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Summary

Bile acid: sodium symporter family protein 2 (BASS2) is a sodium-dependent pyruvate
transporter, which transports pyruvate from cytosol into plastid in plants. In this study, we
investigated the function of chloroplast envelope membrane-localized BnaBASS2 in seed
metabolism and seed oil accumulation of Brassica napus (B. napus). Four BASS2 genes were
identified in the genome of B. napus. BnaA05.BASS2 was overexpressed while
BnaA05.BASS2 and BnaC04.BASS2-1 were mutated by CRISPR in B. napus. Metabolite
analysis revealed that the manipulation of BnaBASS2 caused significant changes in glycolysis-,
fatty acid synthesis—, and energy-related metabolites in the chloroplasts of 31 day-after-
flowering (DAF) seeds. The analysis of fatty acids and lipids in developing seeds showed that
BnaBASS2 could affect lipid metabolism and oil accumulation in developing seeds. Moreover,
the overexpression (OE) of BnaA05.BASS2 could promote the expression level of multiple
genes involved in the synthesis of oil and the formation of oil body during seed development.
Disruption of BnaA05.BASS2 and BnaC04.BASS2-1 resulted in decreasing the seed oil content
(SOC) by 2.8%-5.0%, while OE of BnaA05.BASS2 significantly promoted the SOC by 1.4%—
3.4%. Together, our results suggest that BnaBASS2 is a potential target gene for breeding B.

Keywords: Brassica napus, pyruvate
transporter, BASS2, seed oil content,

lipids, metabolites. napus with high SOC.

Introduction

Pyruvate is a central intermediate of carbohydrate metabolism in
plants. During seed germination of oil plants, pyruvate is an
important intermediate metabolite involved in the conversion of
lipids to sugars through gluconeogenesis and B-oxidation (Sattler
et al., 2004). Moreover, pyruvate is the output of glycolysis of
glucose. On one hand, pyruvate produced from glycolysis is
transported across the mitochondrial membrane by the mito-
chondrial pyruvate carrier (MPC; Bricker et al., 2012; Herzig
et al.,, 2012). Under the catalysis of mitochondrial pyruvate
dehydrogenase, pyruvate is converted into acetyl-CoA, which
further participates in the tricarboxylic acid cycle, connecting the
metabolism of sugars, proteins, and lipids (Le et al., 2021; Tovar-
Mendez et al., 2003). On the other hand, pyruvate produced
from glycolysis is involved in cellular metabolic flux in the plastid.
Under the catalysis of plastidial pyruvate dehydrogenase, pyru-
vate is converted into acetyl-CoA, which acts as a metabolic
precursor for many plastid-localized biosynthetic pathways, such
as methyl erythritol phosphate (MEP) pathway, branched-chain
amino acids and fatty acid (FA) pathway (Furumoto et al., 2011;
Prabhakar et al., 2010; Weber and Linka, 2011). Thus, pyruvate
is a vital intermediate connecting sugar, lipid, and amino acid
metabolism of plants.

In plants, there are two pathways for supplying pyruvate to the
plastid. The first way is to catalyse phosphoenolpyruvate (PEP) to
produce pyruvate by plastidic pyruvate kinase (PKp) in the plastid

(Andre et al., 2007; Baud et al., 2007b; Prabhakar et al., 2010).
Another way is to convert PEP into pyruvate by cytosolic pyruvate
kinase (PKc) in the cytosol. Cytosolic pyruvate is then transported
into the plastid via the pyruvate transporter (Eastmond and
Rawsthorne, 2000;  Prabhakar et al,, 2010; Weber and
Linka, 2011). Plastidial pyruvate plays an important role in FA
and other metabolic pathways during seed development. In
Arabidopsis, PKp consists of three subunits o, B1, and 2.
Disruption of PKp resulted in defects in seed oil accumulation, FA
synthesis, embryo elongation, and seed germination (Andre
et al., 2007; Andre and Benning, 2007; Baud et al., 2007b). In
rice, OsPKp consists of four subunits a1, a2, 1 and B2, mutation
of OsPKpal would affect endosperm starch/FA biosynthesis,
granule formation, grain filling, and seed germination (Cai
et al., 2018a,b). In Brassica napus (B. napus), plastids were
isolated from embryos of 23, 32, and 41 day-after-anthesis
(DAA). Metabolic fluxes for oil synthesis were measured and the
activity of the plastidial pyruvate transporter was increased by 19-
fold and the utilization of plastidial pyruvate for FA synthesis was
increased by 25-fold at 41 DAA (Eastmond and Raw-
sthorne, 2000). Thus, the above advances reveal that plastidial
pyruvate plays an important role in seed development, especially
in oil accumulation.

Bile acid: sodium symporter family protein 2 (BASS2) is a
chloroplast envelope membrane-localized sodium-dependent
pyruvate transporter that transports pyruvate from cytosol to
plastid. This process is involved in the photosynthesis of C4 plants
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and the MEP pathway of C3 plants (Furumoto, 2016; Furumoto
et al.,, 2011). In Arabidopsis, disruption of BASS2 resulted in
mevastatin-sensitive phenotype, and the phenotype could be
recovered by constitutive expression of BASS2 in wheat and
Arabidopsis, indicating that BASS2 functions in supplying pyru-
vate to the MEP pathway (Furumoto et al., 2011; Zhao
et al., 2016). In addition to the role in the MEP pathway,
supplying pyruvate to plastid from cytosol via BASS2 is reported
to impact FA biosynthesis and seed oil accumulation. Seed-
specific overexpression (OE) of BASS2 resulted in 10%-37%
more oil in Arabidopsis seeds (Lee et al., 2017). Nevertheless,
beyond the confirmation that BASS2 affects the phenotype of
Arabidopsis seed oil accumulation, BASS2's impact on pyruvate
content in plastid and seed metabolism has not been revealed.

