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Functional Characterization of Cinnamyl Alcohol
Dehydrogenase during Developmental Stages and under
Various Stress Conditions in Kenaf (Hibiscus
cannabinus L.)
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In this study, the entire gene encoding cinnamyl alcohol dehydrogenase
in kenaf (HcCAD2) was cloned and characterized. CAD is a key enzyme
in the last step of lignin biosynthesis. The full-length HcCAD ortholog is
composed of a 1,074-bp open reading frame (ORF) encoding 357 amino
acids (KM044582). BlastP and a phylogenetic study revealed that the
deduced amino acid sequences share the highest similarity with
Gossypium hirsutum (ABZ01817) (89%). Upon real-time PCR analysis,
HcCAD1 (HM151380) and HcCAD?2 were highly up-regulated in 4-week-
old stem and mature flower tissues, which was matched with
histochemical staining and lignin component analysis. The expression
patterns of the two genes differed in response to wound, cold, NaCl, SA,
H202, ABA, MeJA, and drought. CAD enzyme activity was measured with
various aldehydes as substrates to form corresponding alcohols. The
results indicated that the preferred substrates were coniferyl and sinapyl
aldehydes with high catalytic efficiency.
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INTRODUCTION

Kenaf (Hibiscus cannabinus L.), an annual dicotyledonous plant, thrives in various
habitats ranging from temperate to tropical regions, including arid areas (Dempsey 1975).
Because kenaf has a high growth rate and broad ecological adaptability, it is believed to
have great potential as a source for future biomass production. Kenaf has also been used
for pulp and paper production because of its high quality fiber (Pande and Roy 1996).
Because the bark of kenaf accounts for 35% to 40% of its total stem weight and its stems
are composed of relatively long outer fibers and short inner fibers at a 1:3 ratio, its fibers
are a promising raw material for use by the pulp industry. During pulping, lignin increases
costs and reduces the efficiency of the process. Additionally, the accessibility of microbial,
cell wall-degrading enzymes is reduced by the protection of cell wall polysaccharides by
lignin. Recent studies have been conducted to develop genetically modified plants with
lower lignin contents or different compositions. Kenaf contains less than 11% lignin and
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more cellulose than other non-woody plants (Gutiérrez et al. 2004). High levels of
polysaccharides are not only beneficial to pulping, but also provide a great advantage to
bioethanol production. In addition, the fibers have a high proportion of S units of lignin,
which are more easily digestible than other lignin units (G and H units) (Gutiérrez et al.
2004).

Lignin biosynthesis is conducted via the phenylpropanoid pathway, which is
divided into two major steps: monolignol biosynthesis (coniferyl, sinapyl, and p-coumaryl
alcohols) and cross-linkage of monolignols by peroxidase and laccase enzymes. In
monolignol biosynthesis, a series of enzymatic reactions is carried out by 10 distinct
enzymes. The initial step is carried out by phenylalanine ammonia lyase (PAL), which is
catalyzed by cinnamyl alcohol dehydrogenase (CAD) and deaminates phenylalanine,
forming coniferyl, sinapyl, and p-coumaryl alcohols. CAD converts cinnamyl aldehyde to
cinnamyl alcohol in the final step of the pathway and is therefore a key enzyme in
monolignol biosynthesis. In gymnosperms, CAD is usually encoded by one gene with high
activity for the reduction of coniferyl aldehyde, but not for sinapyl aldehyde (Galliano et
al. 1993). Conversely, CAD in angiosperms is usually encoded by multiple genes with high
specificity to both coniferyl and sinapyl aldehydes (Brill et al. 1999). In Arabidopsis, CAD
consists of nine genes (AtCAD1 to AtCAD?9), but only AtCAD1, AtCAD4, and AtCAD5
play important roles in lignin biosynthesis (Kim et al. 2004). Deficiencies in each gene are
known to result in reduced lignin content and compounds. Down-regulation of CAD
expression in poplar and tobacco led to enhanced levels of coniferyl and sinapyl aldehydes
(Ralph et al. 2001), and it was easier to remove lignin from the poplar and tobacco plants
subjected to CAD down-regulation. In addition, more free phenolic groups could be
generated because of the increased alkaline solubility of the lignin and thus, the pulping
efficiency (Lapierre et al. 2004).

In this study, the function and expression patterns of CAD during different
developmental stages and under various stress conditions were characterized. The results
presented in this study provide information that will lead to improved biomass properties
in materials used by the pulp and bioethanol industries.

EXPERIMENTAL

Plant Materials

Kenaf seeds (Hibiscus cannabinus L., C-9) produced by the Advanced Radiation
Technology Institute (Korea Atomic Energy Research Institute, Jeongeup 580-185, Korea)
were sown in a flat system composed of 32 individual pots containing a non-soil mixture
(TOBIETEC). The growth room conditions were as follows: 16-h light/8-h dark
photoperiod; 22 °C; and 100 umol/m?/s light intensity for four weeks. Four-week-old plants
were transferred into 20-cm pots with a non-soil mixture and grown in a greenhouse under
natural sunlight for up to 20 weeks with watering twice a week. Samples for tissue-specific
analysis (roots, stems, petioles, leaves, and flowers) were collected from 16-week-old
plants. Three-week-old seedlings were used for various stress treatments. The treatments
were as previously described (Choi et al. 2012).

CAD Cloning
RNA extraction was conducted as previously described (Choi et al. 2012).
Degenerate primer sequences were designed based on the consensus sequences of the CAD
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orthologs of Populus trichocarpa (EU603306), Gossypium hirsutum (EU857624),
Solanum lycopersicum (AK323694), Linum album (AJ811963), and Arabidopsis thaliana
(NM119587). The forward and reverse primers were as follows: forward primer (CAD-F),
5’-CCTGG(C/G/A)CA(T/IC)GAAGT-3’; and reverse primer (CAD-R), 5’-
TCCTC(C/T)GT(T/C)TCCTTCAT-3’. Amplified products were purified using a Wizard
SV Gel and a PCR Clean-up System (Promega) and were then inserted into the pGEM-T
easy Vector (Promega). DNA sequencing was carried out by Cosmogenetech Co. To
complete the cloning of the full-length kenaf CAD ortholog, both 5’ and 3 RACE (rapid
amplification of cDNA ends) were conducted according to the manufacturer’s guidelines
(Invitrogen). Two sets of gene specific primers (GSP) were used for 5> RACE: 5’GSP3,
5’-CTGCAACATCCAACAAGACA-3’; 5°GSP2, 5’-CGTTGTACGACCAGATCTTC-
3’;and 5°GSP1, 5’-ATGCTCCAATGCCTCGACTT-3’. The following primers were used
for 3> RACE: 3’GSPl1, 5-AAGTCGAGGCATTGGAGCAT-3’; 3°GSP2, 5’-
ACTCGATTACATCATCGACA-3’; and 3°GSP3, 5’-CTCTCGAGCCTTACCTTTC-3".
The full length of the HCCAD2 gene was amplified using the forward and reverse primers
with  BamHI and Hindlll sites added as follows: forward primer, 5’-
GGCCGGATCCATGGGTAGCCTTGAAACC-3’;  and  reverse  primer, 5’-
GGCCAAGCTTTGGATCGAGCTTGCTTCC-3". Validation of the amplified product
was confirmed by sequencing. Finally, the samples were digested with restriction enzymes
and the products were cloned into the same sites of the pET-28a vector (Novagen).

