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The cDNAs encoding phenylalanine ammonia-lyase (PAL) and cinnamate 4-hydroxylase (C4H)
were cloned from garlic (Allium sativum) using reverse transcription-polymerase chain reaction
(RT-PCR) with degenerate primers and 5 and 3’ rapid amplification of cDNA ends (RACE) PCR.
Amino acid sequence alignments showed that AsPAL and AsC4H have more than 70% amino acid
identity with their homologues in other plants. The expression of AsPAL and AsC4H transcripts was
highest in the roots but surprisingly low in the bulbils, where phenylpropanoid compounds are most
concentrated. These results suggest that some phenylpropanoids are synthesized in the roots and
subsequently transported to the bulbils of A. sativum.
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INTRODUCTION

Garlic (Allium sativum), a member of the onion family (Alliaceae),
has been used for more than 4000 years for both culinary and
medicinal purposes (/). In fact, it is one of the earliest documented
examples of plants used for therapeutic purposes (2, 3). Garlic has
many medicinal properties, including antioxidant, anticancer,
hepatoprotective, immunomodulatory, and cardioprotective
effects (4—6), because of the presence of over 2000 biologically
active compounds (7). In particular, phenolic compounds, such as
phenylpropanoids, have strong antioxidant and antimicrobial
effects (8).

In higher plants, the phenylpropanoid biosynthesis pathway
produces many physiologically important metabolites, such as
flavonoids, lignins, coumarins, phytoalexins, and stilbenes (9)
(Figure 1), which are involved in plant development, mechanical
support, and disease resistance (/0, /7). Phenylalanine ammonia-
lyase (PAL, EC4.3.1.5) is the first enzyme in the phenylpropanoid
pathway and catalyzes the conversion of L-phenylalanine to trans-
cinnamic acid (12). Next, trans-cinnamic acid is hydroxylated into
p-coumaric acid by cinnamate 4-hydroxylase (C4H, CYP73, EC
1.14.13.11), a member of the cytochrome P450 superfamily (13).
Subsequently, p-coumaric acid is transformed into phenylpropa-
noid compounds that are involved in diverse functions, such as

*To whom correspondence should be addressed: Department of
Crop Science, College of Agriculture and Life Sciences, Chungnam
National University, 220 Gung-Dong, Yuseong-Gu, Daejeon 305-
764, Korea. Telephone: +82-42-821-5730. Fax: +82-42-822-2631.
E-mail: supark@cnu.ac.kr.

©2010 American Chemical Society

mechanical support, synthesis of anthocyanins, signaling via
flavonoid nodulation factors, and protection against biotic and
abiotic stresses (/4 —16). Research studies on PAL and C4H have
important applications in biotechnology and elucidating the reg-
ulation of the phenylpropanoid biosynthesis pathway because
they are involved in controlling its flux (/7). For example, C4H
controls the carbon flux for phytoalexins that are synthesized
when plants are challenged by pathogens (I8).

Although PAL has been cloned and sequenced from several
species of plants, including Salvia miltiorrhiza (19), Astragalus
membranaceus (12), Ephedra sinica (20), banana (21), and barley
root (22), few studies have investigated PAL and C4H gene
expression and phenylpropanoid biosynthesis in garlic (23). As
a result, we cloned full-length cDNAs encoding PAL and C4H
(GenBank accession numbers GU456381 and GU456382, re-
spectively) from A. sativum and analyzed their expression levels
by quantitative real-time polymerase chain reaction (PCR). We
also determined the concentrations of various phenylpropanoid
compounds in different organs of A4. sativum by high-perfor-
mance liquid chromatography (HPLC).

MATERIALS AND METHODS

Plant Material. Garlic (4. sativum) was grown from bulbs in a
greenhouse at the experimental farm of Chungnam National University
(Daejeon, Korea). Plants were collected, then freeze-dried, and stored

—80 °C. Prior to experiments, each organ of A. sativum (e.g., bulbils,
scapes, leaves, bulbs, and roots) was ground with a mortar and pestle
under liquid nitrogen.
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Figure 1. Phenylpropanoid biosynthesis pathway in A. sativum. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumaric acid

coenzyme A ligase.

Total RNA Isolation and cDNA Library Synthesis. Total RNA
was extracted from 100 mg of each powdered organ using TRIzol
(Invitrogen, Carlsbad, CA). The RNA pellet was dissolved in diethylpyr-
ocarbonate (DEPC)-treated water, and the quality and concentration of
RNA were then determined by agarose gel electrophoresis and spectro-
photometry, respectively. Subsequently, 1 ug of total RNA was reverse-
transcribed using the ReverTra Ace-o kit (Toyobo, Japan). The resulting
c¢DNA was used as the template for quantitative real-time PCR and rapid
amplification of cDNA ends (RACE) PCR.

