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Dear Editor,
A major challenge in current genetics study is to identify
functions of genes with rare or no genetic variation through
forward genetics approaches, such as quantitative trait locus
mapping and association study in germplasm, and particu-
larly in polyploid crops, it is difficult to study functional dif-
ferentiation of duplicated genes. Here, we report a causal
gene with rare mutation in glucosinolate transport and crea-
tion of a genotype of low seed glucosinolate for quality and
resistance breeding of polyploid Brassica napus canola, the
second largest global source of edible oil and protein meal.
Glucosinolates are well-known secondary metabolites with
important biological and economic roles in plant defense to
disease and insects and human nutrition/health, such as
anti-cancer effect (Senderby et al, 2010). However, high
seed meal glucosinolates can cause goiter and other harmful
effects. Thus “double-low” (low seed glucosinolate and low
erucic acid content) canola breeding was initiated in the
mid-20th century, which has dramatically reduced seed glu-
cosinolate content from .100 umol-g™' to <30 pmol-g™'
(Kondra and Stefansson, 1970). Unfortunately, glucosinolate
content in vegetative tissues also decreased dramatically due
to disruption of the biosynthesis pathway, which caused

decreased plant disease resistance (Liu et al, 2020).
Although the pathways of glucosinolate biosynthesis in vege-
tative tissues and subsequent transport to developing seeds
have been well-characterized in Arabidopsis thaliana
(Jorgensen et al, 2017) and mutation of the genes encoding
glucosinolate transporters (GTRs) substantially reduced seed
glucosinolates in Brassica plants (Nour-Eldin et al, 2012,
2017), low seed glucosinolate germplasms already created by
gene-editing in B. napus cannot be applied for breeding be-
cause of their negative effects on other traits (Tan et al,
2022), probably due to involvement of edited genes in other
trait formation.

To address the above problems, first we comprehensively
identified all homologs of A. thaliana GTRs from 12 de novo
assembled B. napus genomes (Chalhoub et al, 2014; Zou
et al, 2019; Lee et al, 2020; Song et al, 2020; Supplemental
Figure S1) and those from one high glucosinolate cultivar
7Y821 were divided into three subclades showing sequence
differentiation of GTR1, GTR2, and GTR3 (Figure 1A). Then
we detected expression patterns of all 20 BnaGTRs in 20
stages/tissues by RNA-seq from the representative B. napus
accessions with high (cv. ZY821) and low (cv. ZS11) seed
glucosinolate content. The expression patterns of these

Received November 18, 2021. Accepted December 09, 2021. Advance access publication January 25, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of American Society of Plant Biologists.

Open Access

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,

and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0001-9497-8840
https://orcid.org/0000-0001-6283-0753
https://orcid.org/0000-0002-3510-8906
https://orcid.org/0000-0002-6212-0943
https://orcid.org/0000-0002-4955-4763
https://academic.oup.com/plphys/pages/general-instructions
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac021#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac021#supplementary-data

A glucosinolate transporter gene in B. napus PLANT PHYSIOLOGY 2022: 188; 1848-1851 1849

A c
GWAS on glucosinolate content in seed
30 T
25 BnaA09.GTR2a
BnaA09.GTR2b
= 20 BnaA09.GTR2c
ATSG4TIE0I(AICTRY) [y . .
BnaCO3G0’)6 22300 821LBnaCO3 GTR1ba) - | BnaCo2.GTR2 H
SRy 2 | |
na —
BraC0B000B380a00A VBT BraCOR Gt | T 10|B1aA02.GTR2
BnaA06G0024519007Y821(BnaA06.GTR1a) :
AT5G62680.1(AGTR2. 5 |
1al
;.00086260 .G
coa GTR2

G
1C02G005689600ZY821 BnaCOZ GTR2
'Y 21 BnaA02.GTR2

8 821(Bn:
0
o. i BnaA08G0026537 002y 21 Bnasos RN TN T T oy
. 12A09G0036935002 621 BnaA 9.GTR2¢ SR (A0 ¢ (P (O (0 (P S (P
Scale: —— BnaA0oGOD369B400ZY 21 Bnan E e IOIRSEARAAS  Ep0et o o o P F S o
% BnaA0960036906002Y821( AACS CTRoA a)
B Expression patterns of all BnaGTRs in 20 stages/tissues in ZS11 and ZY821
BnaA09.GTR3a
BnaA09.GTR3b
BnaA09.GTR2b I
BnaC05.GTR3
BnaA06.GTR3 15

BnaC01.GTR1 z
BnaA01.GTR1 <
BnaA09.GTR2a & 1
BnaA09.GTR2c 2
BnaC08.GTR3a 8
1 BnaA06.GTR1b  —
BnaC03.GTR1a
BnaA08.GTR3 I
0

BnaC08.GTR3b
|| | | | BnaA06.GTR1
BnaC03.GTR1b
BnaC02.GTR2
BnaC03.GTR2
BnaA02.GTR2
BnaA06.GTR2