In this study, four plastidial BASS2 proteins were identified in B.
napus. The gene function and molecular mechanism of Bna-
BASS2 on seed oil accumulation were investigated using OE and
CRISPR mutants of BnaBASS2. These results suggest that
BnaBASS2 has a significant impact on seed metabolism and seed
oil accumulation in B. napus.

Results
Generation of BnaBASS2 OE and CRISPR mutant lines

To investigate the function of BASS2s in B. napus, the amino acid
sequences of Arabidopsis BASS2 were used for BLAST analysis in
BnTIR database (http://yanglab.hzau.edu.cn/BnTIR; Liu
et al., 2021). The results show that there are four homologous
copies of BASS2 (BnaA05G0069700ZS, designated as BnaA05.-
BASS2; BnaC04G0079100ZS, designated as BnaC04.BASS2-7,
BnaA04G0248500ZS, designated as BnaA04.BASS2; and
BnaC04G0563700ZS, designated as BnaC04.BASS2-2), and they
all exhibited more than 85% homology with AtBASS2. Among
the four genes, BnaA05.BASS2 is the most homologous to
BnaC04.BASS2-1 with a homology of 98%. BnaA04.BASS2 is the
most homologous to BnaC04.BASS2-2 with a homology of 97%
(Figures 1a and S1). Next, the expression level of BnaBASS2 in
different tissues was collected from the BnTIR database (Liu
et al., 2021). The results show that the expression level of
BnaA04.BASS2 and BnaC04.BASS2-2 is very low in different
tissues, while BnaA05.BASS2 and BnaC04.BASS2-1 have higher
expression in multiple tissues, especially in developing siliques and
seeds (Figure 1a).

BASS2 was predicated to be a membrane protein with nine
transmembrane regions (Figure S1). In this research, BnaAO5.-
BASS2 fused with GFP at its C-terminus was transiently expressed
in the epidermal cells of tobacco and protoplasts of Arabidopsis.
The green fluorescence signal is found to encapsulate the auto-
fluorescence of chloroplast membrane, suggesting that BnaA05.-
BASS2 is localized on the chloroplast membrane (Figures 1b and
S2). The result was consistent with previous studies (Furumoto
et al., 2011).

BnaA05.BASS2, having a much higher expression level than
the other three homologous genes in developing silique and
seed, was overexpressed in B. napus driven by 35S promoter.
Four transgenic lines with increased expression of BnaAO05.-
BASS2 in the seeds at 24 day-after-flowering (DAF) are
successfully obtained (Figure 1c). Western blot using Flag
antibody confirms that positive OE plants are acquired (Fig-
ure 1d). OE2 and OE5 having high expression at transcription
and protein levels were used for further analysis in this study.
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CRISPR/Cas9 was utilized to create mutants of BnaBASS2s. As a
result, two homozygous mutants CR253 and CR313 with
mutations in BnaA05.BASS2 and BnaC04.BASS2-1 are identi-
fied by sequencing and the mutations in BnaA05.BASS2
and BnaC04.BASS2-1 caused premature termination (Figures 1e
and S3).

BnaBASS2 has significant effects on seed metabolism

[t has been hypothesized and partially verified that pyruvate
produced by glycolysis could be transported into the chloroplast
via BASS2 (Furumoto et al., 2011; Schwender et al., 2004;
Weber and Linka, 2011). A brief model of carbon influx from
the glycolysis pathway into FA synthesis is shown in Figure 2a. To
explore the impact of pyruvate transporter BASS2 on seed
metabolism of B. napus, metabolites were extracted from 31 DAF
seeds and determined by liquid chromatography with tandem
mass spectrometry (LC-MS/MS) method. The results show that
significant changes occur in most glycolytic and FA synthesis
metabolites in the seeds of OE and mutant lines (Figure 2b). In
the whole seeds, the contents of the metabolites of glucose-6-
phosphate (G6P), fructose-6-phosphate (F6P), fructose-1,6-
diphosphate (FBP), dihydroxy-acetone-phosphate (DHAP), 3-
phosphoglycerate (3-PGA), PEP and pyruvate (Pyr) related to
glycolysis are significantly lower in CR253 than that in WT.
However, most of them are higher in OE5 than that in WT, except
that the content of G6P, F6P, and 3-PGA have no difference
between OE5 and WT. Acetyl-CoA and malonyl-CoA are the
precursors for FA synthesis. Compared with WT, the contents of
acetyl-CoA and malonyl-CoA are lower in CR253 than that in WT.
Nevertheless, the content of acetyl-CoA is higher, but there has
been no change in malonyl-CoA in OE5 (Figure 2b). Additionally,
intact chloroplasts were separated from 31 DAF seeds by the
sucrose gradient method (Figure S4). In chloroplast, the contents
of the metabolites of G6P, F6P, FBP, DHAP, 3-PGA, PEP, and Pyr
related to glycolysis, and acetyl-CoA and malonyl-CoA related to
FA synthesis are significantly lower in CR253 than that in WT.
Whereas, the level of those metabolites are higher in OE5 except
G6P and PEP (Figure 20).

The synthesis of seed oil is an energetically costly process,
which requires ATP, NADH, and NADPH for carbon flux.
Glycolysis is a significant source of ATP, NADH, and NADPH. In
chloroplast, light energy can be utilized for ATP and NADPH
synthesis, which is required by FA synthesis (Judge and
Dodd, 2020; Pfeil et al., 2014; Rawsthorne, 2002). The levels
of ATP, ADP, NAD(P), and NAD(P)H in whole seeds and isolated
chloroplasts of 31 DAF seeds were determined by LC-MS/MS
method. In whole seeds, the contents of ATP, NADH, and NADPH
are significantly increased in OE5 but decreased in CR253
compared with WT. However, the content of ADP, NAD and
NADP are significantly decreased in OE5 but elevated in CR253
except no significant change of NADP in CR253 compared with
WT (Figure 3a—). In chloroplast, compared with WT, the
contents of ATP, NADH, and NADPH are significantly increased
in OE5 but decreased in CR253 except no significant change of
ATP and NADH in CR253. The contents of ADP, NAD, and NADP
are significantly decreased in OE5 but elevated in CR253.
However, there is no significant change in NADP in OE5 and
CR253 (Figure 3d-f).