Quantitative Real-Time Reverse Transcription PCR (QPCR) Analysis

QPCR was conducted as previously described by Bae et al. (2008) using an
Mx3000P QPCR System (Agilent) with SYBR Green QPCR Master Mix (LPS Solution).
Primer 3 software of the Biology Workbench (http://workbench.sdsc.edu/) was applied to
design primers for HCCAD1 and HcCAD2. Primer specificity was validated using a
dissociation curve. The forward and reverse primers of the HCCAD orthologs were as
follows: HCCAD1 forward primer, 5’-CTTACCTTTCGTTGCTGAGACAT-3’; HcCAD1
reverse primer, 5’-GATATAATCCATCTTCACCACTTCG-3’; HcCAD2 forward primer,
5’-AGGAAATCACAGGGAGTTTCATTG-3’; and HcCAD2 reverse primer, 5’-
CCACTTAATCTATGGATCGAGCTT-3". ACTIN (DQ866836), a housekeeping gene,
was analyzed for expression normalization using the following primers: HCACT forward
primer, 5’-AAGTTCTCGAACGAGAAGCTGAT-3’; and HCACT reverse primer, 5°-
AGTGATTTCCTTGCTCATACGGT-3’. Validation of the amplified products was
confirmed by sequencing. Average values were calculated from three biological
replications.

Data Analysis

Analysis of DNA and protein sequences was performed using NCBI Blast
(http://blast.ncbi.nlm.nih.gov/), Biology WorkBench (ClustalW), the EXPASy Proteomics
Server (http://expasy.org/tools/pitool.html), Superfamily 1.75 (http://supfam.org/
SUPERFAMILY/index.html/), SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/), and
TargetP V1.1 (http://www.cbs.dtu.dk/services/TargetP/). A phylogenetic tree was
constructed using the neighbor joining method in Mega5 (http://www.megasoftware.net).
Student’s t-test and Duncan multiple range test (SAS, SAS Institute Inc. Korea) were
performed to determine the statistical significance.
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CAD Enzyme Kinetic Assay

The pET-28a-HcCAD2 vector was introduced into E. coli (BL21), which was
incubated at 37 °C in Luria-Bertani (LB) medium containing 2 mM ZnCI2 and 50 mM
Kanamycin until the OD600 reached 0.8. Next, 1 mM IPTG was added into the LB medium
and the cells were grown at 18 °C for 16 h. The cells were subsequently harvested by
centrifugation at 5,000 g for 30 min, after which the aqueous phase was removed and the
cells were resolved in lysis buffer (100 mM Tris-HCI, pH 8.0; 300 mM NaCl; 10 mM
imidazole) and then incubated with lysozyme (final concentration of 2 mg/mL) on ice for
1 h. Following sonication, cell lysates were precipitated by centrifugation at 5,000 g for 30
min. Next, the recombinant proteins in the supernatant were purified using a Ni-NTA His-
Bind Resin (BioRad) according to the manufacturer’s instructions. Finally, the protein
concentration was determined by Bradford assay using spectrophotometry. The enzyme
activity of HCCAD2 was determined according to the modified method described by Ma
(2010). In every reaction, automatic observation for declination at OD340 was carried out
in 1-min intervals for 10 min. Extrapolation from Lineweaver-Burke plots was then used
to calculate Km and Vmax. Additionally, the influence of the pH on the enzyme activity was
examined by adding the reaction mixture to sodium phosphate buffers of various pH values
for 15 min. To measure the enzyme stability, the enzyme activity was measured after
incubation of the reaction mixture at different temperatures. The final reaction mixture
consisted of 100 mM sodium phosphate buffer (pH 6.0), 34 uM aldehyde, 100 uL of
enzyme, and 100 uM NADPH. This experiment was performed three times.

Histochemistry of Lignin Deposition

To observe the lignin distribution, kenaf stems from each developmental stage were
cut into uniform sections using a razor blade and stained with phloroglucinol (2% w/v
phloroglucinol acidified in 6 M HCI) for 30 s. After staining, the samples were placed in
glycerol and observed under a light microscope (Olympus BX51) equipped with a digital
camera.

Lignin Content and Component Analysis

Kenaf samples were ground in a Wiley mill to obtain 40- to 60-mesh meal which
was then Soxhlet-extracted with a mixture of alcohol and benzene (1:2) until the solvent
was clear of any color. The extract content was then determined as described by TAPPI
methods (TAPPI 1992), after which the lignin monomers were determined by nitrobenzene
oxidation (Chen 1992). Next, extractive-free samples of about 20 to 30 mg weight were
reacted with 4 mL of 2 N NaOH solution and 0.25 mL of nitrobenzene oxidant in a stainless
steel vessel for 2 h at 170 °C in a heating block. The reaction mixture was then cooled on
ice and mixed with 0.1 mL of dichloromethane containing 5 mg of 3-ethoxy-4-
hydroxybenzaldehyde as an internal standard. The oxidation mixture was then transferred
to a liquid-liquid extractor and extracted three times with 30 mL of dichloromethane to
remove the nitrobenzene reduction products and any excess nitrobenzene. The agqueous
layer was subsequently acidified to pH 1 to 2 with 4 M HCI solution, after which it was
further extracted twice with 30 mL of dichloromethane and once with ethyl ether, dried
over Na2SOs, and evaporated to dryness at reduced pressure. The dried products were
dissolved in 0.1 mL of N-(trimethylsilyl) acetamide and analyzed by gas chromatography
(Chrompack CP-9100, Agilent) using a CP-Sil 5 CB fused silica capillary column (25 m x
0.32 mm i.d., 1.2 m film thickness). The operating conditions were as follows: detector
temperature, 280 °C; injector temperature, 280 °C; and oven temperature programmed to
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rise from 150 (5 min) to 250 °C at 10 °C /min. There were four biological replications of
this experiment.

Sugar Analysis

Monosaccharides were measured in the kenaf stem tissues (4- and 12-week-old)
using gas chromatography (GC-2010; Shimadzu) according to the method described by Wi
et al. (2009). The stem tissues were hydrolyzed with 72% sulfuric acid at room temperature
for 45 min, after which the samples were diluted with water to 4% sulfuric acid
concentration and autoclaved at 121 °C for 1 h. The samples were then neutralized by
adjusting the pH to 7.0 with ammonia. Myo-inositol was used as an internal standard. After
adding dimethyl sulfoxide (0.1 mL) containing 2% sodium tetrahydroborate (NaBHa4), the
samples were incubated at 70 °C for 30 min. To decompose the sodium tetrahydroborate,
0.1 mL of acetic acid (18 M) was added. To enable complete acetylation, 0.2 mL of
methylimidazol and 2 mL of anhydrous acetic acid were added and the samples were mixed
vigorously and incubated at room temperature for 10 min. Next, 2 mL of dichloromethane
and 5 mL of water were added, the samples were mixed vigorously, and the
dichloromethane layer was transferred to a new tube. The solution was then completely
evaporated under a stream of nitrogen gas, and the prepared sample (1 uL) was injected
into a GC with a J&W DB-225 capillary column (30 m x 0.25 mm i.d., 0.25 um film
thickness; Agilent). Helium was used as the carrier gas. The following experimental
conditions were used: initial column temperature, 100 °C for 1.5 min followed by a
temperature increase of 5 °C/min to 220 °C; injector temperature, 220°C; and flame
ionization detector (FID) temperature, 300 °C. There were four biological replications of
this experiment.