° |o Io ‘o ‘o |o ‘o ‘o ‘o |o |o ‘o ‘o ‘- ‘o ‘o ‘o ‘o Io ‘o ® ZS11
4 8 12 16 20 24 28 32 40 48 4 8 12 16 20 24 28 32 40 48 ZY821

Silique wall (days after pollination) Seed (days after pollination)
D G
£ 160 [ Total aliphatic glucosinolate  }2.0 =
;\50 1f-’° G [ Total indolic glucosinolate z
RB N Nl £o 5
) ) < S g 120 15 §E
sz ) oz M Tsz-Esss)f =) 3S °E
o3 i
£73 80 1.0 2B
20 g0
Sa % Q
E So go
E] 40 05 =2 e
(. L _ —— o ~ o2
- = g 0%
-7 N ~< g SE
- SgRNAT ™ ~sg = R 00 2
AGATAGCGTTTCTACTGCTGGG AGAGCGAGTCAGGAAAACGAGG < =
BnaA06.GTR2WT AGATAGCGTTTCTACTGCTGGG --- (77bP) ... AGAGCGAGTCAGGAAAACGAGG WT c;\‘* Qﬁg\@ @g\@ @g\@
BnaAQ6.gtr2¢R!  AGATAGCGTTTCTAC- -CTGGG ... (77bp) ... ASAGCGAGTCAGGAA - - CGAGG -4 bp P o o

\a @
BnaA0B.gtr2k2  AGATAGCGTTTCTACT -CTGGG ... (77bp) ...AGAGCGAGTCAG- - -AACGAGG -4 bp H o °F °° °F

BnaA06.gtr2°R3  AGATAGCGTTT === - - GCTGGG ... (77bp) ... AGAGCGAGTCAGGAAA - CGAGG -6 bp

F

.Total aliphatic glucosinolate 25
.Total indolic glucosinolate
*x

EJJJ§

- - 2 o Q@q\@ Q@q\@ 69\0
BnaA06.GTR2VT BnaA06.gtr2C%" BnaA06.GTR2"T BnaA06.gtr2™" g\a@ o S

=)
S

~
o

N
(%,
developing seeds (umol/g)

developing seeds (umol/g)
@
g

Aliphatic glucosinolate content in
Indolic glucosinolate content in

=3

Figure 1 Identification of a glucosinolate transporter gene with rare natural mutation in B. napus. A, Neighbor-joining tree of GTRs homologs in
A. thaliana and B. napus. MANIHOT ESCULENTA CYANOGENIC GLUCOSIDE TRANSPORTER-1 (MeCGTR1) was used as an out-group.
Bootstrap values above 75% were given at branch nodes. The scale bar indicates the number of amino acid residue substitutions per site. B,
Expression patterns of BnaGTR2s in the low (ZS11) and high (ZY821) seed glucosinolate accessions in the different tissues at the different growth
stages. C, Manhattan plot of genome-wide association study on seed glucosinolate content. Horizontal dashed line represents the significant
threshold (-log;o(P) = 6.35). Red dots indicated the significantly associated single-nucleotide polymorphisms with seed glucosinolate content. D,
Schematic of the constructed genome-editing vector with two gRNAs to target BnaA06.GTR2 sequence. RB/LB, right/left border of T-DNA; U6-
26p and U6-29p, two A. thaliana U6 gene promoters; 35Sp, cauliflower mosaic virus 35S promoter; U6-26t, A. thaliana U6 gene terminator; rbcS-
E9t, rbcS-E9 gene terminator; gRNA1-Sc and gRNA2-Sc, guide RNA scaffold; zCas9, Zea mays codon-optimized Cas9; Hyg, hygromycin resistance
gene. E, Characterization of edited BnaA06.GTR2 transgenic lines. The upper panel shows gene structure and CRISPR-Cas9 target sites in
BnaA06.GTR2. The Open boxes indicate 5'-untranslated region (5-UTR) or 3'-UTR; the black boxes indicate exons; the black lines indicate the
introns; The red boxes indicate sgRNA target sites. The lower panel shows the sequences of three T, independent transgenic lines in the target
sites. Deletions are indicated as blue hyphens. F, The phenotype of BnaA06.gtr2“®”" T, mutant during the vegetative (left) and reproductive (right)
stages. G and H, Glucosinolate content of BnaA06.GTR2 knockout mutants and the transgene-negative control (BnaA06.GTR2"T) in mature seeds
(G) and developing seeds at 40 d after pollination (H). In (G) and (H), at least four plants per line were independently sampled for measurement.
Each error bar is means = sb (n = 4 plants for each line). Student’s t test was used for statistical analysis, single asterisk indicates significant differ-
ences at P < 0.05, double asterisk indicates significant differences at P < 0.01, all compared to the BnaA06.GTR2""
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BnaGTRs are very complicated and there was no clear cue
to judge their contribution to glucosinolates except for
BnaA06.GTR2 and BnaA02.GTR2 showing higher expression
in some tissues (Figure 1B; Supplemental Table S1).
Subsequently, we performed a genome-wide association
study on seed glucosinolate content of 312 diverse B. napus
germplasm accessions collected worldwide (Supplemental
Table S2). Based on single-nucleotide polymorphisms geno-
typed by whole-genome resequencing and aligned on ZY821
genome, three loci harboring five BnaGTR2s on chromo-
somes A02, A09, and C02 were significantly associated with
seed glucosinolate content (Figure 1C). Surprisingly, four
BnaGTRs located in significantly associated loci lowly or
moderately  expressed, = while  BnaA06.GTR2  and
BnaC03.GTR2, whose genomic regions did not show signifi-
cant association, exhibited high expression in silique wall of
late development stages (Figure 1B) and BnaA06.GTR2
showed higher expression levels than those of BnaC03.GTR2.

