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Abstract

Key message BnA10.LMII positively regulates the development of leaf lobes in Brassica napus, and cis-regulatory
divergences cause the different allele effects.

Abstract Leaf shape is an important agronomic trait, and large variations in this trait exist within the Brassica germplasm.
The lobed leaf is a unique morphological characteristic for Brassica improvement. Nevertheless, the molecular basis of leaf
lobing in Brassica is poorly understood. Here, we show that an incompletely dominant locus, BnLLA 0, is responsible for
the lobed-leaf shape in rapeseed. A LATE MERISTEM IDENTITY1 (LMI1I)-like gene (BnA10.LMII) encoding an HD-Zip
I transcription factor is the causal gene underlying the BnLLA 10 locus. Sequence analysis of parental alleles revealed no
sequence variations in the coding sequences, whereas abundant variations were identified in the regulatory region. Consist-
ent with this finding, the expression levels of BnLMII were substantially elevated in the lobed-leaf parent compared with its
near-isogenic line. The knockout mutations of BnA10.LMII gene were induced using the CRISPR/Cas9 system in both HY
(the lobed-leaf parent) and J9707 (serrated leaf) genetic backgrounds. BnA10.LMII null mutations in the HY background
were sufficient to produce unlobed leaves, whereas null mutations in the J9707 background showed no obvious changes in
leaf shape compared with the control. Collectively, our results indicate that BnA10.LMI1 positively regulates the develop-
ment of leaf lobes in B. napus, with cis-regulatory divergences causing the different allelic effects, providing new insights
into the molecular mechanism of leaf lobe formation in Brassica crops.

Introduction preference, and ultimately crop yield and quality (Zhu et al.

2016). An important variation in leaf shape is the outline
Leaves are essential organs in crop plants, playing a major  of the leaf margin, which can be entire, serrated or lobed.
role in photosynthate accumulation, gas exchange, nutrient ~ Leaf shape diversity reflects natural selection operating on
distribution and water transport (Tsukaya 2006). Leaf mor-  leaf function and is a valuable resource that can increase our
phology can significantly affect canopy evapotranspiration,  understanding of the ecological and evolutionary drivers of
the penetration of sunlight and chemical pesticides, pest  diversification in leaf shape and the functional significance
therein (Nicotra et al. 2011).

Rapeseed (Brassica napus) is one of the world’s most
important sources of oilseed crop. Extensive leaf shape
Electronic supplementary material The online version of this diversity, including lobed leaves, exists in Brassica species.
article (https:/doi.org/10.1007/s00122-018-3184-5) contains The functional significance of lobed leaves in rapeseed has
supplementary material, which is available to authorized users. been identified with potential advantages for high-density
planting and hybrid production (Pu et al. 2001; Tu et al.
2013). High planting density benefits mechanized harvest-
ing in mechanical production, yet the deteriorative canopy
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lobed-leaf lines perform better than entire leaves to relieve
this problem. Furthermore, leaf lobes are easily recognized
even in the early stages, serving as a perfect indicator trait
in hybrid production. Thus, a better understanding of the
molecular regulatory mechanism of leaf lobing in rapeseed
will contribute to the manipulation of leaf shape and its uti-
lization in production.

Previously, lobed-leaf genes have been genetically ana-
lysed and mapped in different Brassica species. In B. rapa,
the lobed-leaf phenotype is controlled by major genes or
polygenic effects with the dominant trait being the presence
of leaf lobes (Song et al. 1995; Kubo et al. 2010; Wang
et al. 2015), and a quantitative trait locus (QTL) in the
A10 linkage group was found to be one of the major loci
involved in regulating leaf lobing. Similarly, leaf lobing was
controlled by an incompletely dominant locus at the distal
end of chromosome A10 in B. napus (Ni et al. 2015). Thus,
these results provide a target for the molecular cloning and
characterization of the lobed-leaf gene. Here, we report the
isolation and functional characterization of a LATE MER-
ISTEM IDENTITY]1 (LMI1)-like gene, BnA10.LMI1, as the
major determinant of leaf lobing underlying the BnLLAI10
locus in rapeseed.