The ratios of energy metabolites were used to evaluate the
energy charge and reducing power in WT, OE, and mutant lines.
In whole seeds, ATP/ADP, NADH/NAD, and NADPH/NADP are
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Figure 1 Generation of overexpression (OE) plants and knockout mutants of BnaBASS2. (a) Gene expression of BASS2s in Brassica napus tissues. At,
Arabidopsis thaliana; Bn, B. napus; Gene expression data are from BnTIR (http://yanglab.hzau.edu.cn/). (b) BnaA05.BASS2 is a chloroplast membrane
protein by the observation of tobacco epidermal cells under confocal. Bars = 17 um. (c) Relative expression level of BnaA05.BASS2 in OE lines by
quantitative real-time PCR. Total RNA was extracted from 24 DAF seeds. Values are means + SD (n = 3). ** indicates P < 0.01, based on a student t-test.
(d) Expression of the BnaA05.BASS2 in OE lines by Western blot using Flag antibody. The size of the target protein with Flag tag is 45 KD and the red arrow
indicates the target protein band. Protein was extracted from 24 DAF seeds. (e) Acquisition of mutant lines based on CRISPR/Cas9 technology. CRISPR
targets the eighth exon of BnaA05.BASS2 and BnaC04.BASS2-1. CR253 and CR313 are homozygous double mutants of BnaA05.BASS2 and

BnaC04.BASS2-1.

much higher in OE5 but lower in CR253, except for NADPH/NADP
in CR253, which is comparable with WT. In chloroplast, ATP/ADP,
NADH/NAD, and NADPH/NADP are also much higher in OE5 but
lower in CR253, except for NADH/NAD in CR253, which is
comparable with WT. Interestingly, the ATP/ADP, NADH/NAD,
and NADPH/NADP in the whole seeds of OE5 are changed from
3.8,2.6,and 2.1 to 16.9, 0.03, and 4.3 in the chloroplast of OE5.
ATP/ADP, NADH/NAD, and NADPH/NADP in the whole seeds of
CR253 are changed from 0.8, 0.4, and 1.1 t0 0.6, 0.008, and 0.5
in the chloroplast of CR253, respectively (Figure 3a-f). The above
results indicate that BnaBASS2 affects multiple metabolic path-
ways including glycolysis, FA synthesis, and energy metabolism in
the seeds.

BnaBASS2 promotes oil accumulation during seed
development

Developing seeds were collected and FAs at 21, 27, 31, 36, 41,
and 55 DAF were extracted and quantified by the gas
chromatography-flame ionization detector (GC-FID) method.
Compared with WT, OE5 has a higher level of oil, while the
mutant CR253 exhibits a lower level in the process of seed oil
accumulation (Figure 4a). The data of seed weight and oil per
seed were obtained by calculating the total number of seeds and
seed weight. The results revealed that compared with WT, OE5's
seed weight has no significant difference, but the mutant CR253
shows a decreased weight, especially at the seed maturation
stage (Figure 4b).

Lipidome analysis of 31 DAF seeds showed that triacylglycerol
(TAG) is increased by 57.1% in OE5 but decreased by 51.1% in
CR253 compared with WT. The content of DAG is increased by
18.0% in OE5 while has no obvious difference in CR253
compared with WT. Moreover, compared with WT, the content
of other lipids MGDG, DGDG, PC, PE, and PA has no obvious
difference between WT, OE5, and CR253 (Figure 4c). The
content of TAG species -52:2, -54:2, -54:3, -54:6, -54:7, -56:2,
-56:3, and -56:4 is increased in OE5, but the content of TAG-
52:2, -52:3, -52:5, -54:2 to -54.7, -56:2, -56:3, and -56:4 is
decreased in CR253 (Figure 4d). Compared with WT, the content
of DAG species -34:0, -34:2, -34:4, -36:1, -36:3, -36:4, -36:5,
and -36:6 is increased in OE5, but the content of DAG-36:3 is
decreased in CR253 (Figure S5).

Furthermore, the expression of some key genes related to FA
synthesis, TAG synthesis, and oil body (OB) formation was
analysed in 31 DAF seeds of WT, OE5, and CR253. The results
showed that the expression of WRINKLEDT (WRIT), a master
regulator in the glycolytic pathway, and FA biosynthesis (Adhikari
et al., 2016, Baud et al., 2009, Kong and Ma, 2018, Kong
et al., 2019, To et al., 2012, Yang et al., 2022), is elevated by
25.8% in OE5 but reduced by 31.8% in CR253 compared with
WT. Compared with WT, the expression of FA synthesis-related
genes malonyltransferase (MCMT), enoyl-ACP reductase (ENR),
and acyl-ACP thioesterase A (FATA) is decreased by 34.3%,
68.2%, and 28.9% in CR253. In OE5, MCMT and FATA are
increased by 22.9% and 30.8%, but ENR shows no change. The
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Figure 2 BnaBASS2 impacts glycolysis and fatty acid (FA) pathways in developing seeds. (a) Brief diagrams of the glycolytic pathway and FA synthesis in
the plant. (b) The total content of G6P, FEP, FBP, DHAP, 3-PGA, PEP, Pyr, Acetyl-CoA, and Malonyl-CoA in 31 DAF seeds. (c) The content of G6P, F6P, FBP,
DHAP, 3-PGA, PEP, Pyr, Acetyl-CoA, and Malonyl-CoA in the separated chloroplasts of 31 DAF seeds. 3-PGA, 3-phosphoglycerate; BASS2, pyruvate
transporter named bile acid:sodium symporter family protein 2; DHAP, dihydroxy-acetone-phosphate; F6P, fructose-6-phosphate; FBP, fructose-1,6-
diphosphate; G6P, glucose-6-phosphate; GPT, glucose 6-phosphate translocator; PEP, phosphoenolpyruvate; PPT, phosphoenolpyruvate/phosphate
translocator; Pyr, pyruvate; TPT, triose phosphate translocator; values are mean + SD (n = 6-8). Different letters represent significant differences at