To verify BnaA06.GTR2 as a crucial player in seed glucosi-
nolate accumulation and create variation for low seed gluco-
sinolate breeding we conducted clustered regularly
interspaced short palindromic repeats/CRISPR-associated
system 9  (CRISPR/Cas9) genome editing against
BnaA06.GTR2. Two single-guide RNAs (sgRNAs) were
designed to specifically target the third exon of
BnaA06.GTR2 (Figure 1, D and E; Supplemental Figure S2).
Then the pHSE401-based vector Cas9-BnaA06.GTR2 was
transformed into ZY821 through Agrobacterium tumefa-
ciens-mediated hypocotyl transformation (Xing et al, 2014),
and 45 independent positive T, transgenic plants were
obtained. Among them, three plants (named BnaA06.gtr2™®
i BnaAOG.gtrZCR'Z, and BnaA06.gtr2CR'3) in which homozy-
gous small deletions occurred at both target sites for gRNA1
and gRNA2 (Figure 1E), produced three putative truncated
proteins with respective sizes of 174, 168, and 173 amino
acids. Then the three genome-edited plants were self-
pollinated, and genome editing events were successfully
transmitted to the T, generation and no additional muta-
tion was identified in the progenies of the three transgenic
plants (Supplemental Table S3). High-performance liquid
chromatography measurement showed a sharp reduction
(76.05% = 0.76% reduction on average) in total seed glucosi-
nolate content with an average content of 32.6+11.9,
3154658, 30.6+13.4 umol-g' in the three transgenic lines,
respectively, ~while the transgene-negative  control
(BnaA06.GTR2™T) was 131.8+8.3 pmol-g™' in mature seeds
(Figure 1G;  Supplemental Table S4  “Methods”).
Predominant aliphatic glucosinolates existing in seed also
showed significant reductions in three edited lines. The con-
tent of the indolic glucosinolates, accounting for a relatively
small proportion in the total glucosinolate content, was not
affected by BnaA06.GTR2 knockout or even showed a slight
increase in seeds. In developing seeds and silique walls at 40
d after pollination, the content of aliphatic, indolic, and total
glucosinolates showed similar results as those in mature
seeds (Figure T1H; Supplemental Figure S3 and Supplemental
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Table S4) although relative amount of aliphatic and indolic
glucosinolates showed a slight difference from that of ma-
ture seeds. Furthermore, the loss-of-function mutants of
BnaA06.GTR2 showed no apparent alteration in morphologi-
cal and yield-related traits (Figure 1F; Supplemental Figure
S4 and Supplemental Table S5) in normal growth condition,
and could serve as a good low seed glucosinolate germ-
plasm. These results contrast with published data (Tan
et al, 2022) that showed a ~33.96% decline in seed glucosi-
nolate content in a line (only one line) of CRISPR/Cas9-
edited BnaA06.GTR2 which was accompanied by seed
weight decrease. The reason for the difference is probably
due to the mutation difference: that line harbors one degen-
erate base of synonymous substitution at the 3’-end of cod-
ing sequence (CDS) of BnaA06.GTR2, but the three lines in
the present study have small deletions resulting in three pu-
tative truncated proteins; unlike editing of multiple
BnaGTR2 genes (Tan et al. 2022), mutation of the major
player of aliphatic glucosinolate transporter BnaA06.GTR2
did not have negative effect on vyield-related traits, suggest-
ing that BnaA06.GTR2 may not be responsible for other trait
formation.

In summary, we provided a method to identify functions
of genes with rare or no genetic variation in natural popula-
tions, we used genome-editing to create a low seed glucosi-
nolate resource that is rare in the germplasm, and we
proved BnaA06.GTR2 with rare natural mutation is crucial in
seed glucosinolate accumulation in polyploid B. napus. The
combination of our results and the published ones (Tan
et al. 202) suggests that, probably due to subfunctionaliza-
tion or neofunctionalization of these duplicated genes, si-
multaneous editing of polyploidy multiple duplicated genes
or a gene family may not be an effective strategy for muta-
tion of a target trait.
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