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Bhinu, V.-S., Li, R., Huang, J., Kaminskyj, S., Sharpe, A. and Hannoufa, A. 2009. Perturbation of lignin biosynthesis
pathway in Brassica napus (canola) plants using RNAi. Can. J. Plant Sci. 89: 441-453. Brassica napus meal contains high
levels of lignin, which is one of the most important compositional factors affecting feed utilization by ruminants. We
attempted to modify the concentration and composition of lignin in B. napus plants using the RNAi approach. Four genes
were targeted for silencing by this approach either independently or in combination; caffeic acid O-methyltransferase
(COMT), cinnamate 4-hydroxylase (C4H); coumarate 3-hydroxylase (C3H); ferulic acid 5-hydroxylase (F5H). We
successfully developed transgenic B. napus lines expressing CaMV35S:C3H-C4H RNAi, CaMV35S:FSH-COMT RNAI,
and Cruciferin:COMT RNAI that contained up to 40% less seed lignin in the transgenic seeds compared to the control.
Despite successfully achieving suppression of these lignin biosynthesis genes and reduction in lignin content in B. napus
seeds, we observed minor phenotypic effects on the transgenic plants. In lines carrying the cruciferin: COMT RNAIi
construct we observed a decrease in lignin content (40%) in the seed and anatomical variations when stem sections were
examined. While our silencing had no major negative effect on plant growth it resulted in deformation of vessel elements,
and minor changes in S-units. Taken together, these results clearly show that by employing RNAI strategy, it is possible to
alter seed lignin content and composition in a manner non-detrimental to B. napus plants.
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Bhinu, V.-S., Li, R., Huang, J., Kaminskyj, S., Sharpe, A. et Hannoufa, A. 2009. Altération d’un circuit de la biosynthése de
la lignine chez le canola (Brassica napus) grace a PARNI. Can. J. Plant Sci. 89: 441-453. Le tourteau de Brassica napus
renferme beaucoup de lignine, un facteur qui, dans la composition des aliments, affecte considérablement son utilisation
par les ruminants. Les auteurs ont tenté¢ de modifier la concentration et la composition de la lignine chez les plants de
B. napus en recourant a PARNI. IIs ont ciblé quatre génes pour court-circuiter, par leur action soit indépendante, soit
combinée, la production de lignine, en 'occurrence ceux de la O-méthyltransférase de ’acide caféique (COMT), de la
cinnamate 4-hydroxylase (C4H), de la coumarate 3-hydroxylase (C3H) et de la 5-hydroxylase de I’acide férulique (F5H). Ils
ont réussi a créer des lignées transgéniques de B. napus exprimant ’ARNi CaMV35S:C3H-C4H, 'ARNi CaMV35S:F5H-
COMT et ’ARNI cruciférine: COMT dont les semences contenaient jusqu’a 40 % moins de lignine que celles du cultivar
témoin. Bien qu’ils soient parvenus a faire taire I’expression des génes codant la biosynthése de la lignine et a réduire la
concentration de cette derniére dans les graines du canola, les auteurs ont relevé de légers effets sur le phénotype des
plantes transgéniques. Ainsi, chez les lignées portant 'ARNi cruciférine:COMT, ils ont noté¢ une diminution de la
concentration de lignine (40%) dans les graines, mais aussi des variations anatomiques lors de I’examen des tiges; si elle n’a
aucune incidence néfaste majeure sur la croissance de la plante, la suppression des génes déforme quelques parties des
vaisseaux et apporte de petites modifications aux unités S. Ensemble, ces résultats indiquent clairement qu’on peut
modifier la concentration et la composition de la lignine des graines en recourant a I’ARNI, sans que les plants de B. napus
en souffent.
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products. However, the meal remaining after the oil
extraction is considered a by-product and used only as a
low-grade protein source in the livestock feed industry.
The low value of the canola seed meal is attributed
mainly to the high levels of anti-nutritional factors such
as high fiber/lignin, sinapine and phytate that remain in
the seed. For instance, canola meal contains higher
amounts of lignin (8% of the meal component) com-
pared with soybean meal (1% of the meal component),
and lignins are the most important compositional factor
affecting feed utilization by ruminants (Jarrige 1980).
Numerous studies suggest that lignins play a role not
only through their concentration, but also through their
structural characteristics (Jung and Deetz 1993; Besle
et al. 1994). The concentration and composition of
lignin varies in different plants (Monties 1986) and it
may be possible to modify lignins by genetic engineering
without interfering with normal plant development
(Franke et al. 2002; Baucher et al. 2003; Weng et al.
2008). Previous studies on brown-midrib (bm) mutants
have revealed that bml/ mutants show severely reduced
cinnamyl alcohol dehydrogenase (CAD) activity. Sev-
eral other types of brown-midrib (bm) mutations have
also been described (Anterola and Lewis 2002), one of
which is the bm3 mutant in maize. The bm3 mutant has,
relative to the “normal” phenotype, lower amounts of
cell-wall constituents, acid detergent fiber and acid
detergent lignin (Muller et al. 1971), as well as an
increased forage digestibility (Barnes et al. 1971). One
way of modifying lignification is to inhibit enzyme
activities of the lignin biosynthetic pathway. CAD has
been a common target in tobacco for lignin reduction
studies (Sewalt et al. 1997). For example, CAD, which
catalyses the final step of the synthesis of lignin
monomers, has been successfully inhibited by chemical
inhibitors (Grand et al. 1985; Moerschbacher et al.
1990), but the effects on lignin composition and digest-
ibility of the cell walls remain undetermined.

Lignin is an integral cell wall component that supple-
ments cellulose to a greater extent in water-conducting
tissues of most vascular plants. It is a complex phenolic
heteropolymer resulting from the oxidative polymeriza-
tion of three types of hydroxycinnamyl alcohols termed
monolignols (p-coumaryl, coniferyl, and sinapyl alco-
hols) that vary in their degree of hydroxylation and
methoxylation (Baucher et al. 2003). Lignin is the basic
unit of xylem and consists of complex polymerized
phenylpropane units. The three most important starting
compounds are coumaryl alcohol (with an —OH group
in position 4 of the phenyl ring), coniferyl alcohol (-OH
group in position 4, -OCHj; in position 3) and sinapyl
alcohol (-OH group in position 4, -OCH;3 group in
positions 3 and 5). It is predominantly synthesized and
deposited in the secondary cell wall of certain specialized
cells such as xylem vessels, tracheary elements, phloem
fibers, and the periderm. From a functional viewpoint,
only vascular plants contain lignin, which provides
mechanical strength, aids in resistance to pathogen

attack, and water impermeability to the polysacchar-
ide-protein matrix of the cell wall (Whetten et al. 1998;
Rogers and Campbell 2004). Besides its essential struc-
tural roles and significance, lignin content and composi-
tion also have profound agricultural and environmental
consequences. More specifically is the impact of lignin
on the optimal utilization of feed because an intimate
association of lignin with the cell wall polysaccharides
such as cellulose and hemicellulose makes these carbo-
hydrates recalcitrant to ruminant digestion in seed meal
(Albrecht et al. 1987). These issues warrant approaches
aimed at reducing lignin either by molecular breeding or
genetic engineering approaches involving alteration of
expression of lignin biosynthesis genes without affecting
normal plant development.

Conventional breeding approaches, though useful in
introducing desirable traits and achieving favorable
results in some plant characteristics, are less straightfor-
ward and predictable in outcome than anticipated for
altering lignin content. In an era of directed engineering
of plant metabolism, suppression of single or multiple
genes using antisense or RNAi-mediated approaches
offer great potential for the rapid and coordinated
suppression of genes in biochemical pathways (Bhinu
et al. 2008; Huang et al. 2008). To this end, we report the
suppression of four lignin genes involved in lignin
biosynthesis namely, caffeic acid O-methyltransferase
(COMT), ferulic acid 5-hydroxylase:caffeic acid
O-methyltransferase (FSH-COMT), coumarate 3-hydro-
xylase:cinnamate 3-hydroxylase (C3H-C4H) either in
combination or independently in B. napus.