Materials and methods
Plant materials

For QTL analysis and gene mapping, two rapeseed culti-
vars, the lobed-leaved line HY and the serrated-leaved line
79, were used as parents in a reciprocal cross (HY XZ9
and Z9 X HY) to produce F, lines. Subsequently, the F, line
derived from HY XZ9 was self-pollinated and backcrossed
successively with the recurrent parent, HY, to produce F,,
F;, BC|F,, BC,F, and BC;F, populations. A BC5F, indi-
vidual with the homozygous Z9-allele at the BnLLLA10 locus
was selected by molecular markers developed in the study
and used as a near-isogenic line (NIL) of HY (i.e. Z9-NIL).
A BAC library of the serrated-leaved inbred line J7005 was
used for comparative sequencing analysis. A semi-winter
B. napus pure line, J9707 (serrated leaves), was used as the
transformation receptor in this study.

In B. rapa, an F, population was derived from a cross
between the parental lines S1365 (female, lobed leaves) and
P10 (male, serrated leaves).

Trait measurement
To quantify the extent of leaf lobing and complexity, the
leaf dissection index was calculated as (perimeter-squared)/

(4n x area) according to Bilsborough et al. (2011). For the
preliminary linkage analysis, the leaf lobe phenotype was
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categorized by visual inspection using the following scale:
0-3 (O=serrated leaf, 1-2 =intermediate and 3 =lobed leaf,
as shown in Fig. S1).

To test the effects of leaf lobing on photosynthetic fea-
tures, the chlorophyll content and net leaf photosynthetic
rate (Pn) of HY and Z9-NIL were measured in the field.
Seedlings were grown during the 20162017 season on the
experimental farm of Huazhong Agriculture University,
Wuhan, China. The field experiment followed a randomized
block design with three replications. The chlorophyll con-
tent of the leaves from 80-day-old seedlings was measured
using a chlorophyll meter (SPAD-502, Minolta Camera Co.,
Osaka, Japan). For each measurement, the ten uppermost
fully expanded leaves were selected from each field block.
Three SPAD readings were taken around the midpoint of
each leaf margin beside the midrib. Ten SPAD readings
were averaged to represent the mean value of each block.
Pn was measured on the newest fully expanded leaves using
a portable photosynthesis system (LI-6400XT; Li-COR Inc.,
Lincoln, NE, USA) between 09:00 am and 11:00 am during
the bolting stage, as described previously (Sun et al. 2016).

DNA extraction and SNP analysis

For single-nucleotide polymorphism (SNP) genotyping
(Illumina Brassica 60-K array), genomic DNA was extracted
from fresh leaves of individual F, plants, one F; hybrid and
the two parents using a plant genomic DNA extraction kit
(Tiangen Biotech, Beijing, China) according to the manu-
facturer’s instructions. Two lobed-leaved bulk DNA samples
were constructed with equivalent amounts of DNA from 12
lobed-leaved individuals. Each bulk included DNA from six
individuals. The two parents (HY and Z9), their F; hybrid
and two lobed-leaved bulks were used for SNP genotyp-
ing with an [llumina Brassica 60-K array, according to the
method described by Li et al. (2016). SNPs distributed in the
target region are listed in Table S1.

Molecular marker development, linkage analysis
and QTL mapping

Molecular markers, including simple sequence repeat
(SSR), insertion/deletion (INDEL) and SNP markers in the
BnLLAI0 locus region, were newly developed (Table S2)
based on genome assemblies of B. rapa (http://brassicadb
.org/brad/) and B. napus (http://www.genoscope.cns.fr/
brassicanapus/). SSR primers were designed using the web-
based SSR finder tool (http://www.geboc.org/index), and
INDEL primers were designed using Primer5.0 software.
The SNAPER programme (Drenkard et al. 2000) was used
to design the SNP primers. All primer pairs were synthe-
sized by Sangon Biological and Engineering Co. (Shanghai,
China).
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Linkage analysis was performed using Mapmaker/Exp
3.0 (Lincoln et al. 1992), and the Kosambi function was used
to calculate genetic distance. QTLs were detected using the
composite interval mapping with the program QTL Cartog-
rapher V2.0 (Wang et al. 2004) at a threshold of LOD =3.0.

RNA extraction and quantitative real-time PCR
(qRT-PCR)

Total RNA was prepared using the EasyPure Plant RNA
Kit (TransGen Biotech, Beijing, China) according to the
manufacturer’s instructions. A 2-ug sample of RNA was
converted into cDNA following the manufacturer’s instruc-
tions (TransScript RT Kit, TransGen Biotech). Real-time
PCR was performed using the TransStart Top Green gPCR
SuperMix Kit (TransGen Biotech) on a CFX96 Real-Time
System (Bio-Rad). Relative quantification was performed
using the comparative cycle threshold method, and the rela-
tive amount of PCR product that was amplified using the
designed primer sets (listed in Table S3) was normalized to
the reference gene ornithine transcarbamylase (OTC), as
described by Cnops et al. (2004).

