY (2009) Genetic
modification of lignin biosynthesis for improved biofuel
production. In Vitro Cell Dev Biol Plant 45:306-313

Huang J, Gu M, Lai Z, Fan B, Shi K, Zhou Y-H, Yu J-Q, Chen
Z (2010) Functional analysis of the Arabidopsis PAL gene

398

secondary growth in Arabidpsis thaliana. J Exp Bot 54:2709—
2722

Olsen KM, Lea US, Slimestad R, Verheul M, Lill C (2008)
Differential expression of four Arabidopsis PAL genes; PALI
and PAL2 have functional specialization in abiotic
environmental-triggered flavonoid synthesis. J Plant Physiol
165:1491-1499

Pan GX, Bolton JL, Leary GJ (1998) Determination of ferulic
and p-coumaric acids in wheat straw and the amounts
released by mild acid and alkaline peroxide treatment. J
Agric Food Chem 46:5283-5288

Pande H, Roy DN (1996) Delignification kinetics of soda
pulping of kenaf. J Wood Chem Technol 16:311-325

Pilbdk S, Tomin A, Rétey J, Poppe L (2006) The essential
tyrosine-containing loop conformation and the role of the C-
terminal multi-helix region in eukaryotic phenylalanine
ammonia-lyases. FEBS J 273:1004-1019

Raes J, Rohde A, Christensen JH, Van de Peer Y, Boerjan W
(2003) Genome-wide characterization of the lignification



toolbox in Arabidopsis. Plant Physiol 133:1051-1071

Rastogi S, Dwivedi UN (2008) Manipulation of lignin in plants
with special reference to O-methyltransferase. Plant Sci
174:264-277

Reddy VS, Goud KV, Sharma R, Reddy AR (1994) UV-B
responsive anthocyanin production in a rice cultivar is
associated with a specific phase of phenylalanine ammonia
lyase biosynthesis. Plant Physiol 105:1059-1066

Rohde A, Morreel K, Ralph J, Goeminne G, Hostyn V, De
Rycke R, Kushnir S, Van Doorsselaere J, Joseleau JP,
Vuylsteke M (2004) Molecular phenotyping of the pall and
pal2 mutants of Arabidopsis thaliana reveals far-reaching
consequences on phenylpropanoid, amino acid, and
carbohydrate metabolism. Plant Cell 16:2749-2771

Schwede TF, Rétey J, Schulz GE (1999) Crystal structure of
histidine ammonia-lyase revealing a novel polypeptide
modification as the catalytic electrophile. Biochem
38:5355-5361

Shao HB, Guo QJ, Chu LY, Zhao XN, Su ZL, Hu YC, Cheng
JF (2007) Understanding molecular mechanism of higher
plant plasticity under abiotic stress, Colloids Surf B
Biointerfaces 54:37-45

Shinozaki K, Yamaguchi-Shinozaki K (1996) Molecular
responses to drought and cold stress. Curr Opin Biotechnol
7:161-167

Singh A, Selvi MT, Sharma R (1999) Sunlight-induced
anthocyanin pigmentation in maize vegetative tissues. J Exp
Bot 50:1619-1625

Singh K, Kumar S, Rani A, Gulati A, Ahuja PS (2009)
Phenylalanine ammonia-lyase (PAL) and cinnamate 4-
hydroxylase (C4H) and catechins (flavan-3-ols) accumulation
in tea. Funct Integr Genomics 9:125-134

Solecka D, Kacperska A (1995) Phenylalanine ammonia-lyase
activity in leaves of winter oilseed rape plants as affected by
acclimation of plants to low temperature. Plant Physiol
Biochem 33:585-591

Solecka D, Boudet A-M, Kacperska A (1999) Phenylpropanoid
and anthocyanin changes in low-temperature treated winter

399

oilseed rape leaves. Plant Physiol Biochem 37: 491-496

Soltani BM, Ehlting J, Hamberger B, Douglas CJ (2006)
Multiple cis-regulatory elements regulate distinct and
complex patterns of developmental and wound induced
expression of Arabidopsis thaliana 4CL gene family
members. Planta 224:1226-1238

Van Dam JEG, Van Vilsteren GET, Zomers FHA, Shannon
WB, Hamilton IT (1994) Increased application of
domestically produced plant fibres in textiles, pulp and paper
production and composite materials. European Commission,
Directorate-General XII. Science, Research and Development.
249

Vogt T (2010) Phenylpropanoid biosynthesis. Mol Plant 3:2-20

Walters D, Cowley T, Mitchell A (2002) Methyl jasmonate
alters polyamine metabolism and induces systemic protection
against powdery mildew infection in barley seedlings. J Exp
Bot 53:747-756

Ward EWB, Cahill DM, Bhattacharayya MK (1989) Abscisic
acid suppression of phenylalanaine ammonia-lyase activity
and messenger RNA, and resistance of soybeans to
Phytopythora megasperma f. sp. Glycinea. Plant Physiol
91:23-27

Whetten R, Sederoff R (1995) Lignin biosynthesis. Plant Cell
7:1001-1013

Xu H, Park NI, Li X, Kim YK, Lee SY, Park SU (2010)
Molecular cloning and characterization of phenylalanine
ammonia-lyase, cinnamate 4-hydroxylase and genes involved
in flavone biosynthesis in Scutellaria baicalensis. Bioresour
Technol 101:9715-22

Yang G, Zhou R, Tang T, Shi S (2008) Simple and efficient isolation
of high-quality total RNA from Hibiscus tiliaceus, a mangrove

associate and its relatives. Prep Biochem Biotechnol 38:257-64
Yu Z, Fu C, Han Y, Li Y, Zhao D (2006) Salicylic acid
enhances jaceosidin and syringin production in cell cultures
of Saussurea medusa. Biotechnol Lett 28:1027-1031
Zhu JK (2002) Salt and drought stress signal transduction in
plants. Ann Rev Plant Biol 53:247-273