MATERIALS AND METHODS

Plant Material

Transgenic B. napus, control, wild type (DH12075) and
Arabidopsis thaliana (Columbia) plants were grown
under green house conditions in soil prepared according
to the protocol described elsewhere (Yu et al. 2007) at
25°C/17°C, 16 h light/8 h dark cycles. Seeds collected
from dry siliques of mature plants were used for lignin
analysis. For B. napus transformation, the tissue culture
growth room conditions were set to a standard, 22+1°C
under 16 h light and 8 h dark cycle with a light intensity
of 100 uEm s

Estimation of Gene Copy Numbers in
Arabidopsis

Arabidopsis gene copy numbers were determined by
surveying the Arabidopsis genome using the BioVis
software (http://www.brassica.ca) set to a homology
threshold of 80%. BioVis (v 0.5) is an interactive,
browser-based SVG application for the visualization
and mining of genome data from the model plant
A. thaliana. 1t also serves as a Brassica-Arabidopsis
comparative genomics browser, and was developed
at Agriculture and Agri-Food Canada, Saskatoon
Research Center (http://napus.agr.gc.ca).
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Vector Construction for RNAi

Based on the published cDNA sequences of Arabidopsis
genes namely, cinnamate 4-hydroxylase (C4H, At2g30490),
coumarate 3-hydroxylase (C3H, At2g40890), caffeic
acid O-methyltransferase (COMT, At5g54160), and
ferulic acid 5-hydroxylase (F5SH, At4g36220), their
numerous homologs in B. napus were identified in a
collection of >150 000 expressed sequence tags (EST)
derived from B. napus line DH12075 cDNA libraries
generated at Agriculture and Agri-Food Canada, Sas-
katoon Research Center (http://napus.agr.gc.ca). The
high genetic collinearity between Arabidopsis and B.
napus (Cavell et al. 1998) were valuable in identifying
conserved regions between the cDNA clones, and
between Arabidopsis and B. napus (supplementary Fig.
1). These cDNA sequences were used in the design of
primers and generation of RNAI constructs for expres-
sion in B. napus, as described below.

A common strategy was adopted for all the RNAIi
constructs. Briefly, forward primers having built-in
Spel/Ascl and reverse primers with BamHI and Swal
sites were used to generate fragments for RNAI
construction (Table 1). Depending on the gene and the
fragment, in all cases, single palindromic repeats of the
5” and 3’-end PCR products were inserted around a 300
bp spacer of the B-glucuronidase gene in a pGSA
1285 vector (CAMBIA, Canberra, ACT, Australia)
driven either by a CaMV35S or cruciferin promoter
as designated in the construct name. The resulting RNAI
vectors were designated 72-146 (35S:C3H-C4H RNAI),
72-123  (Cruciferin:COMTRNAi) and 72-142 (35S:

F5H-COMT RNAi) (Fig. 1). All these constructs were
confirmed by automated DNA sequencing.

CaMV355:C3H-C4H RNAi: The 900 bp B. napus
coumarate 3-hydroxylase gene fragment was amplified
by PCR from the Brassica cDNA clone RL4992 using
primers P1 and P2 (Table 1). Likewise, the 616 bp B.
napus cinnamate 4-hydroxylase fragment was amplified
by PCR from the Brassica cDNA clone RL7118 using
primers P3 and P4. Both the 900 bp and 616 bp
fragments were mixed and further used as templates in
another round of PCR with P1 and P4 primer pair to
create a 640 bp fusion gene product (C3H-C4H) that
was cloned in pBluescriptll KS vector (digested with
EcoRV). Common steps as described earlier were fol-
lowed to generate the RNAIi construct pGSAC3H C4
H-RNAI that was designated 72-146.

Cruciferin:COMT-RNAi: A 250 bp fragment from the
3’ end of COMT gene was amplified by PCR from the B.
napus cDNA clone ESS2134 using primers PS5 and P6.
The 743 bp cruciferin+ G string promoter was isolated
from B. napus using primer pair P7 and P8 and cloned in
pBluescript II KS to generate pBScruciferin. The
promoter fragment was excised using Bg/II-Sacl from
pBluescript II KS and ligated with COMT RNAIi
fragment to generate pGSACruc-COMT RNAI
construct (designated 72-123).

CaMV35S:FSH-COMT RNAi: A 480 bp F5H frag-
ment was amplified by PCR from B. napus root cDNA
clone RL1627 using primer pair P9 and P10. Similarly, a
230 bp COMT fragment was amplified by PCR from B.
napus root cDNA clone RL1627 using primer pair P5

Table 1. List of primers used in this study

Primer Sequence Notes

Pl CGACTAGTGGCGCGCCAGAGATGATC Forward primer, to amplify C3H from RL4992,
AAGAACCCAAGAGTG contains Spel and Ascl sites highlighted

P2 AACTCTTCAGCTCCGAACGGAAGCAGCC Reverse primer for C3H gene from R1L4992

P3 CCGTTCGGACCTGAAGAGTTTAGGCCCGAGAG Forward primer, to amplify C4H from RL7118

P4 GCGGATCCATTTAAATTGGTGGAGTG Reverse primer for C4H gene from RL7118, contains
GTGAAGGATGTG BamHI and Swal sites

P5 GCACTAGTGGCGCGCCATTGCATTATGCTA Forward primer used to amplify COMT from ESS2134 library,
GCTCACAACCCTG contains Spel and Ascl sites

P6 GCGGATCCATTTAAATAACAAAGACGGTGA Reverse primer for COMT gene from ESS2134, contains
AGTAGACGTACC BamHI and Swal sites

P7 GCAGATCTAAGCTTTTGGCCCTTTAATTAT Forward primer used to amplify Cruciferin promoter +G
GCTCTCTTTCTAATC string region and introduce Bg/Il and HindllI sites

P8 GCGAGCTCTCTAGAATTGTGTGTGTTTT Reverse primer used to amplify Cruciferin promoter +G
GGTGATAGATGGATGAAG string region and introduce Sacl and Xbal sites

P9 GCACTAGTGGCGCGCCGCTCGTGAAG Forward primer to amplify FSH1 from EST RL1627,
GCCCGTAATGACC contains Spel and Ascl sites

P10 GCGGATCCATTTAAATCTGCGGTTT Reverse primer for amplifying F5H1 gene from RL1627,
CGTGTAGGAGGAGTGG contains BamHI and Swal sites

P11 GCATAATGCATGCGGTTTCGTGTAGGAGGAG
P12 CGAAACCGCATGCATTATGCTAGCTCACAACCCTG
P13 GGAGAGGACACGCTCGAGTATAAGAG

P14 CAACGTGCACAACAGAATTGAAAGC
P15 GCTCTAGAAACAAAGACGGTGAAGTAGACGTACC

Reverse primer used for fusion with COMT gene,

COMT sequence is shown in bold
Forward primer used for fusion with FSH1 gene

from RL1627 library, portions of FSH1 gene part is in bold
Forward primer to detect DNA insert cloned into the pGSA1285 vector.
Reverse primer to detect DNA insert cloned into the pGSA1285 vector.
Reverse primer used for amplifying 3’ end of B. napus COMT,
contains Xbal site, and employed in PCR screening of transgenic plants.
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(a) CaMv3ss C3H—C4Hfusion> GUS linker <C3H-C4Hfusion I_

(b) _W comT GUS linker comT
© _W F5H-COMT fusion GUS linker F5H-COMT fusion

Fig. 1. Schematic diagram of RNAI construct using a GUS
linker flanked by partial sequences of the gene targeted for
suppression, (a) CaMV35S:C3H-C4H, construct 72-146, (b)
CaMV35S:FSH-COMT, construct 72-142, and (c¢) Crucifer-
in:COMT construct 72-123 were used in RNAi construct
generation.

and P11. These individual PCR products were gel
purified and used as template for a second round of
PCR to amplify a ~700 bp fusion gene product using
the primer pair P12 and P6. The resulting fusion gene
product was used in the generation of pGSAF5H-OMT
RNAI (designated 72-142) construct using the common
strategy described above.