Transgene construction and plant transformation

To construct the Cas9/sgRNA-expressing binary vectors,
four sequence-specific sgRNAs in the target gene were
selected using the web-based tool CRISPR-P (http://cbi.
hzau.edu.cn/cgi-bin/CRISPR). The binary pYLCRIPSR/
Cas9 multiplex genome targeting vector system was pro-
vided by Prof. Yaoguang Liu (South China Agriculture Uni-
versity, Guangzhou, China) and used for construct assembly
according to the method described by Ma et al. (2015). The
oligos used in constructing the sgRNA vectors are listed
in Table S3. The resulting construct contained a Cas9p
expression cassette, SgRNA expression cassettes with target
sequences and a hygromycin resistance cassette (Fig. 5a).

Following verification of the fused constructs via
sequencing, the resulting constructs were transformed into
B. napus via the Agrobacterium tumefaciens-mediated
hypocotyl method (Zhou and Fowke 2002). The transgenic
plants were screened and confirmed by antibiotic selection
and PCR.

Identification of CRISPR/Cas9-induced mutations

PCR was performed to amplify the genomic region sur-
rounding the CRISPR target sites using specific primers
(Table S3). The PCR fragments were directly sequenced or
cloned into the pEASY-T (TransGen Biotech) vector and
then sequenced by the Sanger method to identify mutations.

Results

Leaf lobing in rapeseed is controlled by a nuclear
locus BnLLA10 with major effect

To investigate the inheritance of the lobed-leaf trait in B.
napus, reciprocal crosses between the lobed-leaved par-
ent Tongling huaye (HY) and the serrated-leaved parent
Zhongshuang 9 (Z9) were conducted. The F, plants from
the reciprocal crosses exhibited intermediate leaf mor-
phology (Fig. 1a, b). In each of the random F, and BC,F,
subpopulations, the segregation ratio for the serrated,
intermediate and lobed-leaf types was approximately 1:2:1
(;(2 =2.33 and 2.99, p > 0.05; Table 1). These results indi-
cated that the lobed-leaf trait is controlled by a nuclear
locus with major effect, designated BnLLA10, without
cytoplasmic genetic effects. A Z9-NIL was developed by
introducing the homozygous Z9-allele at the BnLLAI0
locus into the HY genetic background at the BC;F, gen-
eration, which showed the same leaf morphology as that of
79. Compared with Z9-NIL, the leaf chlorophyll content
and photosynthetic rate in HY were significantly increased
(Fig. 1c, d).

The tandemly duplicated LMI7-like genes BnA10.
RCO and BnA10.LMI1 are candidate genes
within BnLLA10 of B. napus

To map the BnLLA10 locus in B. napus, two lobed-leaved
DNA bulks from the F, population along with DNA from
the two parents and one F, hybrid were used for SNP
detection with an Illumina Brassica 60-K array. After
the removal of invalid markers, a total of 11,012 SNPs
between the parents were used for further screening. Only
31 SNPs met the requirements that the genotype of both
DNA bulks should be homozygous for the HY parental
allele and that the F,; hybrid should be heterozygous. The
subsequent BLAST analysis located 26 of these SNPs in
a region corresponding to 15.2—-17.4 Mb on chromosome
A10 of the B. napus genome (Table S1).

A linkage map consisting of nine markers spanning the
candidate region was subsequently constructed in a random
BC,F, subpopulation (Fig. 2a). The leaf lobe phenotype of
each individual in the population was categorized by vis-
ual inspection using the following scale: 0 =serrated leaf,
1-2 =intermediate, 3 =lobed leaf (Fig. S1A). A major QTL
with a LOD of 78.4, BnLLAI0, was detected within the
marker interval A10_87-A10_90 and found to account for
90.5% of the leaf lobe variation (Fig. 2a; Table 2).