RESULTS AND DISCUSSION

CAD Cloning

The full-length CAD ortholog in kenaf was cloned using degenerate primers and
the RACE system. The sequencing data revealed that the CAD ortholog (GenBank
Accession No. KM044582) is composed of a 1,074-bp open reading frame (ORF) encoding
357 amino acids (Fig. 1). The predicted molecular weight of the deduced amino acid
sequences, which was calculated using the ExPASyY Proteomics Server, is 38.66 kDa, with
an isoelectric point (pl) of 5.34. According to TargetP1.1 and SignalP 3.0 analysis, the
deduced amino acid sequences had no signal for subcellular localization and peptide at the
N-terminus, indicating that the CAD protein might be localized in the cytoplasm. A BlastP
search showed that the deduced CAD ortholog matched other species of CAD sequences
with high similarity (least similarity, 79%), including another, previously reported, kenaf
CAD ortholog that matched with 89% similarity. The deduced protein shared the highest
similarity, 89%, with Gossypium hirsutum (ABZ01817). Multiple alignment revealed that
HcCAD contained three conserved motifs in CAD proteins: the Zni-biding motif
(GHE(X)2G(X)sG(X)2V), the Znz-biding motif (GD(X)9,10C(X)2C(X)2C(X)7C), and the
NADPH-binding motif (GXG(X)2G) (Fig. 2) (McKie et al. 1993). The Zni-binding motif
in the deduced protein was located at amino acid residues 68 to 82 and the Zn2-biding motif
was at residues 88 to 114, including the previously identified structural zinc ion
coordinating residues (Cys 100, Cys 103, Cys 106, and Cys 114) (Vallee and Aulds 1990).
The NADPH-binding motif was placed at residues 188 to 193.
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atgogtagccttganaccgagagaasaacaacagag tgggcagetagagacecttcagge 60
MGSLETEREKETTOGWAARTDPSGEG

ttcttgtctecttacacgtactetettaggaacactggtocggaagatgtttteateaag 120
FLSPFYTYSLERENTGPETDTYVYTFTIEK

gttttattttgtggeatctgccatactgatatteatcaagecasaaacgatct tggeatg 180
\'LFCGICHIDIH%AK.\'D&GE

tccaactacccaatggttoctggacatgaagtggttegtgaggtat tegaaataggtica 240
SNYPMNVPGHEVYYGEVLETIGS
A
gatgtaaccaagtitgcggogggcgasategtcgecgtcggttgtettgtigzatgtige 300
D VTEFAAGETVGYVYGCLVYGCC
— *

aggagttgcaggocatgoaacacagaccg tgageagtactgtoccaagaagatetggicg 360
RSCRPC.\'TDREQYCPKKIES

tacaacgatgtctacaccgatggeaattccactcaaggtggattigecggticeatagtg 420
YNDVYTDGNSTOQOGGFAGSNY

gttgatcaaaagtttgtggtgaagatoccagacggaatggeagoggageaggtagegecg 480
VDQEFYVVYEIPDGNYAAEGQTVYAF

ctgctatgegocgggatcacagtitacageccgetgaaccacticggtt taacggggagt 540
LLCAGITVYYSPLNHFGLTGS

ggcttaagaggaggagtg ttgggac teggagragtagegcacatgggeg tgaaaatagee 600
GLEGGVLGLGGYVGHNGYVYETIA

Cc
aasagcaatgggacaccatgtgaccgicataagotcatccgacaagaaaaaagtcgageca 660
EAMGHHEYTVISS SDEEKTETYEA

ttggageateteggegecgacgaatacttagtcage tecgacgecgaaggeatgctaaag 720
LEHLGADETYTLVYSSDAETGUMNTLE

gocgecgaategetogat tacateategacacegtgecggtt ticcaccetetegagect 780
AAESLDYIIDTVYVPYFHPLETF

tacctticgttgctaacactcgatgggaaattgatcttgaccgecgttateaacactect 840
YLSLLTLDGKLILTGII.\'TP

ctccaattocttacaccottge tgatgotogggagraaggaaatcacagggagtttcatt 900
LQFLTPLLMLGRERETETITTGSTFII
* L L

gggagcatgaaggaaacagaggagatgttggcattitgcaaggaaaaagatttgacatca 960
GSMEETEEDMNLAFCEKEEEKTDLTS

atgatcgaggtggtgasaatggattatgtaaacacaget ttggagagec tegagaagaac 1020
¥ T EVYYVYEKEMNYDYVYNTALETERLTETE KN

acgttcgatatcggt togtogtcgacgttgocggaagraage tegatocatag 1074
D YRYRFV VDY AGSEKELTDTP

Fig. 1. Full-length coding and deduced amino acid sequences of kenaf cinnamyl alcohol
dehydrogenase ortholog (HcCAD?2). The start codon (ATG) and stop codon (TAG) are
underlined and in bold. The conserved residues of CAD are also underlined: (A) Zn:-binding
motif, (B) Zn2z-biding motif, and (C) NADPH-binding motif. Each upper case letter marked by an
asterisk (*) indicates a putative substrate biding site.