Transformation of Brassica napus

Cotyledon explants of B. napus doubled haploid line
DHI12075 were used for Agrobacterium tumefaciens
GV3101pMP90-mediated transformation according to
(Moloney et al., 1989). Primers that amplify the fusion
gene products were used to screen for C3H-C4H, and
F5H-COMT transformants. For the Cruciferin:COMT
construct, both promoter- and target gene-specific
primers were used to eliminate amplification of endo-
genous gene products. Only those plants shown to be
transgenic as determined by PCR were subjected to
further analysis. The primers used for PCR were P13
and P14 for 72-146, P9 and P15 for 72-142, and P7 and
P15 for 72-123 (Table 1; supplementary Fig. 1).

Nucleic Acid Analysis

Total RNA was isolated from developing seeds (20-25 d
post-anthesis) of B. napus plants including lines with
constructs 72-146, 72-123, and 72-142, as described in
Carpenter and Simon (Carpenter and Simon 1998).
Approximately 10 pg of RNA was used for electro-
phoresis and northern blot analysis was performed
according to standard procedures followed in our
laboratory (Yu et al. 2007).

Lignin Analysis

Total lignin content of B. napus seeds collected from
transgenic and control plants was determined using the
thioglycollic acid assay (Lapierre et al. 1995) and by
gravimetric determination of lignin using the filter bag
technique described below. Briefly, 0.5 g of air-dried
seed sample was ground and passed through a 1-m sieve
before being bagged. The sealed bags were completely
dried before immersing in adequate volume of 72%

H,S0,4 (approximately 250 mL) sufficient to submerge
the sealed bags. The submerged bags were agitated at 30
min intervals. After an incubation period of 3 h, the
sulphuric acid was poured off and the bags were rinsed
with tap water to remove all acid. Rinsing was repeated
until the pH was neutral and followed by rinsing with
~250 mL of acetone for 3 min to remove water. The
bags were dried in an oven at 105°C for 2-4 h, and
cooled. Once cooled in a desiccator to ambient tem-
perature, the bags were weighed. The entire bag was
ashed in a pre-weighed beaker at 525°C for 3 h or until
carbon-free. The weight loss was calculated and the bag
ash correction included to determine lignin content
using the following formula:

Lignin% =[weight after extraction process — (bag tare
weight x blank bag correction)] x 100/ sample weight.

Fibre Analysis
Fibre content in B. napus seeds collected from transgenic
and control plants was also determined by using the
services of ALS Laboratory that uses the following two
methods. The acid detergent fiber (ADF) content was
determined using the AOAC method #973.18 described
for lignin. The neutral detergent fiber (NDF) was
estimated using another validated method [NFTA
(1993), pp. 95-103]; which is also a filter bag technique.
Briefly, about 0.5 g of dried and ground seed materials
were placed in a dry filter bag and samples extracted
using repeated acetone. Once the acetone dried off, the
bags were immersed in a container filled with acid-
detergent solution [20 g cetyl trimethylammonium
bromide (CTAB) to 1 L 1 N H»SO,; previously
standardized] for 1 h. At the end of the extraction, the
bags were thoroughly washed with tap water until the
water reached a neutral pH. Subsequently, the bags were
soaked again in acetone for 3-5 min, dried in an oven
and then weighed. The difference in weights when
appropriately corrected provides the %ADF content.
The procedure for determining NDF was similar to
the ADF except that the acid-detergent solution was
replaced with a neutral-detergent solution [30 g sodium
lauryl sulfate, 18.61 g EDTA, 6.81 g sodium tetraborate
decahydrate, 4.56 g sodium phosphate dibasic, and 10
mL triethylene glycol in 1 L distilled water], with a pH
range of 6.9-7.1.

Histochemical Analysis of Lignin

Uniform free-hand sections of fresh B. napus stems from
control and transformants with ~40% reduction in
lignin content were subjected to Weisner (Clifford 1974;
Pomar et al. 2002) and Maiile (Iiyama and Pant 1998)
staining. The same portion of the stem region between
the 8th and the 10th node from the surface of the soil
(thickness was ~9 mm for plants grown in the green-
house) was used for sectioning experiments. Transverse
sections obtained from the same portion of the stems
and softened in 5% vol/vol formaldehyde for 1-2 d were
immersed in 2% wt/vol phloroglucinol solution in
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ethanol (95%, vol/vol) for 2 min, followed by treatment
with 50% HCI for 1 min for the Weisner reaction. For
Matile staining, the sections were submerged for 5 min
in 1% wt/vol KMnQy,, rinsed in water, destained with
30% HCI and treated with a concentrated solution of
NH4OH. In both cases, the sections were imaged at
12 x or 125 x magnification using an AxioCam HRc
camera fitted on SteREO Lumar.V12 steromicroscope
(Carl Zeiss, Gottingen, Germany) equipped with a
HBO100 microscope illuminating system and a cold
light source KL2500 LCD for intensive illumination,
within 2040 min of staining.

Statistical Analysis

A completely randomized design was used with three
replicates (plants) for each transgenic line (T() studied.
Mean differences were analyzed for significance by
employing a two-sample #-test using the proprietary
software SAS version 8.2 (SAS Institute, Inc., Cary,
NC) at P <0.05.

RESULTS AND DISCUSSION

Plant Transformation with RNAi Constructs

The RNAI constructs driven by either the CaM V35S or
the cruciferin promoter (Fig. 1) were mobilized into
Agrobacterium tumefaciens GV3101pMP90, which was
used for plant transformation. Putative transformants
exhibiting resistance to herbicide glufosinate (150 g L™,
Liberty ™) were selected and transferred to a green-
house. These transformants exhibited a phenotype
similar to control plants maintained under similar
growth conditions indicating that our RNAI strategy
was not lethal. The presence of transgenes in putative
transformants was determined by PCR using transgene-
specific primers (Table 1) and used in further experi-
ments. Previous studies in our laboratory showed that
this strategy had been effective in manipulating levels of
secondary metabolites in Arabidopsis and B. napus
(Bhinu et al. 2008; Huang et al. 2008). One transgenic
line, RL53, carrying the cruciferin-COMT RNAI con-
struct failed to set seeds and hence could not be used for
further analysis. While we recognize that plants sub-
jected to tissue culture procedures may undergo some
cytological perturbation in the T, generation, we did
not observe any phenotypic differences between the
control and transgenic plants in both generations of B.
napus. This has been our experience with B. napus
transformants (Bhinu et al. 2008).

Many phenylpropanoid pathway genes have been
used to alter lignin content and composition in numer-
ous plants (Rastogi and Dwivedi 2003), with COMT
being a commonly targeted gene (Dwivedi et al. 1994;
Dwivedi and Campbell 1995) due to its central role in
the pathway and its high degree of conservation among
dicots (Joshi and Chiang 1998). Our work involving
modulation of the phenylpropanoid pathway in B. napus
provided us with insights into other potential candidate

genes for altering seed lignin content in B. napus (Bhinu
et al. 2008). Also, in most cases, when some individual
genes were used for silencing, we did not observe notable
reduction in lignin (data not shown). After preliminary
analysis, we selected four Arabidopsis gene homologs
namely, cinnamate 4-hydroxylase (C4H, At2g30490),
coumarate 3-hydroxylase (C3H, At2g40890), caffeic
O-methyltransferase (COMT, At5g54160), and ferulic
acid 5-hydroxylase (F5H, At4g36220) to alter the lignin
biosynthesis pathway in B. napus.

Lignin Analysis of Transgenic B. napus Seeds
Lignin analysis of B. napus T, seeds collected from
positive transgenic and control plants are summarized in
Fig. 2. Lines (DE269, DE276 and DE484) carrying a
CaMV35S-driven C3H-C4H fusion construct exhibited
a 24-36% reduction in lignin content compared to the
control (Fig. 2A), while 21-26% reduction was achieved
in lines DE460, DE461 and DE468 transformed with
F5SH-COMT fusion construct also driven by a
CaMV35S promoter (Fig. 2B). Among the three RNAI
constructs that were used to alter lignin biosynthesis, we
observed that suppression of COMT gene under the
control of cruciferin promoter in lines DE137, DE175
and DE178 caused a maximum decline in lignin content
in the range of 36-40% compared with control plants
(Fig. 20).