After a recombinant screening using 2981 plants with
the parental phenotypes (extremely serrated or lobed

@ Springer


http://cbi.hzau.edu.cn/cgi-bin/CRISPR
http://cbi.hzau.edu.cn/cgi-bin/CRISPR

2702

Theoretical and Applied Genetics (2018) 131:2699-2708

Fig. 1 Morphological and
physiological performance of
the lobed-leaf trait in B. napus.
a Leaves of Z9, F, hybrid of
Z9xHY, F, hybrid of HY XZ9
and HY (from left to right)

of 50d-old plants. Bar, 1 cm.

b Leaf dissection indices of
parents and F, hybrids (n=10).
Uppercase letters indicate a
significant difference at the
0.01 probability level among
parents and F, hybrids based on
a multiple comparison test. ¢
Comparison of leaf chlorophyll
contents (LCC) (n=10) and d
net photosynthetic rates between
HY and Z9-NIL leaves (n=3).
Data represent mean + SD.
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Table 1 Leaf shape segregation  pooyjaion Individual with  Individual with Individual with  Total  Ratio ;2
of EZ and BC,F, populations serrated leaves intermediate leaves  lobed leaves
derived from crosses between
HY and Z9 in B. napus Z9xHY F, 117 270 140 527 1:2:1 233
Z9xHY BC|F, 64 115 46 225 1:2:1 2.99

1 test for goodness of fit at 0.05 significance level (x(z)'os, »,=5.99)

leaves) from the F,, F;, BC,F,, BC,F, and BC;F, popula-
tions, the genomic region containing the BnLLA 10 locus
was further narrowed down to a 41.0-kb region bounded
by A10_87 and A10_88 (Fig. 2b). Based on the B. napus
reference genome database (http://www.genoscope.cns.fr/
brassicanapus/), five genes, designated BnaA10g26310D
through BnaA10g26350D, were identified in the mapping
region (Table 3).

Among the mapped genes, BnaA10g26320D (hereaf-
ter BnA10.RCO) and BnaA10g26330D (hereafter BnAI0.
LMII) are LMII-like paralogues that encode class I
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HD-Zip transcription factors. Their homologues have been
implicated in leaf shape diversity in Cardamine hirsuta
(Sicard et al. 2014; Vlad et al. 2014) and Gossypium hir-
sutum (Andres et al. 2017). Of the remaining three puta-
tive genes, BnaA10g26310D is an exostosin family protein,
BnaA10g26340D encodes a putative 3-deoxy-D-manno-
octulosonate transferase, and BnaA10g26350D encodes a
beta-mannan synthase that is required for Agrobacterium-
mediated plant genetic transformation. Thus, BnA10.RCO
and BnA10.LMI1 are the most likely candidate genes in
BnLLAIO.
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Fig.2 Mapping of the lobed- A BnA10 BnAl10 B. rapa A10
leaf gene locus in B. napus Kb
and B. rapa. a Locations of the —[—BM864 -------ooee 16134 |- BM864 T A10_93
BnLLA10 and BrLLAI0 loci on
molecular linkage maps. The 1.6 16263 |l A10 93 e
left linkage map was con- -
structed using a BC,F, popula- A R
tion. Numbers show the genetic A10_49-.. . 4.4
distances between adjacent 0.8 BMS5 RN 16457 |- A10 49
markers; the arrow denotes the 0.4 1 -
QTL peak position. The middle BnLLAI 0-0:3 ——A10_87 L A10 96
is a physical map of B. napus —--KAIO_88\\\ 05 | L BrLLAILO
A10 in the target region of the 0.6 A A10790\\\:\\ o r
BnLLA10 locus. Numbers show A10765\\ 1.6
the physical distances between owoa6760 |l ATO 96" P A10_79
adjacent markers. The right 14 16772 T A10787
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cent markers. b Fine mapping of NON17230 HF A10Q 82 - —— A10 82
the BnLLA10 locus in B. napus. N 17279 A10_83 __!)_-_5_ L A10 85
The numbers in parentheses 17330 4l AlO 85 - o -
behind the molecular marker B
names represent the number of
recombinants at the correspond- BMS85 Al 0_59 Al 0_6 1 Al 0_95 Al 0_88 A10 90 A10_65
ing markers. The correspond- I22 I 14 | 14 | 4 I 1 I 17 | 28
ing genes annotated according ~___-- - -l
to the reference genome are 9H ;6 o 3 Q \QQ Tl N & 20kb
depicted in the 41.0-kb interval ?»\Q R\ ?y\Q /?,\ S\Q - R\ B
region
¢ l4 [2 1 1d0 o6 . - |(1)
N S Q N
N WY ®
S S R &
& i %Y & &
N7 i \Qigo N N
\ad ol \ad N
& & & &
% P

Table 2 Location and effect of the BnLLAI0 locus detected in the
BC,F, population in B. napus

Marker interval ~Marker LOD Additive Dominance R? (%)

A10_87-A10_90 A10_88 784 1.47 0 90.5

Marker interval, the smallest marker interval flanking peak position;
marker, the closest marker to the peak; additive effect, positive effects
indicate that the allele from HY increases the value of the leaf lobe;
R?, percentage of the phenotypic variation explained

BrLMI1 is the candidate gene for lobed leaves in B.
rapa

To verify the results in B. napus, we conducted similar
mapping of the lobed-leaf gene in B. rapa using a cross
between S1365 (lobed leaves) and P10 (serrated leaves).
F, plants had leaves similar to S1365, suggesting that the
lobed-leaf trait was dominant in this cross (Fig. S1B).