P < 0.05, based on an ANOVA analysis with the Fisher LSD test.

expression of genes related to TAG synthesis such as glycerol-3-
phosphate dehydrogenase (GPDH), glycerol-3-phosphate acyl-
transferase 9 (GPAT9), lysophosphatidic acid acyltransferase 1
(LPAATT), lysophosphatidic acid acyltransferase 2 (LPAAT2),
diacylglycerol acyltransferase 1 (DGATT), diacylglycerol acyltrans-
ferase 2 (DGAT2), lysophosphatidylcholine acyltransferase
(LPCAT) and CDP-choline:diacylglycerol cholinephosphotrans-
ferase (CPT) is lower in CR253 than that in WT, while they have
higher expression in OE5. Moreover, the expression level of genes
related to OB formation such as oil body oleosin 1 (OBOT), oil
body oleosin 2 (OBO2), oil body oleosin 3 (OBO3), and caleosin (C
ALO) is also determined. The data show that all of them had
lower expression in CR253. In detail, OBO7, OBO2, OBO3, and
CALO are decreased by 82.0%, 94.9%, 76.1%, and 85.1% in
CR253 than that in WT. OBO17, OBO3, and CALOT are increased
by 22.9%, 91.6%, and 46.2% in OE5 than that in WT except that

there is no difference in OBO2 (Figure 4e). The expression level of
several genes in the glycolytic pathway, including hexokinase 1
(HKT), phosphofructokinase 1 (PFK1), plastidic pyruvate kinase
(pPK1 and pPK3), and cytosolic pyruvate kinase (cPK1 and cPK2),
which control rate-limiting steps of the glycolytic pathway, were
determined (Figure S6). The results show that the expression
levels of all of the above genes are significantly increased in
BnaBASS2 mutant CR253. However, except for HXK, the
expression of other genes is down-regulated in the OE5. Thus,
the above results suggest that BnaBASS2 promotes oil accumu-
lation and expression level of genes involved in seed oil synthesis
during seed development.

BnaBASS2 impacts seed oil content in mature seeds

Seed oil content-related traits of mature seeds were also
investigated. Three-year (Year 2019, 2020, and 2021) of near-
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Figure 3 Metabolic impact of BnaBASS2 on ATP/ADP, NADH/NAD, and NADPH/NADP in developing seeds. (a) ATP content, ADP content, and ATP/ADP in
31 DAF seeds. (b) NADH content, NAD content, and NADH/NAD in 31 DAF seeds. (c) NADPH content, NADP content, and NADPH/NADP in 31 DAF seeds.
(d) ATP content, ADP content, and ATP/ADP in separated chloroplasts of 31 DAF seeds. (e) NADH content, NAD content, and NADH/NAD in separated
chloroplasts of 31 DAF seeds. (f) NADPH content, NADP content, and NADPH/NADP in separated chloroplasts of 31 DAF seeds. Values are mean + SD
(n = 6-8). Different letters represent significant differences at P < 0.05, based on an ANOVA analysis with the Fisher LSD test.

infrared spectrometer (NIRS) data display that SOC of OE is
increased by 1.4%-3.4%, while SOC of two CRISPR mutants is
reduced by 2.8%-5.0% compared with WT (Figure 5a). To
confirm the results of NIRS, FAs in mature seeds were analysed by
GC-FID. Compared with WT, SOC of OE2 and OES5 is elevated by
2.1% and 4.7%, while CR253 and CR313 are reduced by 4.3%
and 6.7% (Figure 5b). In addition, the FA composition shows that
the content of palmitic acid (C16:0), stearic acid (C18:0), and
linoleic acid (C18:2) is slightly reduced, and oleic acid (C18:1) is
slightly increased in OE, while C18:2 is slightly increased and
C20:1 is reduced in the mutants (Figure S7).

TAG is the predominant lipid in mature seeds. The content of
TAG is increased by 12.2% in OE5 and reduced by 11.4% in
CR253, compared with WT (Figure 5¢). Compared with WT, the
content of TAG species -52:3, -52:4, -54:5 to -54:7, -56:2 to -
56:5 is increased in OE5, but the content of TAG-52:2 to -52:3
and -54:2 to -54:5 is decreased in CR253 (Figure 5d).

Oil bodies are the place for TAG storage. Compared with WT, the
density of OBs is obviously less in mutant CR253, while OE5 exhibits
the opposite trend. The area of protein bodies is larger in CR253 but
smaller in OE5 (Figure 5e). Moreover, the number of OBs and the
size of OBs were quantified and compared among WT, OE5, and
CR253. Compared with WT, OES had fewer OBs in 100 um? while

CR253 has more OBs. The total area of OBsis 100 pm? and the size
per OB are larger in OE5 but smaller in CR253 (Figure 5f-h).
Moreover, other seed-related traits such as protein, soluble
sugar, and starch content were measured. Compared with WT,
the protein content in OE2 and OE5 is noticeably decreased by
1.7% and 1.8%, while it is increased by 2.7% and 2.2% in
CR253 and CR313 (Figure S8a). The soluble sugar is decreased in
OE lines but increased in mutants (Figure S8b). The starch content
is decreased in mutants, but there is no change in OE lines
(Figure S8c). Taken together, the above results suggest that
BnaBASS2 is important for seed oil accumulation in B. napus.