Superfamily analysis also revealed that the deduced protein contained an expected
GroES-like domain at the N-terminus and NAD(P)-binding Rossmann-fold domains at the
C-terminus. According to Youn et al. (2006), AtCADS5, one of the Arabidopsis CAD
proteins, contained a putative substrate-binding pocket composed of the following 12
residues: T#°, Q3, L8, M®0, C% W19 /276 p286 \f289 | 290 299 and 139 \When compared
to the residues of AtCADS5, the residues of HCCAD1 were different at L%, V1 and 12%;
however, the HCCAD?2 residues were exactly the same as the AtCAD5 substrate-binding
residues.
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(1) AaXAmCAD - - - - - - - - - e R SIEGERTTVGWAARDPTGILSPYTFNLRNTGPDDVYIKVEYCGICHSDLHQIKN
(LICAD  --==-e--- MG------mmmmcmmeemmmm e SIEGERTTVGWAARDPSGILSPYTFNLRNTGPDDVYIKVEYCGICESDLHQIKN
(3)CaCAD  --=-=---n-- MG-----mmm-mmmmmmeeemmeaaas SLEVEKTAIGWAARDPSGILSPYTYTLRNTGPEDVQVKVLYCGLCHSDLHEQVKEN
(4) SACAD1  cceecccccccmccccccccccmcec e - MEKRIVGWAARDSSGVLFPYTFSLRETGPEDVYLKVMCCGICHTDVHQIKN
(5)LaCAD  -----enn- MG---mmmmmmmmmmmm e SIEKERSIVGLAATDPSGHLSPYTFTLRNTGPEDVLIKVMCCGICHETDIHQVEN
(6) PNCAD  --------- MG----m-memccmccceme—aaa SLETERKIVGWAATDSTGHLAPYTYSLRDTGPEDVFIKVISCGVCHETDIHQIKN
(7)HcCCAD1  MQFFDQRPEMG--=--===cmcmcmmmcmccnanne SLETERKTTGWAARDPSGILSPYTYSLRNTGPEDVFIKVICCGICHTDIHQAKN
(8) HCCAD2 - -=====-- MG-----mmmmmcmceememmaaaa SLETERKTTGWAARDPSGFLSPYTYSLRNTGPEDVFIKVLFCGICETDIHQAKN
(9) GhCAD - --mm-- MG----mmmmmmmmmmecemmeaae SLETERTTTGWAARDPSGVLSPYTYTLRNTGPEDVFVKVMCCGICHTDLEQAKN
(10) HbCAD ~ --------- MG----m-mmmecmccmammm—ae GLETERVVVGWAARDPSGILSPYTYTLRNTGPEDVLLKVLSCGICHTDIHQVEN
(11)CsCAD  -----=---- (e e T SLDTERATIGWAAKDPSGILSPYTYTLRNTGAEDVYIKVLYCGICHTDIHQIKN
(12) CsCAD1 = -=-=------ MGSFPPPLLFVSLDINFSLPKQFDKIESIDKERTTTGWAATDPSGVLAPYTYTLRNTGPEDVFIKVICCGICHTDIHQIKN
(13) EUCAD === ==mm- MG------mmmmmmmmmmmm e SLEKERTTTGWAARDPSGVLSPYTYSLRNTGPEDLYIKVLSCGICHSDIHQIKN

* * *
“)AaXAmCADDLGHSNYPHVPGEBVVGEVIBVGSNVTKFKVGBVVGAGLIVGSCRNCRACKSDIEQYéGKKIWNYNDVYTDGKPTQGGPABTHIVDQNFV
(2) LICAD DLGMSNYPMVPGHEVVGEVIEVGSNVTKFKVGEVVGAGLIVGSCRNCRACKSDIEQYCGKKIWNYNDVYTDGKPTQGGFAETMVVDQNFV
(3) CaCAD DLGMSNYPMVPGHEVVGEVVEVGPEVTKFKVGDTVGVGLIVGCCKNCRPCKQDIEQYCAKKIWNCNDVYTDGKPTQGGFSNFMVVEQKFY
(4) SaCAD1  DLGMSKYPMVPGHEVVGEVIEVGSGVSKFRAGDVVGVGCIVGCCGNCRPCKSEIEQYCSKKIWSYNDVYTDGQPTQGGFAESMVVNHKFY
(5) LaCAD DLGMSRYPMVPGHEVVGEVVEVGSDVSKFRAGDVVGVGCLVGCCRSCRACDSDIEQYCNKKIWSYNDVYTDGKPTQGGFAESMVVDQKFY
(6) PnCAD DLGMSHYPMVPGHEVVGEVVEVGSDVTKFKVGDVVGVGVIVGSCEKNCHPCKSEIEQYCNKKIWSYNDVYTDGKPTQGGFAESMVVDQKFV
(7) HcCAD1  DLGMSNYPMVPGHEVVGEVVEVGSDVAKFAAGEIVGVGLLVGCCRNCRPCDTDREQYCAKKIYSYNDVYTDGNPTRGGFAGSMVVDQKFYV
(8) HCCAD2  DLGMSNYPMVPGHEVVGEVLEIGSDVTKFAAGEIVGVGCLVGCCRSCRPCNTDREQYCPKKIWS YNDVYTDGNSTQGGFAGSMVVDQKFV
(9) GhCAD DLGMSNYPMVPGHEVVGEVLEVGSDVSKFRVGDIVGVGCLVGCCRNCRPCDSDNEQYCLKKIWSYNDVYTDGKPTQGGFAGSMVVDQKFY
10) HbCAD  ELGMSRYPMVPGHEVVGEVVEVGSEVTNFRVGDVVGVGVIVGCCRNCNPCKSDVEQYCNKKIWSYNDVYTDGKTTQGGFAQSMIVDOKFV
11) CsCAD  DLGMSNYPMVPGHEVVGEVKEVGSEVSNFKVGDKVGVGVLVGCCRNCRPCEADVEQYCNKKIWSYNDVYTDGKPTQGGFAESMVVDQKFV
12) CsCAD1 DLGMSNYPMVPGHEVVGEVVEVGSSVAKFRVGDTVGVGCIVGCCRNCKPCNADVEQYCNKKIWSYNDVYTDGKPTQGGFAGSMVVDQKFV

13) EuCAD DLGNSHYPHVPG_!EM_E!M&TKYRVGDRVG’I‘GIWGCCRSCGPCNSDQEQYCNKKIWNYNDVYTDGKPTQGGFAGB IVVGQRFV

(1) AaXAmCAD VKIPEGMS PEQVAPLLCAGVTVYSPLSHFGLRDSGLRGGILGLGGVGHEMGVRIAKAMGHEVTVISSSEKKKKEAMEDLGADDYVVSSDET
2) LICAD VKIPEGMSPEQVAPLLCAGVTVYSPLSHFGLRESGLRGGILGLGGVGHEMGVKIAKAMGHEVTVISS SEKKKREALEELGADDYVVSSDET
3) CaCAD VKIPEGMAPEQAAPLLCAGVTVYSPLNEFGFNQSGLRGGILGLGGVGEMGVKIAKAMGHEVTVISSSDKKRQEALDELGADDYLVSSVNE
4) SaCAD1 VXIQDGMAPEQAAPLLCAGVTVYSPLNEFGLKQSGLRGGILGLGGVGEMGVRKIAKVLGHEVTVISSSNKKREEALDELGADEYIVSSDSD
5) LaCAD VKIPAGMSPEQAAPLLCAGITVYSPLNEFGLKQSGLRGGILGLGGVGHEMGVEKVAKAMGHEVTVISSSDKKKVEALDELGADDYLVSSDGE
(6) PnCAD VEKIPDGMSPEQAAPLLCAGLTVYSPLKEFGLKQSGLRGGILGLGGVGEMGVKIAKAMGHEVTVISSSDKKREEAMEELGADEYLVSSDVE
(7) HcCAD1 VKIPDGMAPEQVAPLLCAGITVYSPLNHFGLTASGLSGGVLGLGGVGEMGVKIAKAMGHEVTVISS SDKKKLEALEYLGADEYLVSTDAE
(8) HcCAD2 VKIPDGMAAEQVAPLLCAGITVYSPLNHFGLTGSGLRGGVLGLGGVGEMGVKIAKAMGHEVTVISS SDKKKVEALEELGADEYLVSSDAE
(9) GhCAD VKIPEGMAPEQVAPLLCAGVTVYSPLNEFGLMGSGLRGGILGLGGVGEMGVKIAKAMGHEVTVISSSDKKKVEALEELGADDYLVSSDAE
10) HbCAD VKIPDGMSAEQAAPLLCAGLTVYSPLSHFGLNKSGQRGGILGLGGVGEMGVKIAKAMGHEVTVISS SDKKRAEAMEELGADEYLVSSDAT
11) CsCAD VKIPDGMALEQAAPLLCAGVTVFSPLSHFGLKQSGLRGGILGLGGVGEMGVLIAKAMGHEVTVISSSDKKRVEAMEELGADQYLVSSDAT
12) CsCAD1  VKIPEGMAVEQAAPLLCAGVTVYSPLKHFGLKESGMRGGILGLGGVGHMGVKIAKAMGHHVTVISSSDKKRVEALEELGADDYLVSSDVT
13) EuCAD VKIPDGLESEQAAPLMCAGVTVYSPLVRFGLKQSGLRGGILGLGGVGHMGVKIAKAMGHEVTVISSSDKKRTEALEHELGADAYLVSSDEN