Lignin analysis of B. napus seeds collected from
control and transgenic T; plants are summarized in
Table 2. From the transgenic B. napus plants analyzed,
we observed that progenies of lines DE178 (T, plants
including RL67, RL68 and RL69), DE484 (T; plants
include RL70, RL71, and RL72) and DE276 (T, plant
RL46) showed reduction in lignin content. Lignin
analysis in B. napus seeds using both the quantitative
methods yielded comparable results. Research literature
points to variable results with these candidate genes to
alter lignin profiles. For instance, over-expression of
C4H had no effect on lignin content or composition in
tobacco, but a 76% reduction in C4H activity translated
to 63% decrease in Klason lignin content (Sewalt et al.
1997). It is believed that some lignin-specific pathways
may bypass the C4H step despite the C4H being a
sequential enzyme in the lignin biosynthesis or catalyze
additional reactions in the lignin pathway (Dixon et al.
2001). These data support metabolic channeling at an
early stage in the lignin pathway. Unlike C4H, C3H has
been successfully manipulated to achieve lignin reduc-
tion in Arabidopsis (Franke et al. 2002). As in the case of
C4H, down-regulation of COMT has been achieved in
several crop species albeit with varied lignin reduction
levels (Baucher et al. 2003). Though the explanation for
this variation is unclear, it may be related to the actual
level of COMT suppression achieved in each transgenic
line. However, these data also highlight that caution
might need to be exercised when studying a pool
of transgenic plants and comparing plants grown in
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Fig. 2. Seed lignin content of B. napus transgenic plants. Seed
extracts of transgenic plants carrying RNAIi constructs are
shown: (a) CaMV35S:C3H-C4H, construct 72-146, (b)
CaMV35S:FSH-COMT, construct 72-142, and (c) Crucifer-
in:COMT construct 72-123. Error bars indicate standard error
of the mean of three individual extractions. A total of three
individual lines were used in extraction for each construct
studied.

different growth conditions and using different analyti-
cal techniques for lignin determination.

COMT has been identified to play a predominant role
in determining the incorporation of S units into the
lignin polymer in tobacco and poplar (Li et al. 2000) and
is also involved in the methylation of caffeyl aldehyde
(Parvathi et al. 2001). F5H, on the other hand is a
critical gene in the phenylpropanoid pathway (Chen
et al. 1999; Parvathi et al. 2001) involved in modifying
the relative amount of S units in several crops (Baucher
et al. 2003). Our results show that COMT plays a
fundamental role in lignin synthesis, consistent with

previous observations. Despite the strong activity of the
constitutive CaMV35S promoter, our data show that
both C3H-C4H and F5SH-COMT combinations driven
by this promoter had least effect on lignin perturbation
compared to the COMT construct.

The NDF content, however, was found to be un-
altered in all the plants irrespective of the RNAI
constructs used for transformation, but the ADF
seemed to vary amongst the lines. We observed varia-
tions specifically in lines with low lignin contents, such
as RL46 and RL68 (18.5 and 19.5, respectively) amongst
others.

C4H, C3H, COMT and F5H are reported to be single
copy genes in A. thaliana based on genomic analyses
using BioVis (Ver 0.5) at a homology threshold of 80%.
Some in silico analysis reports suggest 17 copies of
COMT and 2 copies of F5H (Costa et al. 2003; Raes et
al. 2003) in Arabidopsis. However, at higher threshold
levels (>80), only one copy could be detected, also
favored by their functionality. It is estimated that for
every single Arabidopsis gene, a minimum of two to four
copies are present in B. napus genome (Cavell et al. 1998;
Parkin et al. 2002). Therefore, in order to better under-
stand the effectiveness of the RNAI strategy and its
penetrance, we conducted some preliminary analysis by
comparing the two genomes (http://www.brassica.ca).
As a result of genome-wide comparison, we identified
several homologs of A. thaliana genes in the B. napus
EST collection comprising >150 000 clones (supple-
mentary Table 1). For the C4H (At2g30490) gene, we
identified homologs in diverse tissue types including
anther, while C3H (At2g40890) gene homologs were
limited to the roots, embryo and cotyledons, thus
showing that any target to silence C4H would have a
more pronounced effect on the B. napus genome than a
C3H (homolog) target. COMT (At5g54160) gene
showed the maximal number of B. napus homologs,
however, they were diverse, i.e., identified in multiple
tissues ranging from embryo to anther to roots. FSH
(At4g36220) gene on the other hand produced moderate
hits thus showing that it is not widely expressed as
COMT. These results provide significant leads because a
target design based on C4H or COMT is likely to work
against multiple members and of unrelated gene families
in B. napus.

Histochemical Analysis Suggests Alteration in
Lignin Content and Composition

Macroscopically there were no phenotypic differences
between transgenic lines with reduced lignin content and
control plants. Because lignin provides mechanical
strength to walls of conducting cells, we used histo-
chemical staining of control and transformant stem
sections by Weisner (phloroglucinol) and Maiile
(KMnO4.HCI) stains. Representative results (of line
DE178) are shown in Fig. 3. In each case, staining was
observed in subepidermal sclerified parenchyma and
metaxylem vessels. When the stem sections from the
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Table 2. Lignin and fiber content (% +SEM) of T; B. napus seeds

ADF

T, Plant (% dry seed) +0.1

NDF Lignin
(% dry seed)+0.1 (% dry seed) +0.01

358: C3H-C4H RNAi

(To: DE484) RL70 28.5
RL71 22.2
RL72 22.2

35S:FAH-COMT RNAi

(To: DE461) RL58 21.3
RL59 24.2
RL60 20.3

Cruciferin:COMT RNAi

(To: DE178) RL67 254
RL68 19.5
RL69 23.6

DH12075 Control (Avg) 24.0

32.6 9.28"
27.1 8.83"
26.3 8.36"
25.1 10.1
26.0 12.6
23.0 10.3
29.2 7.11i
23.8 6.64
30.0 7.58"
28.3 10.2

A total of three samples were analyzed for each transgenic line except line RL53 that failed to set seeds and extraction was not possible.

The T, parents are show in parentheses.
*Statistically significant at P < 0.05.

control and transgenic plants were stained with Maiile
reagent, there was light brown stain in the transgenic
plants (Fig. 3AB) as compared with an intense brown
coloration in the control (Fig. 3CD). The other differ-
ence observed was a decreased stain area in transfor-
mants compared with control plants (Fig. 3AB). Since
Maiile reagent is diagnostic of syringyl (S) units of lignin
monomer, our data suggest that only moderate reduc-
tions in S units were found in the RNAI lines. Weisner
reagent, indicative of aldehyde groups such as C4-C;
benzaldehydes, C¢-C5 cinnamaldehydes or more specifi-

cally coniferaldehyde end groups in lignin (Lewis and
Yamamoto 1990), revealed variations between the
transformants and the control. The stem sections
of the transformants were stained brownish-purple
(Fig. 3EF) as opposed to pink for the control plants
(Fig. 3GH), suggesting the likelihood of an increase in
aldehyde end groups in the transformants. A detailed
chemical analysis is required to further differentiate the
lignin composition. Additionally, the transgenic line also
exhibited some slightly collapsed or misshapen primary
xylem (PX) vessels (Fig. 3F). The differences in the

Fig. 3. Histochemical analyses of lignin in stem sections of transgenic and control plants. (a) Maule staining of transformant DE178
(12 x), (b) Maiule staining of transformant DE178 (125 x), (c) Miule staining of control (12 x), (d) Miule staining of control
(125 x), (e) Weisner staining of transformant DE178 (12 x), (f) Weisner staining of transformant DE178 (125 x), (g) Weisner
staining of control (12 x), (h) Weisner staining of control (125 x). Transgenic primary xylem (PX) appears slightly distorted or
misshapen. The secondary xylem (SX) and primary phloem fibers (PP) appear normal.
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secondary xylem (SX) and primary phloem fibers (PP)
appeared to be minimal. We also noticed that the area of
staining, which reflects the total lignin content (Monties
1989), decreased in transformants as compared with the
control plants, thereby indicating a decrease in lignin
content.