The effects of BnaBASS2 on plant growth

The seeds of WT, OE, and mutant lines were sown in the pots in
the growth chamber and their growth phenotypes at 20, 40, and
80 days were observed. It shows that both OE and mutant lines
are grown normally, and no significant growth phenotypic
differences are observed (Figure S9a—c). To further evaluate the
growth, several growth-related traits were measured for 40-day-
old plants. The content of chlorophyll a (Chla), chlorophyll b
(Chlb), and carotenoid (Car) is comparable between WT, OE, and
mutant lines (Figure S10a). Compared with WT, the leaves of OE
lines have a higher level of soluble sugars, whereas the mutants
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Figure 4 BnaBASS2 contributes to oil accumulation during seed development. (a, b) Oil content and weight per seed of developing seeds. Oil content and
oil per seed were measured by the GC-FID method. Seeds were obtained at 21, 27, 31, 36, 41, and 55 DAF. Values are mean + SD (n = 4-6). ** indicates
P < 0.01, based on a student t-test. (c) and (d), Content of polar lipids and TAG species content in 31 DAF seeds. Values are means + SD (n = 6-8).
Different letters represent significant differences at P < 0.05, based on an ANOVA analysis with the Fisher LSD test. (e) The expression level of genes
involved in seed oil synthesis. CALO, caleosin; CPT, CDP choline:diacylglycerol cholinephosphotransferase; DGAT1, diacylglycerol acyltransferase 1; DGAT2,
diacylglycerol acyltransferase 2; ENR, enoyl-ACP reductase; FATA, acyl-ACP thioesterase A; GPATY, glycerol-3-phosphate acyltransferase 9; GPDH, glycerol-
3-phosphate dehydrogenase; LPAAT1, lysophosphatidic acid acyltransferase 1; LPAAT2, lysophosphatidic acid acyltransferase 2; LPCAT, lysophos-
phatidylcholine acyltransferase; MCMT, malonyltransferase; OBO1, oil body oleosin 1; OBO2, oil body oleosin 2; OBO3, oil body oleosin 3; WRI1, wrinkled1.
Total RNA was extracted from 31 DAF seeds. Relative expression level was calculated by comparison to actin’s expression level. Values are means + SD
(n = 3). Different letters represent significant differences at P < 0.05, based on an ANOVA analysis with the Fisher LSD test.

show the opposite trends (Figure S10b). Nevertheless, there is no
difference in the starch content in the leaves among WT, OE, and
mutant lines (Figure S10c). The biomass determination shows
that there is no significant difference in fresh and dry weight
among WT, OE, and mutant lines (Figure S10d). In addition, the
photosynthetic efficiency was monitored. The results show that
OE lines have a higher photosynthetic rate, transpiration rate,
stomatal conductance, and intercellular CO, concentration than
that in WT. However, mutant lines show the opposite (Fig-
ure S10e-h). These results suggest that BnaBASS2 impacts sugar
accumulation and plant photosynthesis in the leaves.

The impact of BnaBASS2 on agronomic traits of B. napus was
also evaluated. Plants were sown in the field and harvested at the
mature stage. The agronomic traits including plant height,
thousand seed weight and plant yield, etc. were investigated
(Figure S11, Table S1). The results show that the value of most of

the agronomic traits has no significant change between OE lines
and WT, except a slight decrease in the number of effective
branches in OE2. Most of the agronomic traits are significantly
lower in mutants than that in WT, except no obvious difference in
plant height and number of effective branches. In detail, the
silique number per plant, seed number per silique, thousand seed
weight, and yield per plant of the mutants are reduced by 32.7%,
17.0%, 7.8%, and 26.8%, respectively. These results suggest
that BnaBASS2 is necessary for plant growth, and disruption of
BnaBASS2 can reduce rapeseed yields.

Discussion

The function of BASS2 is transporting pyruvate from cytosol to
the plastid (Furumoto et al, 2011). It's reported that the
plastidial pyruvate is used for the MEP pathway and FA
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Figure 5 BnaBASS2 promotes seed oil accumulation in mature seeds. (a) Oil content in mature seeds. Data were measured by NIR. Values are

means + SD (n = 4-6). (b) Oil content in mature seeds. Data were determined by GC-FID. Values are means & SD (n = 4-6). (c) Contents of neutral lipids
TAG. Values are means + SD (n = 6-8). (d) Triacylglycerol species content. Values are mean + SD (n = 6-8). (e) OBs of mature seeds were examined by
scanning transmission electron microscopy. Bottom is a zoom-in on the red box of upper. (f-h) Number of OBs per 100 um?, total area of OBs in 100 pm?,
and size per OB in (e). Image J software was used to calculate the number and size of OBs. Values are mean £ SD (n = 12-16). CW, cell wall; OB, oil body;
PB, protein body. Different letters represent significant differences at P < 0.05, based on an ANOVA analysis with the Fisher LSD test.

biosynthesis (Furumoto et al., 2011; Prabhakar et al., 2010;
Weber and Linka, 2011). Knockout out BASS2 caused
mevastatin-sensitive phenotype (Furumoto et al.,, 2011; Zhao
et al., 2016), but it is not clear whether FA biosynthesis or oil
accumulation is affected in BASS2 mutant. In this study, it is the
first time to report that the knockout of BASS2 could reduce the
SOC by 2.8%-5.0% in B. napus. Metabolites of seed plastid were
determined and glycolysis- and FA-related metabolites were
significantly decreased in the mutants of BnaBASS2. Meanwhile,
a lower level of energy-related metabolites ATP and NAD(P)H was
detected in the mutant (Figures 2 and 3). Previous studies found
that BASS2 showed sodium-dependent pyruvate uptake activity,

and the sodium influx was balanced by sodium:proton antiporter
(NHD1), which was required for exporting sodium from the
chloroplast to maintain the sodium gradient required for the
import of pyruvate (Furumoto et al.,, 2011). We hypothesize that
disruption of BnaBASS2 can block the supply of pyruvate to the
plastid, which affects the process of photosynthesis, glycolysis
pathway, etc. These processes are closely related to energy. Due
to the decreased level of pyruvate and energy, FA synthesis in the
plastid was reduced and the formation of TAG is suppressed.
Multiple studies showed that WRI7 is a master regulator in the
glycolytic pathway, FA biosynthesis, and lipid metabolism
(Adhikari et al., 2016; Baud et al., 2009; Kong et al., 2019;
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Kong and Ma, 2018; To et al., 2012; Yang et al., 2022). In our
research, genes involved in the FA and oil biosynthesis of seed
were significantly increased in OE lines and decreased in mutants
(Figure 4f). Increased SOC of OE lines and decreased SOC of
mutant lines might result from the regulation of WRIT, which
affects the glycolysis, FA synthesis, TAG synthesis, and OB
formation in the process of seed oil accumulation. Hence,
BnaBASS2 could impact multiple pathways to regulate seed oil
accumulation.

