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The Arabidopsis AtmiR156b gene was expressed in Brassica napus under the control of the

cauliflower mosaic virus (CaMV) 35S promoter and the seed-specific napin promoter. Seed caro-

tenoid levels, branching habit, seed yield, and seed weight were examined in the transgenic

B. napus. Our results demonstrated that constitutive expression of AtmiR156b in B. napus resulted

in enhanced levels of seed lutein and β-carotene and a 2-fold increase in the number of flowering

shoots, whereas AtmiR156b driven by the napin promoter did not affect these traits. This suggested

that enhancement of seed quality and shoot branching are both related to AtmiR156b expression

patterns. Seed yield and seed weight varied significantly within the transgenic lines. However, one

line was found to have enhanced seed carotenoid levels but unchanged seed weight or yield. These

data suggest that AtmiR156b gene expression could be applied in plant breeding initiatives for

enhancing carotenoid production in canola and other crop species.
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1. INTRODUCTION

The Arabidopsis microRNA miR156 regulates a network of
genes by targeting 10 SPL (SQUAMOSA PROMOTER BIND-
ING PROTEIN LIKE) transcriptional factors (1-3), some of
which regulate leaf primordium initiation and transition from the
vegetative to the reproductive stage (4-7). MiR156 overexpres-
sion in Arabidopsis increases the number of rosette leaves and
shoot branches (1). The recent discovery of strigolactones, plant
branching inhibitors derived from carotenoids (8, 9), revealed
that plant branching is related to carotenoid metabolism. To-
gether, these reports suggest a link among miR156, carotenoid
metabolism, and shoot branching with the potential to affect seed
yield and quality in crops.

Brassica napus (canola) is a commercially valuable seed crop,
which is grown throughout the world for animal feed, vegetable
oil, and biodiesel. Substantial effort has been directed toward the
genetic enhancement of the nutritional composition of B. napus
seeds (10). Carotenoids are valuable components inB. napus seeds
and have potential as supplements in livestock feed. Plant
carotenoids are also important in the human diet. The consump-
tion of β-carotene, a precursor of vitamin A, is closely related to
human health owing to its role as an antioxidant (11-14).

Carotenoid biosynthesis in plants has beenwell studied and has
been reviewed in seed and nongreen tissues (15). Significant

enhancement of carotenoid accumulation has been achieved in
several different plants by manipulating genes directly involved
in the carotenoid biosynthetic pathway or more distantly re-
lated genes (16-18). More recently, suppression of the negative
regulator of light-mediated responses in tomato, DE-ETIO-
LATED-1 (DET1), resulted in a simultaneous increase in the
level of carotenoids and flavonoids (19). RNAi-mediated sup-
pression of DET1 in B. napus increased seed carotenoid accu-
mulation and reduced antinutritional sinapine esters while main-
taining normal plantmorphology and seed productivity (20). These
studies indicate the potential of using specific regulatory genes to
enhance carotenoid production and improve other plant traits.

In this study, the Arabidopsis miR156b was expressed in
B. napus using the constitutive CaMV 35S promoter and the
seed-specific napin promoter (21), and the effect on seed carote-
noids, branching, and seed production evaluated.

2. MATERIALS AND METHODS

2.1. Plant Material and Growing Conditions. The B. napus
doubled haploid line, DH12075, was used as recipient germplasm for
transformation with the AtmiR156b transgene. All transgenic lines were
grown in plastic pots (diameter 12.5 cm) containing Co-Co Mix potting
growth media as prepared before (20) in a controlled environment green-
house (16 h light/8 h dark, 20 �C/17 �C). About 50 days after seeding, the
large basal leaves were removed for better plant management. Upon
flowering, plants were bagged to prevent accidental cross-pollination, and
mature seeds were subsequently harvested.*Corresponding author. E-mail: abdelali.hannoufa@agr.gc.ca.
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2.2. Plasmid Construction and Plant Transformation. The
AtmiR156b gene was isolated by PCR amplification according to Schwab
et al. (1) from 20 day old plants of A. thaliana ecotype Columbia using
specific primers designed to include additionalXbaI and SacI sites at the 50