«————— BuLLAI0 410K ————>!

The F, individuals showed significant segregation of leaf
shape phenotypes. A total of 123 F, plants (43 individuals
with extremely serrated leaves and 80 with lobed leaves)
were selected for genotyping. Considering the dominant
nature of the BrLLA 10 locus, the presence or absence of
the lobed-leaf phenotype was used as a dominant marker
for the BrLLA10 locus in the linkage analysis. We local-
ized the BrLLA10 locus to an interval delimited by mark-
ers A10_96 and A10_79, corresponding to an ~230-kb
region on B. rapa chromosome A10 (Fig. 2a). Forty-three
genes, designated Bra009506 to Bra009548, were pre-
dicted within this candidate region based on the B. rapa
genome database (http://brassicadb.org/brad/index.php).
Among these candidate genes, Bra009510 (hereafter
BrLMI1) is an orthologue of B. napus BnA10.LMI1I and A.
thaliana LMI1 (Saddic et al. 2006). Taken together, these
results indicate a possibility that the conserved function
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Table 3 Predicted B. napus genes and the best hit of B. napus gene to A. thaliana protein by BLASTX in the candidate region of the BnLLAI0

locus

Genes Chromosome position  Orthologue in A. thaliana  Annotations

BnaA10g26310D 16773247-16775688  AT5G03795.1 Exostosin family protein

BnaA10g26320D 16783412-16778757 AT5G03790.1 Encodes a homeodomain leucine zipper class I (HD-Zip I) meristem
BnaA10g26330D  16785196-16786583 identity regulator

BnaA10g26340D 16794970-16797615 AT5G03770.1 Encodes a putative KDO (3-deoxy-D-manno-octulosonate) transferase
BnaA10g26350D  16804990-16809947  AT5G03760.1 Encodes a beta-mannan synthase that is required for Agrobacterium-

mediated plant genetic transformation

of BnA10.LMI11/BrLMII homologues is important in the
development of leaf lobes in both B. rapa and B. napus.

Promoter polymorphisms in BnA10.LMI1 underlie its
allelic variations

To define the structure of the candidate gene, we located
the exon—intron junctions by sequencing cDNA fragments
amplified by RT-PCR using BnLMII-specific primers. A
comparison to genomic sequences revealed that BnAl0.
LMII (GenBank accession number: MF590053) consisted
of three exons and two introns, and it encoded protein of
230 amino acids (Fig. 3a, b). The putative protein contains
a homeobox domain and a leucine zipper domain (Fig. 3b).

To establish the causal relationship between the candi-
date genes and leaf shape variations, a comparative sequence
analysis of the BnA10.LMII genomic DNA fragment was
performed. A multiple sequence alignment of ~3.0 kb
upstream of the start codon, the entire gene, and a 0.75 kb 3’
flanking sequence was conducted using the sequences from
both parents and a bacterial artificial chromosome (BAC)
library of inbred line J7005 (serrated leaves) (Fig. 3a). No
sequence variations were detected in the open reading frame

of BnA10.LMI1 (Fig. 3a), while a larger insertion (317 bp
upstream of the transcription start site) and three SNPs in
the BnA10.LMII promoter sequence were unique to the two
serrated-leaved inbred lines Z9 and J7005, along with 12
SNPs in the 3’ flanking sequence among these lines (Fig. 3a;
Fig. S2-S3), which were concluded to be the cause of the
functional variation.