Isolation of cDNA Encoding AsPAL and AsC4H. The GeneRacer
kit (Invitrogen, Carlsbad, CA) was used to isolate the cDNA encoding
AsPAL and AsC4H. All RACE primers were designed from the core
sequences (Table 1). 5'-RACE PCR was performed using the GeneRacer
5" primer and the reverse primer of each gene. Likewise, 3'-RACE PCR
was performed with the GeneRacer 3’ primer and the forward primer of
each gene. The TM Calculator program (http://www.genotech.co.kr) was
used to compute the PCR annealing temperatures. The PCR products
were cloned into the T-blunt vector (SolGent, Daejeon, Korea) and then
sequenced by the National Instrumentation Center for Environmental
Management (NICEM, Seoul National University, Seoul, Korea).

Quantitative Real-Time PCR. The gene expression levels of AsPAL
and AsC4H were analyzed using a MiniOpticon real-time PCR detection
system (BioRad, Hercules, CA). Primers were designed from the full-
length cDNA sequences using the Primer3 program (http://frodo.wi.mit.
edu/primer3) (Table 1). Real-time PCR was performed in a 20 L reaction
volume with 0.4 uM of each primer and 1x SYBR Green real-time PCR
master mix (Toyobo). PCR protocols were as follows: 1 cycle of 5 min at
95 °C; 40 cycles with a denaturing time of 15 s at 95 °C, an annealing time
of 15sat 56 °C, and an elongation time of 20 s at 72 °C. Quantitative real-
time PCR experiments were performed in triplicate. The actin gene from
A. sativum (GenBank accession number AY821677) was used as an inter-
nal reference.

Sequence Analysis. Homologous sequences of AsPAL and AsC4H
were identified using BLAST (http://www.ncbi.nlm.nih.gov/BLAST).
Sequence alignments were constructed with the BioEdit Sequence

Alignment Editor, version 5.0.9 (Department of Microbiology, North
Carolina State University, Raleigh, NC). Phylogenetic trees were con-
structed with TreeTop, Phylogenetic Tree Prediction (http://www.genebee.
msu.su/services/phtree_reduced.html).

HPLC Analysis of Methanolic Extracts of Garlic. Powdered garlic
samples (0.2 g) were extracted with 3 mL of pure methanol at 60 °C for 1 h
at room temperature. The extract was filtered through a 0.45 um poly filter
(Acrodisc Syringe Filters, Pall, Port Washington, NY) and then diluted
2-fold with methanol. HPLC analysis was performed on a Futecs NS-4000
HPLC system (Daejeon, Korea) with a RS Tech C18 column (250 mm x
4.6 mm, 5 um, Dacjeon, Korea). The column was maintained at 30 °C, and
the mobile phase consisted of acetonitrile and 0.15% acetic acid. The flow
rate was 1.0 mL/min, and the injection volume was 20 uL. The concentra-
tions of phenylpropanoid compounds were quantified using a standard
curve. All samples were analyzed in triplicate.

RESULTS AND DISCUSSION

Cloning of PAL and C4H from A. sativum. Reverse transcription
(RT)-PCR generated a 1000 base pair (bp) fragment of AsPAL
that was homologous with other plant PAL genes. Subsequently,
5'- and 3-RACE PCR and end-to-end PCR yielded a 2124 bp
open reading frame (ORF) encoding AsPAL. It has 708 amino
acids, and its calculated molecular weight is 77 kDa.

Similarly, RT-PCR generated a 1080 bp fragment that was
homologous with other plant C4H genes. Subsequently, 5'- and
3’-RACE PCR and end-to-end PCR produced a 1515 bp ORF
encoding AsC4H. It has 507 amino acids, and its calculated
molecular weight is 58.6 kDa.

Sequence Analyses of AsPAL and AsC4H. The multiple se-
quence alignment of PAL shows that AsPAL has 94% identity
and 97% similarity with A/lium cepa PAL, 78% identity and 87%
similarity with Arabidopsis thaliana PAL, 79% identity and 87%
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Table 1. Primers Used for RACE PCR and Real-Time PCR