The metabolite level of the whole seeds was also significantly
reduced in mutants, which may be caused by photosynthesis.
Reduced photosynthesis in the mutants leads to a reduction in
carbon sources and thus a decrease in metabolite level. In this
study, reduced photosynthesis was detected only in the leaves of
mutants (Figure S10e-h), whether the photosynthesis of seeds is
affected in mutants needs to be determined in the future. Source,
sink, and flow are three important factors that determine crop
yield, and high yield can only be achieved when the development
of crops reaches sufficient source, large sink, and smooth flow
(Adachi et al., 2020; Wang et al., 2021). In our research, pho-
tosynthesis was significantly reduced in the mutants, that is, the
reduction in the source. Moreover, the number of silique number
per plant, seed number per silique, and thousand seed weight
were significantly reduced in mutants, that is, the reduction in the
sink. Therefore, the yield reduction in the mutants may be caused
by insufficient source and small capacity of the sink, which work
together to limit the effects of push (source) and pull (sink). It is
worth noting that, ultimately, the contents of sugar and protein
are lower in OE seeds, while higher in mutants. And the content
of starch is lower in mutants (Figure S8a—c). It indicates that more
carbon flows into seed oil synthesis in OE lines.

In plants, there are several translocators that transport glycol-
ysis metabolites from cytosol to plastid. Glucose 6-phosphate
translocator (GPT), triose phosphate translocator (TPT), xylulose 5-
phosphate translocator (XPT), and phosphoenolpyruvate translo-
cator (PPT) transport G6P, 3-PGA, xylulose 5-phosphate, and PEP,
respectively, from cytosol to plastid (Weber and Linka, 2011).
Previous studies revealed that several plastidic phosphate translo-
cators had an effect on plant growth and chloroplast develop-
ment. GPT1 was essential for pollen maturation and normal
embryo sac development, the mutation of GPT7 was lethal
(Andriotis et al., 2010; Niewiadomski et al., 2005; Rolletschek
et al., 2007). The combined loss of TPT and XPT showed severe
growth retardation (Hilgers et al., 2018a, 2018b). Knockout of
PPTT caused slower growth, yellowing leaf, and abnormal
development of chloroplast (Li etal, 1995, Streatfield
et al.,, 1999). However, in our study and previous studies,
BASS2-deficient plants did not exhibit a visible vegetative growth
phenotype under normal growth conditions (Figure S9). We
speculate the main reason is that PEP metabolized by PKp in the
plastid is the main source of plastidial pyruvate. In Arabidopsis,
disruption of PKp could cause 60% reduction in seed oil, retarded
embryo elongation, and seed germination (Andre et al., 2007,
Andre and Benning, 2007; Baud et al., 2007b). At different
stages of seed development in B. napus, the activity of PKp is
slightly higher than that of PKc (Eastmond and Raw-
sthorne, 2000). In our study, although knockout of BnaBASS2
resulted in blocked pyruvate transport from cytosol to plastid,
another source of plastidial pyruvate could compensate for the
pyruvate import deficiency in the BnaBASS2 mutant. PPT1
transports PEP into the plastid, and PKp catalyses the synthesis
of plastidial pyruvate, which is used for normal chloroplast
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membrane lipid synthesis, thus maintaining normal growth. Our
results suggest that loss of BnaA05.BASS2 and BnaC04.BASS2-1
resulted in a moderate yield penalty and a decrease in SOC in B.
napus. Together, these results indicate that conversion of PEP to
pyruvate by PKp provides a major source of pyruvate for
metabolisms in the plastid.

Brassica napus is an important oil crop in the world, and
improving oil production is one of the important goals of
rapeseed breeding (Hua and Wang, 2016; Zou et al., 2022).
Biotechnology has been broadly used to improve the oil content
in oil seeds. At present, metabolic engineering strategies to
improve seed oil accumulation can be divided into upregulation
of FA biosynthesis (Push), increasing TAG assembly (Pull), and
increasing TAG storage/preventing breakdown. For example,
overexpression of transcription factors such as WRI1, LECT, and
LEC2 could improve seed oil accumulation by regulating genes
involved in FA biosynthesis and functioning to ‘Push’ FA de novo
synthesis (Baud et al., 2007a; Liu etal, 2010; Manan
et al., 2017; Mu et al., 2008; Santos Mendoza et al., 2005;
Shen et al., 2010; Tan et al., 2011). Overexpression of DGAT
improved seed oil by ‘Pull” much more acyl chains to DAG for TAG
biosynthesis (Jako et al., 2001; Liu et al., 2015a; Vanhercke
et al.,, 2013; Zhang et al,, 2018). Gene silencing of Sugar-
Dependent 1 (SDP1) could enhance seed oil by blocking the
degradation of TAG (Kelly et al., 2013; Kim et al., 2014). In our
study, overexpression of BnaBASS2 could significantly enhance
the SOC in B. napus and had no obvious negative effect on
agronomic traits. Thus, BnaBASS2 is a potential gene for breeding
B. napus with high oil content.

Materials and methods
Analysis of BASS2 in B. napus

The genomic sequence, amino acid sequence, and different tissue
expression data of BnaBASS2 were downloaded from BnTIR
(http://yanglab.hzau.edu.cn/; Liu et al.,, 2021). Phylogeny and
amino acid sequence alignment of BnaBASS2 were performed by
MEGA7 and CLUSTALW (https://www.genome.jp/tools-bin/
clustalw).