(1) AaXAmCAD QMQKIADSLDYIIDTVPVGHPLEPYLSLLKIDGKLILMGVINTPLQFVSPMVMLGRKTITGSFIGSIKETEEMLEFWKEKGLSSMIEMVE
2) LICAD QMOKIADSLDYIIDTVPVGHPLEPYLSLLKVDGKLILMGVINTPLOFVSPMVMLGRKTITGSFIGSIKETEEMLGFWKEKGLSSMIEVVK
3) CaCAD KMQEAADSLDYIIDTIPVNHPLEPYLSLLKVDGKLILMGVINTPLOQFVSPMVMLGRKSITGSFIGSMKETEEVLHFCKEKGVTCQIEMVK
4) SaCAD1 KMQELTDSLDYIIDTIPVFHPLEPYLSLLKVDGKLILMGVINTPLOFVTPMVMLGRKSITGSFIGSMKETEEMLEFCKEKGLSSTIEIVK
5) LaCAD KMOKLADSLDYIIDTVPVNHPLEPYLSLLKVDGKLIIMGVINTPLOQFISPMVMLGRKVITGSFIGSMKETEEMLEFCKEKELSSMIEVVN
(6) PnCAD GMOKAADQLDYIIDTVPVVHPLEPYLSLLKLDGKLILMGVINTPLOFVTPMVMLGRKSITGSFIGSMKETEEMLEFCKEKGLASMIEVIK
(7) HcCAD1 GMQKAPKSLDYIIDTVPVFHPLEPYLSLLRHDGKLILMGVINTPLOFLTPVVILGRKEITGSFIGSMKETEELLAFCKEKDLRSTIEVVK
(8) HcCAD2 GMLKAAESLDYIIDTVPVFHPLEPYLSLLTLDGKLILTGVINTPLOQFLTPLLMLGRKEITGSFIGSMKETEEMLAFCKEKDLTSMIEVVK
(9) GhCAD GMQKAADSLDYIIDTVPVFHPLEPYLSLLKFDGKLILTGVINTPLQFVSPMVMLGRKSITGSFIGSMKETEEMLNFCKEENLTSMIEVVK
10) HbCAD RMQEFADTLDYIIDTVPAVHALEPYLSLLKLDGRLILMGVINAPLQFLTPLVMLGRKSITGSFIGSMKETEEMLEFCKEKGITSMIEVVK
11) CsCAD RMOEAADSLDYIIDTVPANHPLEPYLSLLKLDGKLILTGVINTPMOFLTPMVMLGREKAITGSFIGSMKETKEMLEFCREKGVTSMIEVIK
12) CsCAD1 RVQELADSLDYIIDTVPVFHPLEPYLSLLKLDGKLILTGVINTPLQFLTPVVILGRKTVTGSFIGSMTETEEMLEFCRAKELTSMIEVVK
13) EuCAD GMKEATDSLDYIFDTIPVVHPLEPYLALLKLDGKLILTGVINAPLOQFISPMVMLGRKSITGSFIGSMKETEEMLEFCKEKGLTSQIEVIK

(1) AaXAmCAD MDY INKALERLEKNDVRYRFVVDVAGSKLDDHQ
2) LICAD MDYINKAFERLEKNDVRYRFVVDVAGSKLDDHQ
3) CaCAD MDYINTAMERLEKNDVRYRFVVDVAGSKLDQ- -
4) SaCAD1 MDYVNTAMERLEKNDVRYRFVVDVAGSKLTE- -
5) LaCAD MDYVNTAFERLEKNDVRYRFVVDVAGSKPLQQ-
(6) PnCAD MDYINTAFERLEKNDVRYRFVVDVAGSKLIP- -
(7) HcCAD1 MDYINTAMARVAKNDVRYRFVVDVAGSKIDQIN
(8) HcCAD2 MDYVNTALERLEKNDVRYRFVVDVAGSKLDP- -
(9) GhCAD MDYINTAMERLEKNDVRYRFVVDVAGSKLDQ- -
10) HbCAD MDYVNEALERLEKNDVRYRFVVDVAGSKLEP - -
11) CsCAD MDYVNKAFERLEKNDVRYRFVVDVAGSKLDP- -
12) CsCAD1 MDYINTAFERLEKNDVRYRFVVDVIGSKLDOQ- -
13) EuCAD MDYVNTALERLEKNDVRYRFVVDVVGSKLD - - -

Fig. 2. Multiple alignment of deduced amino acid sequences of kenaf cinnamyl alcohol
dehydrogenase ortholog (HcCAD2) with CAD sequences of other species. Alignment was
conducted using ClustalWwW and the BOXSHADE sequence alignment program in Biology
Workbench. Residues shaded in grey indicate amino acids both identical and similar to other CAD
sequences. Conserved domains are underlined: (A) Zni-biding motif, (B) Zn2-binding motif, and (C)
NADPH-biding motif. The four zinc ion coordinating residues in Znz-binding motif (Cys 100, Cys
103, Cys 106, and Cys 114) are marked by an asterisk (*). The GenBank accession numbers of
the aligned CAD sequences are as follows: (1) Acacia auriculiformis x Acacia mangium
(ABX75855), (2) Leucaena leucocephala (ABJ80682), (3) Capsicum annuum (ACF17645), (4)
Striga asiatica (ABG35772), (5) Linum album (CAH19074), (6) Populus nigra (ADN96375), (7)
Hibiscus cannabinus (HcCAD1, ADK24218), (8) Hibiscus cannabinus (HCCAD2, KM044582), (9)
Gossypium hirsutum (ABZ01817), (10) Hevea brasiliensis (ADU64756), (11) Citrus sinensis
(ABM67695), (12) Camellia sinensis (AEE69007), and (13) Eucalyptus urophylla (ACU77870).
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Fig. 3. Phylogenetic tree of the deduced amino acid sequences of CAD proteins from various
plants. The phylogenetic tree was designed by the neighbor-joining method of Clustalw and
Megab. The numbers at the nodes indicate bootstrap values from 1,000 replications. The GenBank
accession numbers were as follows: Hibiscus cannabinus (HcCAD1, ADK24218), Hibiscus
cannabinus (HCCAD2, KM044582), Gossypium hirsutum (ABZ01817), Linum album (CAH19074),
Striga asiatica (ABG35772), Arabidopsis thaliana (NP188576), Artemisia annua (ACB54931),
Corchorus capsularis (AAR89392), Populus nigra (ADN96375), Camellia sinensis (AEE69007),
Citrus sinensis (ABM67695), Hevea brasiliensis (ADU64756), Capsicum annuum (ACF17645),
Medicago sativa (AAL34329), Acacia auriculiformis x Acacia mangium (ABX75855), Leucaena
leucocephala (ABJ80682), Eucalyptus urophylla (ACU77870), Bambusa multiplex (ADG02378),
Panicum virgatum (ADO01601), Sorghum bicolor (BAF42789), Zea mays (ACG45271), and Pinus
radiate (AAC31166)