Qualitative assessment of lignification by histochem-
ical staining of stem cross sections of B. napus provided
additional evidence for the reduction of lignin content as
compared with control. This was observed only in lines
with reduced lignin content. We also observed some
alteration in the lignin composition; however, a change
in the composition and content of lignin in the
transgenic plants was accompanied by minor changes
in the vessel architecture, such as signs of aberration or
distorted xylem vessels, which is commonly observed
with altered lignin content and composition (Franke et
al. 2002). Because the mechanical rigidity of lignin
strengthens vessel walls, it is likely that the lack of
lignin weakens the vessel walls so that they can no
longer withstand the negative pressure generated
through transpiration, thus resulting in the collapse of
vessel elements. It will be interesting to determine the
threshold of lignin reduction beyond which vessel wall
strength is affected. However, it appears that even with
some deformed vessel elements, plants could still trans-
port water and solutes efficiently to support normal
growth.

Another interesting aspect is the notable change in the
lignin content in the stem of transgenic plants carrying
the cruciferin:COMT. We believe this is caused partially
or in combination due to a leaky expression of the seed-
specific promoter in the aerial parts of the plant. The
basis of this expression is unknown because lignification
of vegetative tissues normally precedes the formation of
reproductive tissues. Secondly, genomic imprinting,
defined as a genetic phenomenon by which certain genes
are expressed in a parent of origin-specific manner,
could explain some of our observations given the linecage
of the B. napus plants used (Rashid et al. 1994)
and autoregulation or bypassing of imprinting events
(Nowack et al. 2007). Third, we believe there might
have been instances of epigenetic silencing, whereby
non-mutational gene inactivation or suppression can be
faithfully propagated from parents to their progeny.
Although we did not notice any abnormalities
or differences in the stems of transgenic plants, we
observed reduction in lignin content in almost all the
lines.

Down-regulated Expression of Genes Involved in
Lignin Biosynthesis

In order to determine whether the expression of genes
involved in lignin biosynthesis was altered by RNAI
approach and also to know if gene expression levels
correlated with the lignin content (both quantitative and
qualitative), we extracted RNA from developing seeds
of B. napus and examined for C3H, C4H, COMT, and

F5H expression using gel blot hybridization. We ob-
served a reduction in the expression levels in all
transgenic plants carrying the 35S:C3H-C4H cons-
truct compared with the control (Fig. 4A); while
misregulation with one of the genes did not show any
variation (data not shown). In transgenic plants carrying
the FSH-COMT transgenic lines (Fig. 4B), we noticed
greater reduction in the expression levels of COMT
compared with F5H in most lines compared with the
control. When we examined the expression of COMT in
Cruciferin-COMT transgenic lines, we observed a
marked reduction in the transcript levels in all the lines
studied (Fig. 4C). Also, the Cruciferin:COMT trans-
genic plants showed significant reduction in lignin
compared with other transgenic lines. These data
confirm that our RNAi-mediated transcript suppression
was successful, and a concomitant reduction in seed
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Fig. 4. Northern blot analysis of lignin biosynthesis genes in
developing seeds of transgenic B. napus (T;) carrying (a)
CaMV35S:C3H-C4H, (b) CaMV35S:F5SH-COMT and (c)
Cruciferin:COMT RNA was extracted from seeds collected
between 22 and 25 d post-anthesis. Plant numbers are
indicated on the lanes. C, refers to control plant used in this
study. All transgenic plants were generated in the DH12075
background. RNA extractions were performed from three
T, lines for each parent (Tj).
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lignin content was observed in transgenic B. napus
plants.

CONCLUSIONS

In this study, having silenced COMT, FSH-COMT, and
C3H-C4H genes in B. napus species (AACC, n =19), we
achieved lignin reductions to variable levels. Knocking
out genes encoding COMT had the maximal impact
with 40% reduction in lignin as compared with 36
and 26% with suppression of C3H-C4H and F5H-
COMT, respectively. The demonstration of suppression
of COMT has not only enhanced our knowledge of
liginfication, but also validates the potential utility of
COMT over other lignin biosynthesis genes. Because no
obvious visible phenotype was associated with reduction
in lignin in the COMT RNAI plants, it is anticipated
that COMT may be an ideal target for modification of
lignin content and composition in B. napus. Additional
experiments to study the roles of COMT RNAI in
influencing S:G lignin monomer ratio in the plants may
be interesting. Our findings show alterations in the
content and composition of lignin as corroborated by
evidence from histochemical staining of stem lignin. Our
study reveals that by employing an RNAI strategy, it is
possible to alter lignin content and composition in B.
napus seeds in a manner non-detrimental to the plant.

ACKNOWLEDGEMENTS

We thank Delwin Epp for help with Brassica napus
transformation, Jo-Anne Relf-Eckstein and ALS
Laboratory Group for help with lignin analysis. V-S
Bhinu was a recipient of NSERC-Visiting Fellowship in
Canadian Government Laboratories (Saskatoon and
London). We sincerely thank Larry Grenkow (AAFC,
Saskatoon) for help with SAS statistical analysis and
Yang Li (University of Saskatchewan) and Merek
Wigness (AAFC) for assistance with microscopy. Fund-
ing for this work was provided by the Canadian Crop
Genomics Initiative, Agriculture and Agri-Food Cana-
da, and the work was part of the Genome Canada-
funded project “Designing Oilseeds for Tomorrow’s
Market (DOTM)”.

Albrecht, K. A., Wedin, W. F. and Buxton, D. R. 1987. Cell wall
composition and digestibility of alfalfa stems and leaves. Crop
Sci. 27: 735-741.

Anterola, A.M. and Lewis, N.G. 2002. Trends in lignin
modification: a comprehensive analysis of the effects of genetic
manipulations/mutations on lignification and vascular integ-
rity, Phytochemistry 61: 221-294.

Barnes, R. F., Muller, L. D., Bauman, L. F. and Colenbrander,
V. F. 1971. In vitro dry matter disappearance of brown midrib
mutants of maize (Zea mays L.). J. Anim. Sci. 33: 881-884.
Baucher, M., Halpin, C., Petit-Conil, M. and Boerjan, W. 2003.
Lignin: Genetic engineering and impact on pulping. Crit. Rev.
Biochem. Mol. Biol. 38: 305-350.

Besle, J. M., Cornu, A. and Jouany, J. P. 1994. Roles of
structural phenylpropanoids in forage cell wall digestion. J.
Sci. Food Agric. 64: 171-190.

Bhinu, V-S., Schifer, U., Li, R., Huang, J. and Hannoufa, A.
2008. Targeted modulation of sinapine biosynthesis pathway
for seed quality improvement in Brassica napus. Transgenic
Res. DOI: 10.1007/s11248-008-9194-3.

Carpenter, C. D. and Simon, A. E. 1998. Preparation of RNA.
Vol. 82. Pages 85-89 in J. M. Martinez-Zapater and J. Salinas,
eds. Methods in molecular biology: Arabidopsis protocols,
Humana Press, Totowa, NJ.

Cavell, A. C., Lydiate, D. J., Parkin, I. P., Dean, C. and Trick,
M. 1998. Collinearity between a 30-centimorgan segment of
Arabidopsis thaliana chromosome 4 and duplicated regions
within the Brassica napus genome. Genome 41: 62—69.

Chen, F., Yasuda, S. and Fukushima, K. 1999. Evidence for a
novel biosynthetic pathway that regulates the ratio of syringyl
to guaiacyl residues in lignin in the differentiating xylem of
Magnolia kobus DC. Planta 207: 597-603.

Clifford, M. N. 1974. Specificity of acidic phloroglucinol
reagents. J. Chromatogr. 94: 321-324.

Dixon, R. A., Chen, F., Guo, D. and Parvathi, K. 2001. The
biosynthesis of monolignols: a ‘metabolic grid’, or independent
pathways to guaiacyl and syringyl units? Phytochemistry 57:
1069-1084.