and 30 ends, respectively (Table 1). The gene was cloned into the pCR2.1-
TOPO TA cloning vector (Invitrogen Inc., Mississauga, Canada) for
sequencing and then excised and inserted into the XbaI/SacI sites in
pBI121 (Clontech,MountainView, CA) downstream from theCaMV35S
promoter. Here, the gusA gene was replaced by AtmiR156b, and the
resultant plant expression constructwas designatedpSW05 (Figure 1A). In
construct pSW04, the 35S promoter in pSW05, was replaced by a B. napus
napin promoter (21). Additionally, the pBI121 vector carrying the
gusA gene was used to generate transgenic control plants. Agrobacterium
tumefaciens (GV3101pMP90) harboring these constructs was used to
transform B. napusDH12075 cotyledon explants as described before (22).
Timentin (450 mg/L) was used to blot the Agrobacterium infected plant

materials immediately after infection and also added to the selection
media to eliminate Agrobacterium throughout the selection process.
Regenerated plantlets that survived kanamycin (25 mg/L) selection were
transplanted into a greenhouse. PCR amplification with one promoter-
specific primer and one gene-specific primer (Table 1), followed by
sequencing of the PCR product, was conducted to ensure there were no
selection escapes. These in addition to the analysis of the transgenemRNA
eliminated any false PCR positives arising from Agrobacteruium contam-
ination. For pBI121 transformants, staining of leaves for β-glucuronidase
(GUS) activitywas alsoperformed (23) to confirm transgene presence. For
each construct, approximately 20 independent T0 transgenic plants were
analyzed.

2.3. DNA and RNA Extraction. Total plant genomic DNA was
extracted from leaves using DNeasy Plant Mini Kit (Qiagen, Mississauga
Canada). TotalRNAwas extracted from themature seeds of all transgenic
plants according to Shi and Bressan (24).

Table 1. Primers Used in the Experimental Procedures

primer sequence note

miR156b_XbaI_F 50-tctagaGTAAGACACGTGTAGAAATCTTC-30 XbaI site italicized. For gene cloning.

miR156b_R 50-ACTTCAGGGTGAAGCACATTAG-30 For gene cloning

35S_F3 50- CAATCCCACTATCCTTCGCAAGACCC-30 PCR screening

Napin_F3 50-gcagatctAAGCTTGCTTTCTTCATCGGTGATTGATTCC-30 italicized BglII site, for PCR screening

GUS_2R 50-CAG ACG TTG CCC GCA TAA TTA C-30 PCR screening

qmiR156_R 50-CTCTTTCTGTCAGTTGCCTATCT-30 PCR screening and transcript quantification

qmiR156b_F 50-CAGAAGAGAGTGAGCACATGCAG-30 transcript quantification

Figure 1. Constitutive and seed specific expression of pSW04 and pSW05 vectors (A) for generating transgenicB. napus. PCR-detected transgene presence
(B) and transgene expression levels relative to that of reference gene 18S rRNA (C) in transgenic plants are also shown. P35S, cauliflower mosaic virus 35S
promoter; AtmiR156, Arabidopsis miR156b gene; Tnos, nopaline synthase terminator; Pnapin, B. napus napin promoter. For pSW04: M, DNA molecular
weight marker; lane 1, plasmid DNA carrying the transgene AtmiR156; lane 6, wild type plant; lanes 2-5 and 7-12, independent transgenic plant lines (lanes
2, 3, and 5with very faint bands). For pSW05:M, DNAmolecular weightmarker; lane 1, plasmidDNA carrying the transgene; lane 6, wild type plant; lanes 2-5
and 7-11, independent transgenic plant lines (lane 3 does not show the typical transgene pattern; therefore, it may not be transgenic). Error bars of transgene
expression levels represent the standard deviation among six replicates.
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2.4. Transgene Transcript Quantification. AtmiR156 transcript
levels in transgenic plants were quantified using reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and gene-specific
primers (Table 1) designed to amplify the precursor transcript of
AtmiR156b. First-strand cDNA synthesis and real time qPCR analysis
using SYBR Green qPCR Master Mix (Cat No. 11735-040, Invitrogen,
Carlsbad, CA) and Quantum RNA Universal 18S Internal Standard
(Applied Biosystems/Ambion, Austin, TX) as the internal reference gene
were performed as previously described (20). Control PCR reactions
without cDNA templates were also performed for each primer pair.
Because pBI121transgenic plants used as the control did not contain
AtmiR156b and all PCR reactions displayed efficiencies around 100%, the
relative expression level of the transgene to that of 18S rRNA for each
independent transgenic line was calculated using 2-ΔCt, in which ΔCt
means the difference in cycle number at the threshold between the target
transgene and the reference gene. All samples were assayed in triplicate
from two independentRNA samples and themean expression values of all
the replicates determined.