Analysis of the evolutionary relationship of the CAD ortholog using MEGAGS (Fig.
3) showed that both HCCAD1 and HcCAD2 were closely correlated with Gossypium
hirsutum (GhCAD1, ABZ01817). GhCAD1 was classified as Class Ill, having high
similarity with Populus tremuloides (PtSAD, AAK58693) and AtCAD1 (At4g39330), and
was involved in a compensatory mechanism for the biosynthesis of coniferyl alcohol
(Bomati and Noel 2005). AtCAD1 was also classified as Class Ill and catalyzed the
reduction of cinnamaldehyde, sinapaldehyde, and coniferaldehyde, as well as several
aliphatic aldehydes and various substituted benzaldehydes. GhCAD1 also used
sinapaldehyde and coniferaldehyde as substrates for conversion into their corresponding
alcohols (Fan et al. 2009). Thus, the HCCAD2 protein might have a similar function as
GhCAD1 and AtCADL1. Overall, the cloned putative CAD ortholog of kenaf might belong
to a CAD enzyme. Hence, CAD was named (ADK24218) HcCAD1 and (KM044582)
HcCAD2.
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Enzyme Activity of the Recombinant HcCAD2

To characterize the HCCAD2 enzyme activity, recombinant protein was expressed
in an E. coli system and purified using Ni-TNA resin, after which its catalytic activity
toward three probable substrates was examined (Table 1). The highest catalytic
characteristics were determined based on the Km, Vmax, and Kenz (Kca/Km, the calculated
catalytic efficiency) values. The results suggested that HCCAD2 protein had the highest
catalytic efficiency (Kca/Km) toward coniferyl aldehyde and relatively higher efficiency
toward sinapyl aldehyde than cinnamyl aldehyde. In other words, preferable substrates of
HcCAD2 were coniferyl and sinapyl aldehydes. Although benzyl aldehyde was also tested,
no activity was found (data not shown). As expected from phylogenetic analysis, HCCAD2
exhibited a similar preference for substrates as AtCAD1 and GhCAD1. Taken together,
these results indicate that HCCAD2 is a bona fide CAD enzyme that is prominently
involved in the lignin biosynthesis pathway.

Table 1. Kinetic Parameters of the Recombinant HcCCAD2 Protein

Substrate Km Vimax Keat Kenz
(MM) (Mmol/min-mg) (1/S) (1/S-M)
Coniferyl aldehyde 28.17+6.2 45.96+3.48 7564.25 26,8512.48
Sinapyl aldehyde 47.1+£14.09 56.92+7.72 9368.08 198,897.74
Cinnamyl aldehyde 14.25+4.53 8.73+£1.04 1436.81 100,828.95

Each value calculated using 3 independent replicates; the means * standard errors are shown.
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As shown in Fig. 4, the activity of the HCCAD2 enzyme was vulnerable to pH and
temperature. HCCAD?2 exhibited the highest enzyme activity at pH 6.0, and this level of
activity was maintained up to pH 7.0; however, the activity abruptly declined at pH 8.0 and
the enzyme appeared to become completely inactive at pH 9.0 and pH 5.0. These results
indicate that the activity of the HCCAD2 enzyme is rigorously controlled by pH. According
to the optimal pH determined in this study, the enzyme is suitable for cytosolic localization
as identified in wheat (Ma 2010). However, contrary to the wheat CAD enzyme, the
optimal activity of HCCAD2 was observed at 30 °C. This might have occurred because
HcCAD is more stable than wheat CAD enzyme.

Histochemical Analysis of Lignin Distribution during Kenaf Stem
Development

Lignin deposition patterns in kenaf stems were observed during developmental
stages by staining with phloroglucinol (Fig. 5). The lignin in the stem tissues primarily
accumulated in xylem, but not phloem sieve tube cells or parenchyma, in bark. In bark
tissues, sclerenchyma fibers were only stained on the outer part of the phloem, indicating
that large amounts of lignin were deposited in the tracheary vessels and fibers. Lignin was
gradually distributed during the developmental stages in kenaf stem, with high
accumulation occurring for up to 4 weeks (Fig. 5A); however, little change was observed
from week 4 to 8 (Fig. 5B). Lignin deposition appeared to be completed at 16 to 20 weeks
(Figs. 5C and D).

Fig. 5. Histochemical analysis of lignin during developmental stages of kenaf stem. Cross
sections of stems were dissected from various aged plants (4, 8, 16, and 20 weeks after sowing).
In each stage, lignin deposition was stained by phloroglucine-HCI (red color). (A) 4-week-old
stem, (B) 8-week-old stem, (C) 16-week-old stem, and (D) 20-week-old stem. Abbreviations: X,
xylem; P, phloem; S, sclerenchyma. Bar = 250 um.

Expression Patterns of Hccadl and Hccad2 Transcripts during
Developmental Stages and in Various Tissues

For comparative analysis of HCCAD1 and HcCAD?2 transcripts, expression patterns
were investigated during developmental stages and in various tissues (Fig. 6). The
transcript levels of HCCAD1 and HcCAD2 were highly up-regulated for up to 3 and 4
weeks, respectively. The HCCAD?2 transcript level was much higher than that of HCCADL.
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However, the transcript levels of HCCAD1 and HcCAD2 sharply declined at weeks 4 and
8, respectively. Although the HCCAD?2 level was recovered to a certain level at week 16
and 20, the HcCADZ1 level did not change significantly (Fig. 6A). These expression patterns
were consistent with those of previous studies of the kenaf genes involved in lignin
biosynthesis (HCPAL, HcC4H, HcCCoAOMT, HcHCT, HcC3H, HcF5H, HcCOMT, and
HcCCR2) (Choi et al. 2012; Chowdhury et al. 2012; Ghosh et al. 2012; Jeong et al. 2012;
Chowdhury et al. 2013; Kim et al. 2013a,b,c; Ghosh et al. 2014). As shown in Fig. 5,
histochemical analysis revealed that lignin accumulation occurred until week 4 in the stem
tissues (data not shown for earlier stages), with no significant change occurring at week 8.
These findings are in accordance with the expression patterns of HCcCAD transcripts.
Further lignin accumulation was detected in 16- and 20-week-old stem tissues (Fig. 5).
Despite the low expression levels of the transcripts in later stages (8 to 20 weeks), vigorous
lignification was detected, possibly due to the cumulative accumulation of lignin and/or
posttranslational regulation of the enzyme activity.
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Fig. 6. Expression patterns of kenaf CAD orthologs (HcCAD1 and HcCAD2) during
developmental stages and in various tissues. The expression levels of HCCAD1 and HcCAD2
were measured using Real-time PCR and calculated relative to the ACTIN transcript. The
expression levels were determined after deduction of the expression level of the control
transcript. (A) The expression patterns of HCCAD1 and HcCAD2 during stem development (2, 3,
4, 8, 16, and 20 weeks after sowing). (B) The expression patterns of HCCAD1 and HcCAD2
during flower development (YF, young flower; IF, immature flower; MF, mature flower). (C) The
expression patterns of HCCAD1 and HcCAD2 during leaf development (YL, young leaf; IL,
immature leaf; ML, mature leaf). (D) The expression patterns of HCCAD1 and HcCAD?2 in various
tissues from 16-week-old plants. Each value indicates the mean * standard error based on three
biological replications. Probability values between HcCAD1 and HcCAD2 expression were
determined by a student’s t-test. Significant differences (P <0.05) are indicated by an asterisk (*).