Costa, M. A., Collins, R. E., Anterola, A. M., Cochrane, F. C.,
Davin, L. B. and Lewis, N. G. 2003. An in silico assessment of
gene function and organization of the phenylpropanoid path-
way metabolic networks in Arabidopsis thaliana and limita-
tions thereof. Phytochemistry 64: 1097-1112.

Dwivedi, U. N., Campbell, W. H., Yu, J., Datla, R. S., Bugos,
R. C., Chiang, V. L., Podila, G. K. 1994. Modification of lignin
biosynthesis in transgenic Nicotiana through expression of an
antisense O-methyltransferase gene from Populus. Plant Mol
Biol. 26: 61-71.

Dwivedi, U. N. and Campbell, W. H. 1995. Antisense inhibition
and cosuppression of lignin biosynthesis in transgenic Arabi-
dopsis harbouring O-methyltransferase gene constructs from
aspen. Plant Physiol. (Life Sci. Adv) 14: 54-54.

Franke, R., Hemm, M. R., Denault, J. W., Ruegger, M. O.,
Humphreys, J. M. and Chapple, C. 2002. Changes in secondary
metabolism and deposition of an unusual lignin in the ref8
mutant of Arabidopsis. Plant J. 30: 47-59.

Grand, C., Sarni, F. and Boudet, A. M. 1985. Inhibition of
cinnamylalcohol-dehydrogenase activity and lignin synthesis
in poplar (Populus x euramericana Dode) tissues by two
organic compounds. Planta 163: 232-237.

Huang, J., Rozwadowski, K., Bhinu, V.-S., U. Schéfer, and
Hannoufa, A. 2008. Manipulation of manipulation of sinapine,
choline and betaine accumulation in Arabidopsis seed:
Towards improving the nutritional value of the meal and
enhancing the seedling performance under environmental
stresses in oilseed crops. Physiol. Plant Biochem. 46: 647-654.
liyama, K. and Pant, R. 1998. The mechanism of the Méaule
colour reaction introduction of methylated syringyl nuclei into
softwood lignin. Wood Sci. Technol. 22: 167-175.

Jarrige, R. 1980. Chemical methods for predicting the energy
and protein value of forages. Ann. Zootechnol. 29HS:
299-323.

Joshi, C. P. and Chiang, V. L. 1998. Conserved sequence
motifs in plant S-adenosyl-;-methionin-dependent methyl-
transferases. Plant Mol. Biol. 37: 663-674.

Jung, H. J. G. and Deetz, D. A. 1993. Cell wall lignification
and degradability. Pages 315-346 in H. G. Jung, D. R. Buxton,
R. D. Hartfield, and J. Ralph, eds. Forage cell wall structure
and digestibility. ASA, Madison, WI.



450 CANADIAN JOURNAL OF PLANT SCIENCE

Lapierre, C., Pollet, B. and Rolando, C. 1995. New insight into
the molecular architecture of hardwood lignins by chemical
derivative methods. Res. Chem. Intermediates 21: 397-412.
Lewis, N. G. and Yamamoto, E. 1990. Lignin: occurrence,
biogenesis and biodegradation. Annu. Rev. Plant. Physiol.
Plant Mol. Biol. 41: 455-496.

Li, L., Popko, J. L., Umezawa, T. and Chiang, V. L. 2000.
5-Hydroxyconiferyl aldehyde modulates enzymatic methyla-
tion for syringyl monolignol formation: a new view of
monolignol biosynthesis in angiosperms. J. Biol. Chem. 275:
6537-6545.

Moloney, M., Walker, J. and Sharma, K. 1989. High efficiency
transformation of Brassica napus using Agrobacterium vectors.
Plant Cell Rep 8: 238-242.

Monties, B. 1986. Recent advances on lignin inhomogeneity.
Vol 25. Pages 161-181 in C. F. Van Sumere and P. F. Lea, eds.
The biochemistry of plant phenolics. Oxford University Press,
Oxford, UK.

Monties, B. 1989. Molecular structure and biochemical proper-
ties of lignins in relation with possible self-organization of
lignin networks. Am. Sci. For. 46: 846-855.

Moerschbacher, B. M., Noll, U., Gorrichon, L. and Reisener, H.
J. 1990. Specific inhibition of lignification breaks hypersensi-
tive resistance of wheat to stem rust. Plant Physiol. 93:
465-470.

Muller, L. D., Barnes, R. F., Bauman, L. F. and Colenbrander,
V. F. 1971. Variations in lignin and other structural compo-
nents of brown midrib mutants of maize. Crop Sci. 11:
413-415.

Nowack, M. K., Shirzadi, R., Dissmeyer, N., Dolf, A., Endl, E.,
Grini, P. E. and Schnittger, A. 2007. Bypassing genomic
imprinting allows seed development. Nature 447: 312-316.
Parkin, I. A. P., Lydiate, D. J. and Trick, M. 2002. Assessing
the level of collinearity between Arabidopsis thaliana and
Brassica napus for A. thaliana chromosome 5. Genome 45:
356-366.

Parvathi, K., Chen, F., Guo, D., Blount, J. W. and Dixon, R. A.
2001. Substrate preferences of O-methyltransferases in alfalfa

suggest new pathways for 3-O-methylation of monolignols,
Plant J. 25: 193-202.

Pomar, F., Merino, F. and Ros Barceld, A. 2002. O-4-Linked
coniferyl and sinapyl aldehydes in lignifying cell walls are the
main targets of the Wiesner (phloroglucinol-HCI) reaction.
Protoplasma 220: 17-28.

Raes, J., Rohde, A., Christensen, J. H., Peer, Y. V. and
Boerjan, W. 2003. Genome-wide characterization of the
lignification toolbox in Arabidopsis. Plant Physiol. 133:
1051-1071.

Rashid, A., Rakow, G. and Downey, R. K. 1994. Development
of yellow-seeded Brassica napus through interspecific crosses.
Plant Breed. 112: 127-134.

Rastogi, S. and Dwivedi, U. N. 2003. Genetic engineering for
modifications of lignin. Pages 317-360 in P. K. Jaiswal and R.
P. Singh, eds. Plant genetic engineering: Applications and
limitations. Sci. Technol. Publishers, Houston, TX.

Rogers, L. A. and Campbell, M. M. 2004. The genetic control
of lignin deposition during plant growth and development.
New Phytol. 164: 17-30.

Sewalt, V. J. H., Ni, W., Blount, J. W., Jung, H. G., Masoud,
S. A., Howles, P. A., Lamb, C. and Dixon, R. A. 1997. Reduced
lignin content and altered lignin composition in transgenic
tobacco down-regulated in expression of p-phenylalanine
ammonia-lyase or cinnamate 4-hydroxylase. Plant Physiol.
115: 41-50.

Weng, J.-K., Li, X., Bonawitz, N. D. and Chapple, C. 2008.
Emerging strategies of lignin engineering and degradation for
cellulosic biofuel production, Curr. Opin. Biotechnol. 19:
166-172.

Whetten, R. W., Mackay, J. J. and Sederoff, R. R. 1998.
Recent advances in understanding lignin biosynthesis. Ann.
Rev. Plant Physiol. Plant Mol. Biol. 49: 585-609.

Yu, B., Lydiate, D. J., Schifer, U. A. and Hannoufa, A. 2007.
Characterization of a f-carotene hydroxylase of Adonis
aestivalis and its expression in Arabidopsis thaliana. Planta
226: 181-192.



BHINU ET AL. — BIOSYNTHESIS PATHWAY IN CANOLA 451

Supplemenary Table 1. Abundance of A. thaliana homologs identified in B. napus EST library collection comprising 150,000 clones (Saskatoon Research
Centre)

Gene ID ESS FL RL BL LB CD DR LD ST VA CL DL EL DC UC
At2g30490 (C4H) 2 - 21 - 2 2 1 2 3 - - - - -
At2g40890 (C3H)

- - 2 - - - - - - - - 1 1 -
At5g54160 (COMT)

1 5 s -2 2 3 2 1 1 3 1 1 - -
At4g36220 (FAH)

- 1 4 - - - 1 2 3 - 2 2 - - 1

ESS: Tissue: Etiolated seedlings. Development stage — 10-d-old plants. The library was made from seedlings grown at room temperature in the dark
for 10 d.