2.5. PlantMorphology Traits.On the basis of transgene transcript
levels and seed carotenoid quantification in T0 transgenic plants, five to six
T1 plants per independent transgenic event were used to evaluate branch-
ing and flowering phenotypes for the pSW05 and pSW04 constructs.
Germinated T1 plants were rescreened by PCR to confirm the presence of
the transgene when the fourth to fifth true leaf was produced. The number
of primary and flowering branches, seed yield, and seed weight were
recorded for each plant. The means for all five T1 plants per independent
transformation event were analyzed by ANOVA and a Tukey statistical
test using Origin 8.1 software (OriginLab Co., Northampton, MA, USA).

2.6. Carotenoid Extraction and Quantification. Seed carotenoid
extraction and analysis on T0 seeds using high performance liquid
chromatography (HPLC) were carried out according to a protocol used
in this laboratory (25). Compounds were identified by their retention time
and absorption spectra compared to those of known standards. For each
independent transgenic event, individual (lutein, β-carotene, violaxanthin,
and β-crytoxanthin) and total carotenoids were determined for triplicate
seed samples and means analyzed using ANOVA and a Tukey statistical
test.

3. RESULTS

3.1. Generation of Transgenic B. napus Plants. CaMV 35S or
napin promoter cassettes driving the AtmiR156b (Figure 1A) and
a control pBI121 cassette driving the gusA gene were introduced
into B. napus DH12075 by Agrobacterium-mediated gene trans-
formation. Approximately 20 in vitro plantlets surviving kana-
mycin selection (per construct) were transplanted into soil in
the greenhouse. PCR amplification using primers specific to each
promoter and to the AtmiR156b gene showed products with
expected sizes in pSW05 plants (35S) and pSW04 plants (napin)
(Figure 1B) andwas confirmed by sequencing. Plants carrying the
pBI121 constructwere verified by staining leaves forGUSactivity
(data not shown). AtmiR156b was expressed in the leaves of
lines transformed with pSW05 and seeds of lines transformed
with pSW04. Expression relative to the reference gene 18S rRNA
ranged from 0.5-1.2-fold for pSW04 and around 1.5-fold for
pSW05 (Figure 1C). Such expression levels of AtmiR156b in dry
seeds in transgenic B. napus were relatively substantial consider-
ing the high abundance of 18S rRNAmolecules (1000-1000000-
fold calculated on the basis of the ΔCt) compared to the mRNA
level of a normal housekeeping gene as detected by Nicot
et al. (26). The AtmiR156b transcript in control pBI121 plants
was undetectable.

3.2. Effect of AtmiR156b on Morphology and Seed Yield in

Transgenic B. napus. The majority of pSW05 plants constitu-
tively expressing AtmiR156b exhibited dramatic morphological
changes, while pSW04 plants with seed-specific expression of
the gene were phenotypically indistinct from control plants
(Figure 2). In pSW05 transformants, most axillary buds along
the main stems sprouted and developed into axillary branches

over the period of vegetative growth (Figure 2A), which made the
plants appear bushy. Variation in plant height was also found
among pSW05 transformants.Approximately 10%of the pSW05
plants became very short and bushy. An additional 10% of
pSW05 plants grew as tall as control plants, but with more
branches. No significant differences in branching were found
between the pBI121 control and the T1 pSW04 lines (8.2( 2.7 per
plant, mean value for all tested lines) (Figure 2C).