The expression of HCCAD2 in flower tissues was always higher than that of
HcCADL1, with the highest level occurring in mature flowers (MF) (Fig. 6B). The HcCCAD1
level was highest in young flowers (YF) and lowest in immature flowers (IF). The
expression level was consistent during leaf development, with higher levels of HCCAD2
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than HcCAD1 occurring (Fig. 6C). The transcript levels of different tissues were measured
in 16-week-old plants (Fig. 6D), at which time they were always higher in HCCAD2 than
HcCADL. While the highest levels of the two transcripts were observed in mature flowers
(MF), the lowest levels were detected in the roots. Low levels of HCCADL1 transcript were
detected in roots, mature leaves (ML), and stems, indicating that HCCAD transcripts play
a role in lignifying tissues and generating compounds, which is dependent on the
developmental stage and tissue type. In Arabidopsis, a considerable amount of
phenylpropanoid-derived compounds, including sinapate esters and flavonoids, were
accumulated in flower, seed, and silique (Chapple et al. 1994). Blanco-Portales et al. (2002)
reported that in strawberry, Fxacadl was expressed in fruit, runners, leaves, and flowers
but not in roots, suggesting that the CAD1 enzyme might be associated with the
lignification process with regard to both vasculature development and achene maturation.
Overall, HcCAD transcripts were highly expressed during the early stage of stem
elongation and mature stage of flower development and consistently expressed during leaf
development.

Expression Patterns of Hccadl and Hccad2 Transcripts under Various
Abiotic Stress Conditions

Plants are inevitably subjected to abiotic and biotic stresses throughout their life
span. Accordingly, they must develop intracellular defense mechanisms such as changes
in gene expression, synthesis of defensive molecules (phytoallexins, phytohormones, and
antioxidant enzymes), and lignification for cell-wall reinforcement (Moura et al. 2010).
Hormone signaling cascade and reactive oxygen species (ROS) signaling pathways are
prerequisite to various biotic and abiotic stress responses. In this study, HcCAD1 and
HcCAD2 expression patterns were studied in 3-week-old seedlings after exposure to MeJA,
cold, H202, SA, ABA, wounding, NaCl, and drought. With the exception of the MeJA and
drought treatments, HCCAD2 was always expressed at higher levels than HcCAD1 (Fig. 7).

Wound treatment caused the accumulation of HCCADL1 1 h after treatment, after
which the transcript was reduced to the basal level. HCCAD2 exhibited the highest
induction at 6 h, but was reduced at later times. The transcript level of HCCAD2 was always
higher than that of HCCAD1, except at 1 h. Mechanical wounding triggered the induction
of genes involved in lignin synthesis, including CAD, leading to lignin deposition around
the wound sites (Moura et al. 2010). The induction of CAD transcript by wounding has
been reported in other plant species (alfalfa, ryegrass, sweet potato) (Brill et al. 1999;
Lynchetal. 2002; Kim et al. 2010). IbCAD1 transcript, classified as a defense-related CAD
in sweet potato, was highly upregulated 1 h after wounding and was maintained until 24 h
after treatment in root tissues.

In cold treatment, the highest level of the two transcripts was observed at 6 h, with
much higher levels being observed in HCCAD2 than HCCAD1 (more than fivefold). Two
transcripts were reduced at later times. The HcCAD?2 transcript level was always higher
than that of HCCAD1. Similar expression patterns were reported in Jatropha curcas L.
(Gao et al. 2013). The transcript was significantly up-regulated 5 h after 4 °C chilling
treatment. Cold acclimation also induced the genes involved in lignin biosynthesis in
soybean and winter barley (Janska et al. 2011). Moreover, exposure to extremely low
temperatures activated the phenylpropanoid pathway, causing changes in gene expression
and metabolites, including lignin (Wei et al. 2006).

NaCl treatment highly up-regulated HcCCAD2 at 6 h, while HCCAD1 expression was
not significantly affected by NaCl. The HCCAD?2 transcript level was down-regulated at 12
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and 24 h, then up-regulated at 48 h. Sweet potato calli overexpressing IbLEA14 (Ipomoea
batatas late embryogenesis abundant 14) showed increased CAD expression when treated
with 300-mM NaCl (Park et al. 2011). It has been reported that excess salinity in soil
stimulates the accumulation of lignin and the alteration of components in the roots of
various plants such as soybean, maize, and tomato (Sanchez-Aguayo et al. 2004; Neves et
al. 2010). These results indicate that lignification plays a crucial role in plants’ resistance
to salt stress.

SA treatment also highly up-regulated HcCAD2 at 6 h, while no change was
observed in HCCAD1. Among the various treatments, the highest induction relative to the
control was observed in HCCAD2 at 6 h in response to SA treatment, and the expression
patterns were similar to those of NaCl responses. Similar induction was reported in Linum
album, in which the genes involved in lignin synthesis (PAL, CCR, and CAD) were highly
up-regulated 8 to 12 h after SA treatment (Yousefzadi et al. 2010).

H202 treatment caused phenotypic changes (data not shown) with high inductions
of both HcCAD1 and HcCAD2. Among the various treatments, the second highest
induction relative to the control was observed in HCCAD?2 at 6 h after exposure to H20:.
Kim et al. (2010) reported that the IbCADL1 transcript was significantly increased 12 and
24 h after H202 treatment in sweet potato (Kim et al. 2010). Pathogen infection triggered
the activation of the phenylpropanoid pathway to fortify cell-wall rigidity, which was
correlated with H202 generation at the infected sites (Kostyn et al. 2012). H202 played a
pivotal role in lignin polymerization. Overall, these findings indicate that HCCADs may
play an indispensable role in defense against pathogen infection with H20x.

ABA treatment induced a biphasic expression pattern of HCCAD2 transcript with
high induction at 6, 24, and 48 h and temporary reduction at 12 h. The induced biphasic
expression pattern was also detected in HcCCCoAOMT with MeJA treatment and
4CL1/4CL2 transcripts in Arabidopsis thaliana with wound treatment (Ghosh et al. 2012).
This biphasic expression pattern suggests that HCCAD2 is involved in multiple ABA
signaling pathways. However, HCCAD1 was not significantly changed by ABA treatment.
It is well-known that ABA is involved in abiotic signal cascades such as those associated
with drought and salt stress. In the IbDCAD1 promoter region, phytohormone-binding sites
such as ABRE for ABA, ARR for cytokinin, and as-1 element for auxin/SA have been
identified (Yokoyama et al. 2007). Additionally, IbDCAD1 promoter exhibited increased
activity in response to ABA, BA, JA, and SA treatments (Kim et al. 2010). The ABA
responsive motif was also found in the Populus CAD promoter region (Barakat et al. 2009).
Taken together, these findings suggest that the CAD gene is intimately related to ABA
signaling.