The lobed-leaf shape is positively correlated
with enhanced transcript level of BnLMI1
during early leaf formation in rapeseed

Since the promoter polymorphism was the most critical vari-
ations between parental alleles of BnA10.LMI1, we specu-
lated that expression levels of the gene would be affected
by this regulatory diversification. To verify this hypothesis,
the relative expression of BnLMII in HY and Z9-NIL was
analysed during leaf development. BnLMII was dramati-
cally up-regulated in HY compared with Z9-NIL in the shoot
apex of 9d-old seedlings (Fig. 4a). In addition, expression
of this gene was very low and comparable in the shoot apex
of 9d-old seedlings, and the leaves of 10d-old and 15d-old
seedlings in Z9-NIL; by contrast, it was down-regulated

A
HY L S4 S3  S2  SI
B"AW-LM“ZQ I pa— !-:— -: ---%
________ 2,624 bp T ——— A10_102R  A10_242 A10_243 300bp A10_102F
B

BnA10.LMII_ HY MEWTTTRNLENVRVAFMPPPWPESSSFNSLHSSNYDPYSGNSCTPTDAQIGPVISVPESEKIINAYQFPSYDNEMIKKKRLTSGQLASLERSFQEEIKLD 100

BnA10.LMII_Z9
BnA10.LMI1_J7005

BnA10.LMII_HY
BnAl10.LMII_Z9
BnA10.LMI1_J7005

R R L NoY0)

ok K K K kK kK K K kK ok K kK ok K kK kK ok K kK kK K kK o K ok K K ok K ok K ok K ok ok ok K ok K ok K ok ok ok ok ok K ok ok ok ok ok Kk ok K K kK R Kk K R K R K K Kk Kk Rk Kk kK 100

SDRKLKLSRELGLQPRQIAVWFQNRRARWKAKQLEQLYDSLRQEYEVVSREKQMLHEEVKKLRALLRDQGLIKKQISGGEDMTEIPSVVIAHPRAENLNN 200

B B R Y0 0]

K K KKK KKK K KKK KKK KKK K KKK KKK KKK KKK K KKK KKK K KKK KKK KKK KKK K KKK KKK KKK KKK KKK KKK KK KKK AKX KKK KKK KKK XK KX XK ** D0

BnAl0.LMII_HY
BnA10.LMII_79
BnA10.LMII_J7005

NQINGENQIYVVDQYNNPMLITSSCWPPEFP 230

Kok Kk kK Kk kK Kk k kK kkkkk KKk kXK RKX D30

Kk K kK kK K kK Rk ok kR kK ok kR Kk kkkkkxkx D30

Fig.3 Gene structure and protein alignment of BnAI0.LMI1. a The
BnAl0.LMII gene structure, as well as natural variations between
the alleles from HY and Z9, are shown; four sgRNA (S1-S4) posi-
tions are indicated as red vertical lines, and horizontal black arrows
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Il Exon 4 Insertion in HY
== Intron | Deletion in HY
== UTR | SNP

represent PCR genotyping primers. b Alignment of BnA10.LMI1
protein sequences from three inbred lines of B. napus (HY, Z9 and
J7005). Full lines indicate the homeobox and dashed lines indicate
the homeobox-associated leucine domains (color figure online)
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BnLMII

0.20 *

0.15

BN HY
Hm 79-NIL

Relative gene expression 3,

Fig.4 Expression pattern of BnLMII in rapeseed. Expression of
BnLMII in the shoot apex of 9d-old plants, and the leaves of 10d-old
and 15d-old seedlings of HY and Z9-NIL (a), as well as the expres-
sion patterns of BnLMII in various tissues of HY seedlings (b), as
determined by qRT-PCR with normalization to BnOTC. Values are

significantly in the leaves of 10d-old and 15d-old seedlings
compared with the shoot apex of 9d-old seedlings in HY
(Fig. 4a), suggesting a potentially important role during
early leaf formation. The expression profiles of BnLMII in
different tissues of seedlings revealed higher expression in
the shoot apex than in other tissues (Fig. 4b). These findings
also indicated an important function during early leaf devel-
opment. Taken together, the gene expression differences
between HY and its NIL strongly suggest that the lobed-
leaf shape is positively correlated with enhanced BnLMI1
transcript levels.

CRISPR/Cas9-induced null mutations confirmed
that BnA10.LMI1 positively regulates leaf lobe
formation in B. napus

We tested whether BnA10.LMII functions in rapeseed
leaf lobe development by engineering null mutations in
BnA10.LMII using CRISPR/Cas9 gene-editing technol-
ogy. A CRISPR/Cas9 construct containing four sgRNAs
(Fig. 3a) within BnA10.LMI1 with Cas9 driven by P;5g, i.e.
Cas9P;5-BnLMII (Fig. 5a), was generated, and the resulting
construct was transformed into HY using Agrobacterium-
mediated transformation. Of the resulting 139 T, positive
transgenic plants, 19 showed a strongly reduced lobed-leaf
phenotype. Three targeted mutants (SLMI1-9, SLMI1-21
and SLMI1-39) were verified with Sanger sequencing. In
addition, various frameshift mutations were produced in
proximity to all target sites except S2 in these lines (Fig. 5b,
).