The onset of flowering in most pSW05 transgenic lines was
similar to that of pBI121 control plants. However, enhanced
reproductive branchingwas observed for the pSW05plantswhich
resulted in a much longer flowering period (>2 months longer
than control plants). T1 85 day-old pSW05 transformants showed

Figure 2. Enhanced branching phenotype associated with transgenic
B. napus expressing AtmiR156b under the control of the 35S promoter
at both vegetative (A) and reproductive stages (B and C). Bars with
different letters represent statistically different means, pe 0.05. Error
lines represent the standard deviation of five replicate measurements.
pSW05_17 and pSW05_18 in B show the range of growth phenotypes
observed.
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a 2-fold greater number of flowering branches (15.3 ( 5.1 per
plant, mean value for all tested lines) than the pBI121 control
plants (7.5 ( 4.7 per plant, mean value for all tested plants)

(p < 0.05) (Figure 2B and C). No significant difference in seed
yield occurred between plants harboring pSW04 (6.15 ( 1.61 g/
plant), pSW05 (4.02 ( 1.64 g/plant), or pBI121 (5.83 ( 1. 09 g/
plant) (p<0.05), although large variations in seed yield per plant
were observed in some transgenic lines and in one case, pSW05-33,
plants showed a slight reduction in seed yield (Figure 3A). Seeds
expressing AtmiR156b exhibited a significantly lower weight
per 100 seeds than control seeds, except for plants SW04-9 and
pSW05-33 (p< 0.05), which had a seed weight similar to that of
the control line (Figure 3B).

3.3. Carotenoid Levels in Transgenic Seeds. Levels of the two
major seed carotenoids, lutein and β-carotene, were quantified
in mature T0 seeds of AtmiR156b and pBI121 transgenic plants.
Violaxanthin, β-cryptoxanthin, and otherminor carotenoid com-
pounds were not detected in mature seeds. Compared to control
plants, the sum of the two detectable compounds in the seeds
carrying pSW05 was increased 1.3-2-fold (Figure 4). The major
carotenoid, lutein, increased in a manner similar to that of total
carotenoids. However, a substantial change was found for the
minor carotenoid, β-carotene, which increased up to 4.5-fold
(Figure 4). Compared to pBI121-carrying seeds, the levels of
lutein, β-carotene, and total carotenoids in mature seeds carrying
pSW04 remained unchanged (Figure 4). This suggests that
pSW05 was more effective than pSW04 at enhancing the level
of carotenoids in seeds, especially at enhancing β-carotene.

4. DISCUSSION

In Arabidopsis, AtmiR156b regulates plant growth and deve-
lopment, including the rate of leaf initiation (27) and transition
from vegetative growth to reproductive growth (4, 6, 7) by
negatively regulating the expression of 10 target SPL transcrip-
tion factor genes (1-3, 27). Suppression of SPL genes resulting

Figure 3. Seed yield (A) and seed weight (B) inB. napus lines expressing
AtmiR156b. Bars with different letters represent statistically different
means (p e 0.05). Error bars represent standard deviation of the means
of 4 replicates. pSW04 lines, napin promoter driven AtmiR156b; pSW05
lines, CaMV 35S promoter driven AtmiR156b.

Figure 4. Enhanced seed lutein and β-carotene levels in B. napus constitutively expressing an AtmiR156b gene. Means with the same letter are statistically
similar (pe 0.05). Error lines represent the standard deviation of the means of 3 replicates. pSW04 lines, napin promoter driven AtmiR156b; pSW05 lines,
CaMV 35S promoter driven AtmiR156b.
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from AtmiR156 overexpression has been well documented
in Arabidopsis. Although, a similar suppression in transgenic
B. napus overexpressing AtmiR156b could be deduced from the
available literature, it would be interesting to study the functions
of different SPL genes in B. napus, especially as they relate to the
phenotypic changes observed in our study. Moreover, overex-
pression of AtmiR156b in Arabidopsis (1, 3, 4), rice (28), and
maize (29), resulted in similar phenotypic alterations. Here, we
show its effect on enhancing vegetative shoot branching and
reproductive shoot branching when expressed in B. napus under
the control of a constitutive promoter. This suggests an evolu-
tionarily conserved role for miR156 genes across diverse plant
species.

Amajor new finding in our study is that 35S-drivenAtmiR156b
expression in B. napus caused increased levels of the seed
carotenoids, lutein and β-carotene, which are strong antioxi-
dants (30). Although a greater variability in seed carotenoid levels
within individuals in T1 transgenic lines than in T0 lines would
be expected due to transgene segregation in T1 plants, the
AtmiR156b induced seed carotenoid enhancement should be
maintained. In silico sequence analysis of the whole Arabidopsis
genome (TAIR 9) indicated that none of the known carotenoid
pathway genes has a sequence complementary to the mature
sequence of AtmiR156b (data not shown). Thus, AtmiR156b
likely affects carotenoid pathways indirectly through one of the
components of its gene regulation networks.