use primer name sequence (5'—3') PCR product vector for cloning
conserved PAL_F TMCARGGMTACTCHGGCATMMG
conserved PAL_R GCGCTYTNSACRTGGTTNGTVA
conserved C4H_F AACTGGCTBCARGTYGGVGAYGAY
conserved C4H_R ACCANGCTRTVACMAGGATYTTG
GeneRacer_F CGACTGGAGCACGAGGACACTGA )
RACE PCR GeneRacer R GCTGTCAACGATACGCTACGTAACG partial sequences of AsPAL or AsC4H T-blunt
PAL_F GAAGTCGTTCACCAGCTCGGAGAAC
PAL_R GACGTGTCAAGGAAAAAGCCGTG
C4H_F CCATAGTGTCGTCTCGATCGCTGC
C4H_R ATGAGAGGAGTAGGTTGGCGCAGAGTT
PAL_F GCCTCACCCTTCGAGGTTCT
PAL_R AGGTCTCCGCATCCTTCTCC
) C4H_F TTGGCCAAGAAGTTCGGAGA
real-time PCR C4H_R TCCTGCCCTTTTCCAGTGAA
Actin_F TGTTTCCTAGTATTGCTGGTAGA
Actin_R AGCTCGTTGTAGAAAGTGTGAT

Figure 2. Multiple sequence alignment of A. sativum PAL (AsPAL) and four homologues in other plants: A. cepa AcPAL (AY541031), A. thaliana AtPAL1
(AY079363), B. rapaBrPAL1 (EU402423), and P. trichocarpa PtPAL2 (XM_002311977). GenBank accession numbers are indicated in parentheses. Shaded

areas indicate positions in the alignment with identical amino acids. The open black box highlights the active site of PAL.

similarity with Brassica rapa PAL, and 78% identity and 87%
similarity with Populus trichocarpa PAL (Figure 2). PAL
sequences diverge in the N terminus (24) but share a highly
conserved motif (GTITASGDLVPLSYIA) corresponding to
the active site of PAL (25). Phylogenetic analysis of these
sequences further clarified their evolutionary relationships. As
shown in Figure 3, the phylogenic tree divides PAL sequences
into dicot and monocot groups. Specifically, PAL sequences in
the dicot group are more closely related to each other than

those in the monocot group, except for two plants in the same
genus (4. sativum and A. cepa).

Likewise, the multiple sequence alignment of C4H shows that
AsC4H has 92% identity and 94% similarity with A. cepa C4H
and 80—83% identity and 89—92% similarity with other homo-
logues (Figure 4). Furthermore, the phylogenic tree confirms that
the AsC4H sequence is homologous to other C4H sequences
(Figure 5). It also shows that C4H sequences in monocots and
dicots are closely related, except for O. sativa C4H.
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Figure 3. Phylogenic tree of AsPAL and some of its homologues: A. thaliana AtPAL1 (AY079363), B. rapa BrPAL1 (EU402423), P. trichocarpa
PtPAL2 (XM_002311977), Lactuca sativa LsPAL (AF299330), Rudbeckia hirta RhPAL (EF070337), Catharanthus roseus CrPAL (AB042520),
A. cepa AcPAL (AY541031), Zea mays ZmPAL (NM_001153961), and Oryza sativa OsPAL (NM_001059859). GenBank accession numbers are
indicated in parentheses.
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Figure 4. Multiple sequence alignment of A. sativum C4H (AsC4H) and five other homologues in other plants: A. cepa AcC4H (AY541032), P. trichocarpa
PtC4H1 (EU603304), C. album CaC4H (FJ821504), G. arboretum GaC4H (AF286648), and A. thaliana AtC4H (U37235). GenBank accession numbers are
indicated in parentheses. Shaded areas indicate positions in the alignment with identical amino acids.
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Figure 5. Phylogenic tree of AsC4H and some of its homologues: A. cepa AcC4H (AY541032), P. trichocarpa PtC4H1 (EU603304), C. album CaC4H
(FJ821504), G. arboretum GaC4H (AF286648), A. thaliana AtC4H (U37235), and O. sativa OsC4H (AB207105). GenBank accession numbers are indicated
in parentheses.
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Figure 6. Relative expression levels of ASPAL and AsC4H in different organs of A. sativum. The expression level of the A. sativum actin gene was used as the
reference. The values and error bars represent the mean =+ standard error from three samples.

Expression Levels of the PAL and C4H Genes in Different bulbs, leaves, and scapes (RQ = 3.32, 4.17, and 23.14, re-
Organs of A. sativum. AsPAL was expressed in all of the tested spectively). The lowest expression level occurred in the bulbils
organs (Figure 6). The highest expression level occurred in the (RQ = 1.64). AsC4H was expressed in the same pattern as
root, where its relative expression (RQ value) to the actin gene AsPAL. Specifically, expression was the highest in the roots

was 40.79. Intermediate levels of expression were found in the (RQ = 11.64), intermediate in the bulbs (RQ = 2.67), leaves
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Table 2. Concentrations of Phenylpropanoid Compounds (xg/100 mg of DW) in Different Organs of Garlic®