We confirmed reduced leaf lobing in the T, progeny of
the CRISPR/Cas9-induced mutants (Fig. 5b, e). All tested
plants with frameshift mutations at both BnA10.LMI1 alleles

BnLMI1

0.05- -
0.00

the mean + SD of three biological replicates. Z9-NIL is a BC;F, indi-
vidual with a homozygous Z9 genotype at the BnLLAI0 locus in the
HY background; **, significantly different at P <0.01; *, significantly
different at P <0.05

Relative gene expression &
o
=
B B
n
\

(homozygous or biallelic mutations, aa genotype) had
unlobed-leaf shapes, and plants carrying frameshift muta-
tions at only one allele of BnA10.LMII (heterozygous muta-
tions, Aa genotype) had intermediate leaf shapes (Fig. 5b,
e). Thus, the phenotypes of the different types of induced
mutants indicated the incompletely dominant nature of the
lobed-leaf trait.

Similarly, BnA10.LMI1-edited lines in J9707 (ser-
rated leaf) genetic backgrounds were created using the
Cas9P;5-BnLMII construct. The targeted mutations of four
T1 progeny from two independent T, lines (JSLMI1-22 and
JSLMI1-35) were verified with Sanger sequencing (Fig.
S4A-B). All tested plants with frameshift mutations at one
or both BnA10.LMI1 alleles exhibited no obvious changes in
leaf shape compared with the control (Fig. S4C), which indi-
cated the recessive nature of the serrated leaf phenotype and
was clearly in agreement with the incompletely dominant
nature of the lobed-leaf trait. Taken together, these findings
indeed provide strong evidence that BnA10.LMII positively
regulates leaf lobe formation in B. napus.

Discussion

In this study, we identified an LMII-like gene, BnA10.LMI1,
which encodes an HD-Zip I transcription factor, as the causal
gene underlying the lobed-leaf trait in B. napus. Sequence
analysis of parental alleles revealed no sequence variations
in the open reading frame of BnA10.LMII gene, whereas
abundant variations, particularly a large insertion, were
identified in the regulatory regions (Fig. 3a, Fig. S2). Con-
sistent with this finding, the BnLMII expression level was
substantially elevated in the lobed-leaf parent compared with
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SLMII1-9
TO
B . Genotype at targets of Bnd10.LMI1
Plant ID Generation leaf shape
S1 S3 S4
SLMII-9 TO Chimeric ~ Chimeric Chimeric intermediate
SLMI1-9-1 T1 Hetero Hetero Hetero intermediate
SLMII-9-2 T1 Hetero Hetero Hetero intermediate
SLMI1-9-3 Tl Hetero Bi-allelic Hetero unlobed
. . SLMI1-39
SLMII-39 TO WT Hetero Hetero intermediate T
0
SLMII-39-1 T1 WT WT Hetero intermediate
SLMI1-39-2 Tl WT Hetero Homo unlobed
SLMI1-21 TO Homo (-282bp) ~ Homo (+283 bp)  unlobed
SLMI1-21-1 Tl Homo (-282bp)  Homo (+283 bp)  unlobed SLMI1-39-1
SLMI1-21-2 T Homo (-282bp) ~ Homo (+283 bp)  unlobed Tl Aa
D SLMI1-21

TO aa
SLMII1-21-1

TI aa

Dissection index

AA Aa a

Fig.5 CRISPR/Cas9-induced null mutants of BnAI0.LMII in the
lobed-leaf parent HY. a Binary constructs of Cas9P35 s-BnLMI1
(SLMI1). b Mutant genotypes and phenotypes of BnA10.LMII-edited
T, and T, plants. ¢ Sequences at the sgRNA target sites of BnAl0.
LMI1-edited plants. The protospacer adjacent motif (PAM) is under-
lined, and nucleotide INDELSs are marked in red, with details labelled

its NIL (Fig. 4a), suggesting a positive connection between
the expression level of this gene and leaf complexity. The
knockout mutations of BnAI0.LMII gene were induced
using the CRISPR/Cas9 system in both HY (the lobed-leaf
parent) and J9707 (serrated leaf) genetic backgrounds, and
BnA10.LMI] null mutations in the HY background were suf-
ficient to produce unlobed leaves (Fig. Sb—e), whereas the
null mutations in the J9707 genetic background showed no
obvious changes in the leaf shape compared with its back-
ground (J9707). Collectively, these findings provide strong
evidence that BnA10.LMII positively determines leaf shape
complexity in B. napus and that cis-regulatory divergences
cause the different allele effects. Interestingly, this finding is
consistent with previous reports that promoter modifications
to a LMII gene altered expression and leaf shape in upland
cotton, which further strengthens the evidence that LMI1-
mediated leaf shape diversification is an evolutionary hot
spot in plants (Sicard et al. 2014; Vlad et al. 2014; Andres
et al. 2017).