Subcellular localization

The CDS of BnaA05.BASS2 was amplified and ligated into the
pMDC83 vector, which contains a 2 x 35S promoter and a C-
terminal GFP tag. The recombinant BnaAO05.BASS2::GFP vector
was transformed into the mesophyll protoplasts of Arabidopsis
(Yoo etal, 2007) and epidermal cells of tobacco (Yang
et al., 2021). The fluorescence pictures were observed using a
Leica confocal microscope at 12 h after transfection.

Vector construction and plant transformation

To construct the OE vector of BnaBASS2, the CDS of BnaA05.-
BASS2 was cloned and ligated into p35S-FAST. To create the
mutants of BnaBASS2, CRISPR/cas9-mediated gene editing tech-
nique was utilized (Xing et al., 2014). Briefly, two sgRNAs, which
could both target BnaA05.BASS2 and BnaC04.BASS2-1, were
designed on the website (http://cbi.hzau.edu.cn/cgi-bin/CRISPR;
Lei et al., 2014). The amplified product by PCR including two
sgRNAs was linked to pKSE401 vector using Golden Gate
Assembly (Gao et al., 2013).

The OE and mutant vectors of BnaBASS2 were transformed
into Agrobacterium tumefaciens GV3101, respectively. Genetic
transformation of rapeseed was carried out by agrobacterium-
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mediated method as described previously (Dai et al., 2020).
Westar was utilized as a transformation receptor. The obtained
OE plants were detected by PCR using specific primers.

RNA extraction and quantitative real-time PCR

30-50 mg developing seed was collected and total RNA was
extracted using Eastep®Super Total RNA Extraction Kit (Promega
Corporation, Madison, WI) (catalogue number LS51040). The
quality of isolated RNA was determined by NanoDrop (Thermo
Scientific, Waltham, MA) and 1.5% agarose gel electrophoresis,
respectively. Then, 1-3 pg total RNA was used to synthesize
cDNA with cDNA Synthesis SuperMix (TransGen, Beijing, China;
catalogue number AE311). The synthesized cDNA was diluted 10
times, and then quantitative real-time PCR (qPCR) was conducted
with an ABI 7500 system (ABI, Waltham, MA) using TransStart®
Green gPCR SuperMix (TransGen; catalogue number AQ101).
BnaACTIN7 was utilized as the internal control to normalize
expression data according to the AAC; Method (Livak and
Schmittgen, 2013).

Western blot

For Western blot, the total soluble protein was extracted from
300 to 500 mg 24 DAF seeds using buffer A containing 50 mwm
Tris=HCI 7.5, 10 mm KCI, T mm EDTA, 0.5 mm phenylmethane-
sulfonyl fluoride (PMSF), 2 mm dithiothreitol (DTT) and protease
inhibitors (Thermo Scientific, Waltham, MA, catalogue number
PF200523). 50 ng protein was separated by 10% SDS-PAGE gel
and the protein was transferred to the PVDF membrane. The
membrane was immunoblotted with an anti-Flag antibody
(Sigma, St. Louis, MO, catalogue number A3687). At last, the
target BASS2 protein of 45 KD was detected and positive OE lines
were obtained.

Identification of Cas9-edited mutants

To obtain mutants of BnaBASS2, primers were used to detect
Cas9 in TO transformed individual plants first, then the PCR
product including sgRNA target sequence was amplified and sent
to a sequence. Eventually, Cas9 edited mutations were analysed
and acquired by DSDecode (Liu et al., 2015b). After multiple
generations of breeding and identification, homozygous mutants
of BnaBASS2 were obtained. Notably, the identification of
mutants showed that only one target site on the eighth exon
was edited and another target had no editing.

Procedure of developing seed collection

In full bloom, select a well-grown plant and pinch off the 2-3
flowers that have recently opened, and then gently tie a wire
between the open flower and the flower bud (Figure S12a). Four
to five individual plant replicates were selected for WT, OE, and
mutant lines, and each plant was labelled with the main branch
and three branches. The individual plants were bagged and
selfed, and the selfing bag was removed after 4 days (Fig-
ure S12b). The seeds close to the wire are the rapeseed seeds we
want to take for the specified development days.

Chloroplast isolation from developing seeds

Intact chloroplasts of 31 DAF seeds were isolated according to
the previous study with modifications (Zhang, 2010; Figure S4).
One gram of rapeseed seeds were placed in 4 mL of well-
prechilled organelle isolation buffer (300 mm sorbitol, 50 mm
Tris-HCl PH 8.0, 50 mm EDTA PH8.0) and ground into a
homogenate. The homogenate of seeds was filtered by a 300-

mesh sieve (Figure S4a). The homogenate was centrifuged at
2000 g at 4 °C for 10 min, and the resulting precipitate was the
crude chloroplast extract (Figure S4b). The crude extract was re-
suspended in 300 plL of organelle isolation buffer and overlaid on
a sucrose gradient (320 pL of 52% sucrose at the bottom and
280 uL of 30% sucrose at the top; Figure S4c). After centrifu-
gation at 13,800 g at 4 °C for 1 h, the green bands at the
interface between 52% sucrose and 30% sucrose were intact
chloroplasts (Figure S4d). Chloroplasts were collected and chloro-
plasts examination was performed under an optical microscope
to check the integrity (Figure S4e). Finally, isolated chloroplasts
were precipitated and collected for the following experiments
(Figure S4f).

Metabolite extraction and analysis

The metabolites involved in glycolysis and FA pathways were
extracted and determined by LC-MS/MS according to previous
research with modifications (Guo et al., 2014; Luo et al., 2007).
Briefly, whole seeds and isolated chloroplasts of 31 DAF seeds
were collected and freeze-dried (Millrock Technology, Kingston,
NY). Five milligram of samples was weighed, and a mix of 1.8 mL
methanol:chloroform (7:3, v/v) was added. Samples were incu-
bated for 2 h at —20 °C and gently mixed several times during
the incubation. 1.6 mL ddH,O was added and samples were
vortexed and centrifuged at 100 g for 5 min. The upper was
transferred into a new tube and dried using nitrogen. The extracts
were re-dissolved with 200 uL ddH,O and then filtered with
0.45 uM cellulose acetate centrifuge tube filters. The re-dissolved
extracts were used for metabolites analysis by LC-MS/MS (QTRAP
6500 plus). Mass signal intensity normalized by dry weight was
calculated for comparing primary metabolites.