Recently, a group of carotenoid-derived metabolites, strigo-
lactones, was determined to regulate branching in plants through
a hormone regulatory network (8, 9, 31). Loss-of-function of
carotenoid cleavage dioxygenase 7 and 8 results in an enhanced
shoot branching phenotype in Arabidopsis (30). In addition,
inactivation of histone methyltransferase SDG8 leads to low
expression levels of a carotenoid isomerase gene, resulting in
altered carotenoid composition in Arabidopsis and increased
shoot branching (32). Since both seed carotenoids and branching
are altered in B. napus lines expressing the AtmiR156b gene, it
would be interesting to analyze these lines in the future for a better
understanding of the mechanisms underlying the regulatory
effects of the AtmiR156b gene on carotenoid metabolism in
B napus.

Since flowering shoot branches were increased in pSW05
transgenic plants (in which AtmiR156b was expressed from a
35S promoter), we determined whether AtmiR156b had an
impact on seed productivity. Our data suggested that in pSW05
plants increased reproductive branch number can reduce seed
size, while overall seed yield is not affected. Reduced seed size
could be related to the supply of fertilizer, which may not
have been sufficiently optimized to support the extended
growth and flowering period (>additional 2 months) that
occurred with pSW05 plants. However, an increase in seed
yield variability was also observed for pSW04 plants expres-
sing AtmiR156b from the napin promoter, and these plants
did not show increased branching. A better understanding
of the functions of AtmiR156 and its regulation of gene
networks in B. napus is needed to pinpoint the specific gene
regulation mechanism underlying seed weight variability and
reduction.

Sequence analysis indicated that the mature sequences of
B. rapa BrmiR156b (GenBank, Accession No. AC189375.2)
andArabidopsis AtmiR156 are identical, while up to 90% identity
is maintained between the prematuremiR156b sequences of these
two species (Figure 5A). The mature AtmiR156b sequence also is
identical to the mature B. napus BnmiR156a but has two mis-
matches when aligned to the mature sequence of BnmiR156b and
BnmiR256c (http://www.mirbase.org/cgi/bin/mirna_summary.
pl?fam= MIPF0000008) (Figure 5B). Plant microRNAs reg-
ulate target gene expression based on complementarity to
their target genes, but 2-4 mismatches are tolerated (2).
Transgenic Arabidopsis overexpressing either AtmiR156b
or other AtmiR156 genes, which have identical mature se-
quences, all exhibit the same morphological alterations in-
cluding additional rosette leaves and delayed flowering
time (4). Therefore, we suggest that AtmiR156b has the
potential to function through SPL target gene expression
regulation similarly when expressed in transgenic B. napus
and Arabidopsis.

Seed-specific expression of the AtmiR156b gene in B. napus
carrying the pSW04 construct had little or no impact on branch-
ing habit or seed carotenoid profiles, even though seedweightwas
affected in these plants. The seed likely is not a major functional

Figure 5. Alignment of miR156b precursors from B. rapa and A. thaliana (mature sequence highlighted in blue box) (A) and mature sequences of eight
miR156 genes from Arabidopsis and three genes from B. napus (B). Sequences highlighted in yellow are identical, while those highlighted in blue and white
contain mismatches.
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site of the AtmiR156 gene since phenotypic alterations resulting
frommiR156 negative regulation inArabidopsis are due to shoot-
tip specific expression of some SPL genes (26). Moreover, the
napin promoter is active only in the later stages of seed develop-
ment (33).

In conclusion, the AtmiR156b was shown to function in
B. napus. Constitutive expression increased vegetative and repro-
ductive branching, often impacted seed weight, and increased
seed carotenoid levels. In at least one line (pSW05-33), seed
carotenoids were elevated without penalty on seed size or yield.
Since the transgenic B. napus lines expressingAtmiR156b showed
increased variability for each of those traits, it may be possible to
identify lines with favorable seed carotenoid levels and few
penalties, assuming other traditionally favorable characterisitics
of seed quality (i.e., low glucosinolates and low erucic acid),
disease resistance, and seedling vigor are present. Such lines
would be welcome in a number of transgenic edible crops,
including canola, since they would likely show enhanced human
health attributes, antioxidant capacity, and oil with improved
shelf life (34).
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