FL: Tissue-developed flowers. The library was made from fresh flowers in early stage of development. Most of the flower receptacle tissue had been
removed.

RL: Tissue-root. The library was made from hydroponically grown root tissue.

BL: Tissue-bud. The library was made from buds collected from plants.

CD: Tissue-leaves. Development stage — Four-leaf stage. Cold acclimation in dark. The library was made from plants grown at 20°C days for 16 h
and 18°C nights until the four-leaf stage at which point they were put at 4°C in the dark for 4 h.

DR: Tissue-root. Root drought.

LD: Tissue-leaves. Development stage-Young leaves. Leaf drought.

LB: Tissue-floral buds. Development stage — Late stage buds. Complete late stage buds (5 to 8 mm in size) were used for cDNA library construction.
ST: Tissue-stem. The library was made from plant stem tissue cut between growth nodes (auxillary buds were not included).

VA: Tissue-early stage anthers. Anthers were extracted from developing buds when they were 0.5 to | mm in size.

CL: Tissue-leaves. Development stage — four-leaf stage. Cold acclimation in light. The library was made from plants grown at 20°C days for 16 h and
18°C nights until the four-leaf stage at which point they were put at 4°C for 4 h.

DL: Tissue-leaf blade. The library was made from the first true leaves that were dead or dying (senescent Leaves).

EL: Tissue-embryos without seed coat. Development stage — mid to late embryos (4—6 mg). Seeds were collected when they were still very green (mid
to large stage, cotyledons were formed). The seed coats were removed and the remaining tissue was used for cDNA library construction. After initial
screening, the most abundant redundant clones were screened out using 22 oligos designed to match napins (including albumins), cruciferins,
oleosins, trypsin inhibitor 2, cytosolic GAPDH, cyclophilins, HSP70, desaturase, and CAB (LHCP).

DC: Tissue — cotyledon. Damaged cotyledons. The library was made from cotyledons damaged by insect feeding (open field plot), before any leaves
had grown.

UC: Tissue — cotyledon. Undamaged cotyledons. The library was made from cotyledons showing no damage from insect feeding (open field plot),
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C3H gene
Seqg-P1
At2G40890 CACGACAGCGATAACAGCGGAATGGGCGATGGCGGAAATGATCAAGAATCCAAGAGTGCA 1680
RL4992 CACAACAGCTATAACAGCAGAATGGGCCATGGCAGAGATGATCAAGAACCCAAGAGTGCA 266
Kkk KKKk KAKKAAKE KAAKAAKE KAAKE Kk KAAKAAKAAKA Kk KA KAk
At2G40890 ACAAAAAGTGCAAGAAGAGTTCGACAGAGTGGTTGGACTTGACCGGATCTTAACCGAGGC 1740
RL4992 ACAAAAGGTACAAGAAGAGTTCGACAGAGTTGTTGGACTAGACCGGGTCGTAACCGAGCC 326
Kk KKK Kk KAKKAAKARKAAKAA KA AR KkAK AR K KAAKAE Ak AAKAAKAE %
At2G40890 AGATTTCTCCCGCTTACCTTACTTGCAATGCGTGGTGAAAGAGTCATTCAGGCTGCATCC 1800
RL4992 AGACTTCTCACGCTTACCCTACCTCCAATGCGTGGTTAAAGAATCATTCAGACTCCACCC 386
Kk Kk kkk KkXkkxkk KkK K KKKKKKKKKKK KkkKk Kkkkkkkk Kk Kk Kk
At2G40890 TCCAACGCCTCTAATGCTACCTCACCGAAGCAACGCAGATGTCAAGATCGGAGGCTATGA 1860
RL4992 TCCAACGCCTCTAATGCTTCCTCACAGATCCAACGCACACGTCAAGATCGGAGGCTACGA 446
Ak kA KKK KKK KRR KRR KA KhAKAA KA AKRAKAA * KA KA A KA KA KA KK *k
At2G40890 TATTCCCAAAGGATCAAACGTTCATGTGAATGTGTGGGCTGTGGCTAGAGACCCGGCTGT 1920
RL4992 CATCCCCAAAGGCTCAAACGTCCACGTGAACGTCTGGGCGGTGGCTAGAGACCCGGCCGT 506
Kk AKKAKKKK KKKKKKEK KK KKKKK KX AAKKKK KAKKAKAAKARKAAKAE Kk
At2G40890 ATGGAAAAATCCATTTGAGTTTAGACCAGAGAGATTCTTGGAAGAAGATGTTGACATGAA 1980
RL4992 GTGGAAAAACCCATTAGAGTTTAGACCAGAGAGGTTCTTGGAAGAAGATGTTGACATGAA 566
KKK KKK KKK AKX KKK KK KKK Kk K Kk Kk KK K K Kk K
Seqg-P2
At2G40890 GGGTCATGATTTTAGGCTGCTTCCGTTTGGAGCTGGAAGACGGGTTTGTCCCGGTGCACA 2040....
RL4992 AGGTCATGATTTTAGGCTGCTTCCGTTCGGAGCAGGAAGAAGGGTTTGTCCCGGTGCACA 626..... .
Kk Kk Kk Kk Kk Kk KRk Kk kK KRk Rk Rk kK ok Kk ok ko ko kA Rk
C4H gene
Seqg-P3
At2G30490 TGGTGGCTAGCAAACAACCCCAACAGCTGGAAGAAGCCTGAAGAGTTTAGACCAGAGAGG 1620
RL7118 TGGTGGCTAGCGAACAACCCTGAGAGCTGGAAGAAGCCTGAAGAGTTTAGGCCCGAGAGG 260
Kk kk Ak kkAkkk Kk hkkkk Kk Rk kkkkkkk kR kkkk kR kkkkkkkk Ak kkkkkk
At2G30490 TTCTTTGAAGAAGAATCGCACGTGGAAGCTAACGGTAATGACTTCAGGTATGTGCCATTT 1680
RL7118 TTCTTTGAAGAAGAGGCACACGTGGAAGCGAACGGTAATGACTTTAGGTATGTGCCGTTT 320
EEEE R R SR R SRR LR RS EEEEEIEEEEEEEEEESREEEIEESEEEEEESEEIESS]
At2G30490 GGTGTTGGACGTCGAAGCTGTCCCGGGATTATATTGGCATTGCCTATTTTGGGGATCACC 1740
RL7118 GGTGTTGGACGTAGAAGCTGTCCGGGGATTATATTGGCGTTGCCTATTTTGGGAATCACG 380
Khkhkhkkhkkhkhkhkhkk Fhhkhkhkhkhhhkd hhhhhkhkrdkhkhhhhkd kkhkrhkrhkhkhkkrdhkhkx *kk*kk
At2G30490 ATTGGTAGGATGGTCCAGAACTTCGAGCTTCTTCCTCCTCCAGGACAGTCTAAAGTGGAT 1800
RL7118 ATTGGTAGGATGGTACAGAACTTCGAGCTTCTTCCTCCTCCAGGACAGTCTAAATTGGAT 440
I R I I TS
Seqg-P4
At2G30490 ACTAGTGAGAAAGGTGGACAATTCAGCTTGCACATCCTTAACCACTCCATAATCGTTATG 1860
RL7118 ACTTCTGAGAAAGGTGGACAGTTCAGCTTGCACATCCTTCACCACTCCACCATCGTAATG 500
Kk kKRR KAARK KKKk k kK KRR KK KRR KKAA KK KKKk KAAXX**** AAAX* * ok
COMT gene
Seqg-P5
At5G54160 ACACCAGACTCAAGCCTCTCAACCAAACAAGTAGTCCATGTCGATTGCATTATGTTGGCT 960
ESS2134  mm oo TATGCTAGCT 10
*kkkx Kk kkx
At5G54160 CACAATCCCGGAGGCAAAGAACGAACCGAGAAAGAGTTTGAGGCATTAGCCAAAGCATCA 1020
Ess2134 CACAACCCTGGAGGCAAAGAGAGGACCGAGAAAGAGTTCGAAGCATTGGCTAAAGGATCA 70
kkhkkkk kk Khkkkkkkkkkk * khkkkhkkkhkkkhkhkkkhkk Kkk Kkhkkkk Kkk Kkhkkk Kkkx
At5G54160 GGCTTCAAGGGCATCAAAGTTGTCTGCGACGCTTTTGGTGTTAACCTTATTGAGTTACTC 1080
Ess2134 GGCTTCAAAGGGATCAATGTTGCCTGCAATGCTTTTGGTGTTTACGTTATTGAGCTGCTC 130
kkhkkkkhkhkkk *k khkhkkk *hkhkk Khhkkhkk Kk khkkhkkhkkkhkhkkhkkx *kk kkkkkkxkk * Kk*k
At5G54160 AAGAAGCTCTAAAA-ACAAACAATGTTCCTATGAAGATGAT-TTATATGTAAACATTA-T 1137
Ess2134 AAAAAGATGTAAAACACACACACAATCCATGTAATAATGATATTATATGTAAACATTGCT 190
*kk Kkkhkk Kk Kkkhkkkk kkk Khkk * *k Kk Kk * khkkhkkk KhkkhkhkkkhkkkkkkkkxKxk *
Seqg-P6
At5G54160 CTCATA----- TCTCCTTCCACGGT — = === === === === === ———m——m oo 1157
Ess2134 CTCATGGTACGTCTACTTCACCGTCTTTGTTTTAAAACTACTATGTTTAATAATGGTTAT 250
Xk Kk kxkkk kx