The amphidiploid species B. napus (AACC), an impor-
tant oil seed crop, was formed by a recent allopolyploidy
event between two diploid ancestors of B. rapa (AA) and B.
oleracea (CC). Several studies have consistently detected a
major locus with an effect on leaf lobing on chromosome
A10 in B. rapa (Song et al. 1995; Kubo et al. 2010; Wang
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SLMII-21-2

al GGTCCGATTT

a2 GGTCCGAT--

GGTCCGATTTGCGCA
a  GGTCCGATTTGCGCA
A GGTCCGATTTGCG

S4
AATGAGCTTGACT!
a AATGAGCTTGACT
A AATGAGCTTGACT(

CCTGAGCGAATCGTATAGCTGCT
a CCT

CGTATAGCTGCT  wt
CGTATAGCTGCT

+G

SLMI1-9-1| *

SLMI1-9-2
TI Aa

wt

S3 SLMII1-9-3
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SLMI1-39-2f

TI ala2

S4
AC

A GAC
//-=RATGAGCTTGACT/+

GG -282/+283bp

at right; “A” represents the WT allele, and “a” represents the mutated
allele. d Leaf dissection index of BnAl0.LMII-edited plants. e Leaf
shape of BnAl0.LMII-edited plants (the upper, 15d-old; the lower,
50d-old). AA represents HY; Aa represents heterozygous mutant; aa
represents homozygous or biallelic mutants; bar, 1 cm

et al. 2015). In the present study, we localized the major
locus BrLLA 10 to an interval containing an LMII-like gene
(Fig. 2a). The evidence presented here indicates that the
lobed-leaf trait may be controlled by the same LMII gene
in B. rapa.

Previous studies indicated that the RCO gene, but not
LMI1, plays a key role in leaf shape diversification in C.
hirsuta, Arabidopsis lyrata and B. napus (Sicard et al. 2014;
Vlad et al. 2014; Ni et al. 2017). In the present study, we pro-
vide strong evidence that BnA10.LMII positively regulates
leaf lobe formation in B. napus, providing new insights into
the molecular mechanism of leaf lobe formation in Brassica
crops. In addition, whether BnA10.RCO plays a vital role in
determining lobed leaves remains an intriguing question.

Leaves are the main photosynthetic organs of crop
plants. Accumulating evidence indicates that lobed leaves
are associated with production advantages such as reduc-
ing humidity, shade, and improving water use efficiency
and thermoregulation, ultimately resulting in a favourable
microclimate for photosynthesis and agronomic profitabil-
ity (Vogel 2009; Zhu et al. 2016). For example, cotton with
the okra leaf phenotype showed increased photosynthetic
efficiency and leaf complexity together with enhanced
LMI]I expression (Pettigrew et al. 1993; Chang et al. 2016).
Recently, Vuolo et al. (2016) also reported that an LMI1-like
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gene positively influenced photosynthesis and leaf complex-
ity in both C. hirsuta and A. thaliana. The effects of the
LMI1-like gene on photosynthesis may ultimately influence
resource allocation to seeds because it positively influenced
seed yield (Vuolo et al. 2016). These findings are in line with
transcriptomic analyses from tomato and cotton, showing
that photosynthetic gene expression was positively corre-
lated with increased leaf dissection, implying a broad con-
nection between leaf morphology and photosynthetic capac-
ity (Chitwood et al. 2013; Andres et al. 2017). In the present
study, the leaf chlorophyll content and photosynthetic rate
in HY were significantly increased compared with those in
Z9-NIL (Fig. lc, d). Thus, our findings further strengthen
the potential to improve photosynthesis via manipulation of
the leaf shape, and the positive effects of BnA10.LMII on
photosynthesis may ultimately influence resource allocation
to seeds, which has the potential to improve productivity
through the modulation of BnA10.LMII activity in crops.
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