FA extraction and GC-FID analysis

5-10 mg oven-dried developing seeds or mature seeds were
weighed and placed in a glass tube with Teflon-lined screw caps.
2.0 mL methanol with 5% (v/v) H,SO4 and 0.01% butylated
hydroxyl toluene (BHT) was added. The seeds were crushed with a
glass pestle, and then, 50 pL 16.2 pm heptadecanoic acid (17:0,
used as an internal to quantify the FA) was added and the tube
was capped tightly. Tubes were incubated at 85 °C for 2 h. Cool
the samples, 2.0 mL H,O and 2.0 mL hexane were added, vortex
briefly, then centrifuged at 1000 rpm for 5 min. The upper phase
(around 1 mL) was transferred to a glass vial for GC-FID analysis.
The GC-FID instrument and analytical parameters were set as
described previously (Tang et al., 2020).

Lipid extraction and analysis

Lipids were extracted and analysed according to the previous
report (Lu et al., 2019). 5-10 mg freeze-dried seeds of 31 DAF
were weighed and dropped into 4 mL isopropanol at 75 °C with
0.01% BHT for 15 min. Samples were cooled, 3 mL chloroform
and 1.2 mL ddH,O were added, and then, the samples were
vortexed and agitated at room temperature for 1 h. Lipid extracts
were transferred into a new glass screw-cap tube. 3 mL chloro-
form/methanol (2:1) with 0.01% BHT was added, and then, the
tube was shaken for 30 min. The lipid extract was transferred into
the glass screw-cap tube and this step is repeated several times
until the seeds become white. 2 mL 1 m KCl was added to the lipid
extracts and vortexed. Centrifuge at 1000 rpm for 5 min and the
upper phase was discarded. 2 mL ddH,O was added and
vortexed. Centrifuge at 1000 rpm for 5 min and discard the
upper phase. The whole extracts are dried with N, and re-
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dissolved in chloroform to 5 mg/mL. The samples were prepared
for analysis as follows: 210 uL 300 mm ammonium acetate-
methanol (1:20, viv), 60 pL 5 mg/mL extracts; then, the volume
was filled with chloroform to 300 pL. The lipids were quantified by
LC-MS (TripleTOF 5600) and the level was calculated by mass
signal intensity normalized by dry weight.

Plant growth conditions and traits survey

In this study, B. napus cultivar (cv.) Westar was used for gene
cloning and genetic transformation. The seeds of WT, OE, and
mutant were sown in the genetically modified field to set a plot
experiment. The growth phenotypes were investigated, and the
whole plants were harvested at maturity. Agronomic traits
especially seed-related traits, such as silique length, seed number
per silique, thousand seed weight, and the content of seed oil and
protein were measured. The content of seed oil and protein was
measured with a near-infrared reflectance spectroscope (Foss
NIRSystems 5000; Gan et al., 2003).

Measurement of photosynthetic efficiency

Seeds of WT, OE, and mutant were planted in the growth
chamber PGW40 (Conviron, Surrey, BC, Canada) and its growth
phenotype was observed indoors under a condition of 16 h
light/8 h dark, 22/20 °C, and a relative humidity of 60%. The
photosynthetic efficiency was measured using a portable
photosynthesis system (LI-6800; Li-Cor, Lincoln, NE) with the
paraments of 600 umol s~' flow rate, 60% relative humidity,
400 pmol mol~' C0O2, 1000 rpm fan speed, 1200 pmol m=2 s~
light intensity, 20 °C.

Measurement of soluble sugar and starch content

Total soluble sugar and starch of seeds and leaves were measured
by the anthrone method with some modification (Hong
et al., 2018). 80-100 mg seeds or leaves were collected and
added into 25 mL ddH,0, heating at 95 °C for 30 min. 50 uL of
supernatant was added to 400 pL 2 mg/mL anthrone sulfuric
acid, followed by heating at 95 °C for 5 min. The mix of heated
supernatant and anthrone sulfuric acid was measured at the
wavelength of 625 nm. The concentration of soluble sugar was
calculated according to the glucose standard curve. Content of
soluble sugar (mg/g) = concentration x volume =+ dry weight
(DW).

The residues were dried and ground into powder. 5 mL 0.2 m
KOH was added and the powder was ground into a homogenate.
Then, the samples were transferred to a tube and heated at
95 °C for 30 min. 1 mL 1™ acetic acid was added and
centrifuged at 12 000 rpm for 5 min. Finally, 50 pL of super-
natant was used to perform the remaining steps as the
measurement for soluble sugar. The concentration of hydrolysis
product glucose was calculated according to the glucose standard
curve. Content of starch (mg/g) = 0.9 x concentration x vol-
ume +~ DW.

OB observation of seeds by transmission electron
microscope

Peel the rapeseed seeds carefully and the inner cotyledons were
collected. Then, the cotyledons were cut into 1 x 1 mm and
fixed in 2.5% glutaraldehyde solution overnight. The preparation,
sectioning, and observation of samples were completed by the
electron microscope platform of Huazhong Agriculture University.
A transmission electron microscope (TEM; H-7650; HITACHI,
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Tokyo, Japan) was used in the research. The number and size of
OBs in WT, OE5, and CR253 were counted and measured by
Image J.

Primers
All primers used in the study were listed in Table S2.
Analysis of SOC and protein content

In this study, both SOC and protein data are % of dry weight, and
when the data are compared, the difference was directly used as
the increase (decrease).

Imaging software

In this study, the heatmap, bar chart line chart, and data
difference analysis are all completed by Origin software.
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