MeJA treatment generated similar expression patterns in HCCAD1 and HcCAD?2,
which exhibited high induction at early (1 h) and late time points (48 h) and declination at
intermediate time points (6 to 24 h). Sun et al. (2013) reported that MeJA treatment
stimulated the expression of CAD1 and CAD2 transcripts in Plagiochasma appendiculatum
and that these transcripts played equivalent roles in both lignin biosynthesis and resistance
against stresses.

Drought treatment caused higher induction in HcCAD1 than in HcCAD?2 at all
times. HCCAD1 was highly up-regulated at 14 d, while HcCCAD2 was gradually reduced
during treatment. These results indicate that HCCADL1 is more likely to be involved in the
tolerance of water deficiency. The effects of water deficiency on lignin biosynthesis are
well known. The aromatic structure of lignin enables plants to prevent transpiration and
maintain normal turgor under water-deficient conditions. Inbred maize lines with higher
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lignin synthesis had greater drought tolerance with induced expression of CAD, COMT,
and SAMS (Hu et al. 2009). Similar results have been observed in other plants, such as rice
and Citrullus lanatus sp. (Yang et al. 2006; Yoshimura et al. 2008), confirming these
findings.
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Fig. 7. Expression patterns of kenaf CAD orthologs (HcCAD1 and HcCAD2) under diverse stress
conditions. Three-week-old kenaf stems were exposed to different treatments [wound, cold, NaCl,
salicylic acid (SA), H20z, abscisic acid (ABA), methyl jasmonate (MeJA), and drought]. The
expression levels of HCCAD1 and HcCAD2 were measured using QPCR and calculated relative
to ACTIN transcript. The expression levels were determined after deduction of the expression
level of the control transcript. Each value indicates the mean + standard error with three biological
replications. Probability values between HcCAD1 and HcCAD2 expression level were determined
by a student’s t-test. Significant differences (P <0.05) are indicated by an asterisk (*)
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Comprehensive Analysis of Gene Expression Involved in Lignin
Biosynthesis during Developmental Stages of the Kenaf Stem

To better understand lignin synthesis during stem development, it is necessary to
analyze overall gene expression patterns. Previously reported gene expression patterns are
summarized in Fig. 8. During kenaf stem development, every gene involved in lignin
synthesis was highly up-regulated for up to four weeks. Among the genes, HCCCoAOMT
and HcCOMT showed the highest expression levels (13- and 32-fold induction relative to
kenaf ACTIN, respectively), while other genes were up-regulated by 4- to 7-fold.

COMT catalyzes the conversion of both 5-OH-coniferaldehyde and 5-OH coniferyl
alcohol to sinapaldehyde and sinapyl alcohol, respectively (Rastogi and Dwivedi 2008).
Down-regulation of COMT resulted in the reduction of total lignin with a low S/G ratio in
tobacco, alfalfa, and maize (Li et al. 2008). Thus, the high S/G ratio in kenaf fiber might
be attributable to the high HCCOMT transcript level. Another reason for these findings
might be the substrate preference of HCCAD enzymes, which have high affinity to sinapyl
aldehyde and coniferyl aldehyde.
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Fig. 8. Comprehensive analysis of gene expression involved in lignin biosynthesis during different
developmental stages of kenaf stems. The expression patterns of the genes were previously
reported. Each colored box represents the expression level of each gene during different stem
developmental stages (2, 3, 4, 8, 16, and 20 weeks after sowing).
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Analysis of Composition and Content of Lignin and Sugar during Stem
Development

Alkaline nitrobenzene oxidation was applied to characterize the lignin structures in
kenaf fibers (Lam et al. 2002). Table 2 shows the yield and components of the phenolic
acids and aldehydes obtained from alkaline nitrobenzene oxidation of the six alkali-soluble
lignins. The most abundant component of the phenolic monomers was syringaldehyde,
which was derived from the degradation of non-condensed S units. The second major
degradation product, vanillin, was derived from the degradation of non-condensed G units.
The S/G ratio gradually increased during stem development, likely due to the large amount
of S units in kenaf fibers. These findings indicate that the linear chains of S units are an
indispensable portion of the lignin in kenaf fibers. Four phenolic acids, p-hydroxybenzoic
acid, syringic acid, p-coumaric acid, and ferulic acid, were also detected in minor
quantities.

The composition and content of the associated polysaccharides in kenaf fibers were
determined by the neutral sugar contents (Table 3). High levels of sugars were extracted
from kenaf fibers, which is consistent with the results of previous studies (Gutiérrez et al.
2004). Glucose and xylose were found to be the two major sugars (76.5 and 15.8% of the
total sugars, respectively). These results indicate that most chemical bonds between lignin
and polysaccharides were cleaved during the alkali treatment processes, which might have
been due to the high S/G ratio in kenaf fiber (Table 2). Overall, the results indicate that
kenaf fiber is a valuable biomass for use in bioethanol production.

Table 2. Analysis of Phenolic Monomers of Nitrobenzene Oxidation Products of
Lignin in Kenaf Stems during Developmental Stages

Week p-tl)_le);dzrgi)((:y- Vanillin Syring- Syringic  p-Coumaric Ferulic acid S/G ratio
acid aldehyde acid acid

4 0.16°+0.03 0.60°+0.05 1.283+0.22 0.52°+0.11 0.16°+0.01 0.11°+0.02 3.00+0.22
8 0.12°+0.04 0.59°+0.02 1.312+0.05 0.61°+0.17 0.1°+0.01 0.07°+0.01 3.23+0.28
16 0.05°+0.01 0.82°+0.01 2.372+0.15 0.2°+0.03 0.07°+0.02 0.2°+0.06 3.17+0.26
20 0.1%+0.05 1.03°+0.05 2.982+0.13 0.71°°+0.42 0.079+0.01 0.18%+0.02 3.60+0.36

Each value indicates the mean + standard error based on four independent replications. p-
hydroxybenzaldehyde and vanillic acid were generated in trace amounts and were below the
detection limit. Yield (%): weight of lignin monomer/weight of extractives-free samples. S/G ratio: S
represents the total yield of syringe aldehyde and syringic acid, G represents the total yield of
vanillin and vanillic acid. Different letters indicate significant differences between the mean values
(P <0.05).

CONCLUSIONS

1. The results of this study demonstrate that HCCAD1 and HcCADL1 are indispensable for
lignification in various tissues, as well as for defending plants under diverse stress
conditions.
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2. The expression of HcCADs with other genes involved in lignin synthesis can be
attributed to condensation of high levels of S lignin during kenaf stem development.

3. High levels of usable sugars can be extracted from kenaf fibers, demonstrating the
potential for using kenaf fibers as a valuable biomass source for bioethanol production.
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