Supplementary Fig. 1. Alignment highlighting nucleic acid-level conservation between Arabidopsis genes and Brassica napus
EST. Conserved sequences were used to design primers for RNAI vector construction.



BHINU ET AL. — BIOSYNTHESIS PATHWAY IN CANOLA 453

COMT gene
Seqg-P5
At5G54160 ACACCAGACTCAAGCCTCTCAACCAAACAAGTAGTCCATGTCGATTGCATTATGTTGGCT 960
ESS2134 s TATGCTAGCT 10
*kkkk Kk Kkk
At5G54160 CACAATCCCGGAGGCAAAGAACGAACCGAGAAAGAGTTTGAGGCATTAGCCAAAGCATCA 1020
Ess2134 CACAACCCTGGAGGCAAAGAGAGGACCGAGAAAGAGTTCGAAGCATTGGCTAAAGGATCA 70
*khkkhkkk *kk Kkhkkkkkkkkkk * kkkkkhkkkhkkhkhkhkkhkhkkk K*k Kkkhkkkk *k kkhkkk K xkk*k
At5G54160 GGCTTCAAGGGCATCAAAGTTGTCTGCGACGCTTTTGGTGTTAACCTTATTGAGTTACTC 1080
Ess2134 GGCTTCAAAGGGATCAATGTTGCCTGCAATGCTTTTGGTGTTTACGTTATTGAGCTGCTC 130
Ak kREKKKK KK KKKEK KKK KKK K AKKKKKXRKKAKX KKk AKKRKAKK K Kkk
At5G54160 AAGAAGCTCTAAAA-ACAAACAATGTTCCTATGAAGATGAT-TTATATGTAAACATTA-T 1137
Ess2134 AAAAAGATGTAAAACACACACACAATCCATGTAATAATGATATTATATGTAAACATTGCT 190
Kk KKK Kk kkkkk kkk Kk KOk K K Kk kkkkk Kk kkkkkkkkkkkkk %
Seqg-P6
At5G54160 CTCATA----- TCTCCTTCCACGGT - —————————————————————————————————— 1157
Ess2134 CTCATGGTACGTCTACTTCACCGTCTTTGTTTTAAAACTACTATGTTTAATAATGGTTAT 250
* k% k k. * Kk Kk ok kkk * %
F5H gene
Seqg-P9
At4G36220 CAAGGGATAAACAAGCGGCTCGTGAAGGCCCGTAATGATCTAGACGGATTTATTGACGAT 900
RL1627 mmm e e
At4G36220 ATTATCGATGAACATATGAAGAAGAAGGAGAATCAAAACGCTGTGGATGATGGGGATGTT 960
RL1627 mm e
At4G36220 GTCGATACCGATATGGTTGATGATCTTCTTGCTTTTTACAGTGAAGAGGCCAAATTAGTC 1020
RL1627  mm e e o e
At4G36220 AGTGAGACAGCGGATCTTCAAAATTCCATCAAACTTACCCGTGACAATATCAAAGCAATC 1080
RL1627 s
At4G36220 ATCATGGTAATTATATTTCAAAAAGCACTAGTCATAGTCATGTTTCTTAATGCGTTACGT 1140
RL1627 mmm e
At4G36220 AATAATACTTATCCATTGACCAGTTATTTTCTCCTAAGTTTTTTTGTTTGAATTAGGAAG 1200
RL1627  mmm e
At4G36220 GTAATTTTCTATTTTACTAGAGAAAGCAACAGATTTTAGCATGATCTTTTTTTAATATAT 1260
RL1627 = ——mmmmmmmmmmmmmmm TAGGACGGGATTTATTGACGATATCATCGATGAACACAT 39
* * * ok kx x xxkx * * Kk K A%
At4G36220 ATAGAAGCATTGAATATTCAGATCTACAATAATTATGAAACCAATGAAGAGACAAAAAAT 1320
RL1627 GAAGAAGAA--AGAGAATCAAAACAGTGTTGATGCTGGAGATGTTGTTGATACCGATATG 97
*kkkk * * * kkkx Kk Kk * k% *k Kk * % *k kK *  *
At4G36220 GGAGAGAGAAAAAAGAAAGAGTGGACTAGTGTGGATATATT--TAATTCTAATTTGATTT 1378
RL1627 GTTGATGATCTTCTTGCTTTTTACAGTGAAGAGGCGAAATTAGTGAGCGAGACAGCGGAT 157
* * k * * ok * Kk k * Kk kk *  * * *
At4G36220 TATTAGGACGTTATATTTAATTCTAATTTGATTTTTTTATTTGATTTTATTAGGACGTTA 1438
RL1627 CTTCAGAAC--TCTATCAAACTTACCCGTGACAATATCAAAGCAATCATCATGGACGTTA 215
K okk kk ok kkk Kk K *xx * % % - KEKKK KKK
At4G36220 TGTTTGGAGGAACGGAAACGGTAGCGTCGGCGATAGAGTGGGCCTTAACGGAGTTATTAC 1498
RL1627 TGTTTGGAGGAACGGAAACGGTAGCGTCAGCGATAGAGTGGGCATTGACTGAATTACTAC 275
khkhkhkhkhkhkhkhkhkhkdkhkhkhkhkhkhkhkhkhkhkhkdhkhkhdhhx *hhkkhhkkhkhkhkkhkhhdkdx **x **x **x *k*x **k*
At4G36220 GGAGCCCCGAGGATCTAAAACGGGTCCAACAAGAACTCGCCGAAGTCGTTGGACTTGACA 1558
RL1627 GGAGCCCCGAGGATCTAAACCGAGTCCAACAAGAACTCGCTGAAGTCGTCGGACTTGACC 335
EEEE R RS S S SRR EE RSN SRS EEEEEEEEEEEEENEEEEEEEENEEEEEEESEE]
At4G36220 GACGAGTTGAAGAATCCGACATCGAGAAGTTGACTTATCTCAAATGCACACTCAAAGAAA 1618
RL1627 GACGTGTGGAAGAATCAGACATCGAGAAGTTGACTTTTCTGAAATGCACACTCAAAGAAA 395
EEE R S A R R E SRS RS EEEEEEEEEEEEEEE IS EIEEEEEEREEESEEEEEESEESS
Se@-P10
At4G36220 CCCTAAGGATGCACCCACCGATCCCTCTCCTCCTCCACGAAACCGCGGAGGACACTAGTA 1678

RL1627 CCCTAAGGCTACACCCACCGATCCCACTCCTCCTACACGAAACCGCAGAGGACACTGAGA 455

kkkkkkhkk k hkkkkkkkkkkkkk kkkkkokkk hhkkkkkkkkkk kkkkokkk ok *