compound bulbils scapes leaves bulbs roots
4-hydroxybenzoic acid 0.23 (0.17) 0.02(0.01) 0.06 (0.03) ND® ND
chlorogenic acid 5.99(0.63) 4.64(0.54) 4.30(0.17) ND 1.55(0.34)
caffeic acid 0.89(0.13) ND 0.82(0.12) ND ND
p-coumaric acid 2.15(0.01) 0.56 (0.04) ND 0.03 0.44(0.01)
ferulic acid 9.39(0.30) 0.55(0.04) 0.40(0.05) 0.24(0.06) 0.16(0.00)
benzoic acid ND ND 0.65 (0.02) Tre 11.66 (1.47)
rutin 7.31(0.35) 0.26 (0.05) Tr 0.18(0.02) Tr
trans-cinnamic acid 0.09(0.02) ND ND 0.02 ND
quercetin 35.23(0.60) ND ND ND ND
kaempeferol 25.87(0.56) 0.16(0.03) 0.75(0.07) 0.26(0.04) 0.14(0.02)

Values represent the mean (SD) of three measurements. °ND = not detected

(RQ=2.11), and scapes (RQ = 10.06), and lowest in the bulbils
(RQ = 0.55).

Analysis of Phenylpropanoid Compounds. 4-Hydroxybenzoic
acid, chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid,
benzoic acid, rutin, trans-cinnamic acid, quercetin, and kaempe-
ferol were identified in different organs of A. sativum (Table 2).
The concentrations of many of the identified compounds were
very low or undetectable in the bulbs. The concentrations of these
compounds, except (—)-catechin hydrate and benzoic acid, were
higher in the bulbils than in other organs. For example, quercetin
was only detected in the bulbils, where its concentration was
35.23 ug/100 mg of dry weight (DW) (Table 2). Quercetin has
been suggested as a potent anticancer agent in humans (26) and
is also a strong antioxidant that can contribute to the prevention
of atherosclerosis (27). Recently, quercetin has been shown to
reduce the carcinogenic activity of several cooked food mutagens,
enhance the antiproliferative activity of anticancer agents, and
inhibit the growth of transformed tumorigenic cells (28). A high
amount of kaempferol was detected in the bulbils (25.87 ug/100
mgof DW), but a low amount was detected in scapes (0.16 ug/100
mg of DW), leaves (0.75 ug/100 mg of DW), bulbs (0.26 ug/100
mg of DW), and roots (0.14 ug/100 mg of DW) (Table 2).
Currently, kaempferol has received much attention because of
its antioxidant (29), antitumor, anti-inflammatory, and anti-ulcer
activity (30) and its inhibitory activity of HIV protease (37).

We discovered that the bulbils, scapes, and leaves of garlic have
higher concentrations of phenylpropanoid compounds than the
bulb. In particular, the bulbils of garlic contain the highest
concentrations of phenylpropanoids. However, the most com-
monly used part of garlic is the bulb. As a result, we need to raise
consumer awareness of the quality and usefulness of other parts
of garlic to maximize the health benefits of phenylpropanoids.
For example, immature scapes have a mild taste and can be stir-
fried or eaten raw. Garlic leaves are also a popular vegetable in
many parts of Asia.

This study is the first reported cloning and molecular char-
acterization of AsSPAL and AsC4H. Amino acid sequence align-
ments and phylogenetic analyses showed that AsPAL and
AsC4H were highly homologous with their orthologues in other
plants. The gene expression pattern of AsPAL was also very
similar to that of AsC4H. Specifically, the expression of AsPAL
and AsC4H in the roots and scapes were significantly higher than
in other organs. The relatively high gene expression of AsPAL
and AsC4H in the roots but not in the bulbils, where phenylpro-
panoid compounds are concentrated, suggests that a transport
mechanism is involved. The accumulation of phenylpropanoid
compounds is opposite the level of gene expression; this might be
explained with the grafting experiment, which confirmed that
flavonoids are capable of long-distance movement (32, 33).

In conclusion, the sequence and expression analyses of AsPAL
and AsC4H presented in this study establish the foundation

. °Tr = trace amount (<0.001 xg/100 mg of DW).

for elucidating the phenylpropanoid biosynthesis pathway in A.
sativum in more detail. Further research will lead to not only a
better understanding of plant metabolism but also potential
applications in biotechnology and medicine.

ABBREVIATIONS USED

DEPC, diethylpyrocarbonate; RACE, rapid amplification of
c¢DNA ends; PAL, phenylalanine ammonia-lyase; C4H, cinna-
mate 4-hydroxylase; HPLC, high-performance liquid chroma-
tography; DW, dry weight.
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