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1 | INTRODUCTION

Sugars and starch belong to the most prominent carbon storage prod-
ucts present in plants. As major carbohydrates, sugars represent mole-
cules acting as prime energy reserves and that provide precursors for
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Abstract

Overexpression of the vacuolar sugar transporter TST1 in Arabidopsis leads to higher
seed lipid levels and higher total seed yield per plant. However, effects on fruit bio-
mass have not been observed in crop plants like melon, strawberry, cotton, apple, or
tomato with increased tonoplast sugar transporter (TST) activity. Thus, it was unclear
whether overexpression of TST in selected crops might lead to increased fruit yield,
as observed in Arabidopsis. Here, we report that constitutive overexpression of TST1
from sugar beet in the important crop species Camelina sativa (false flax) resembles
the seed characteristics observed for Arabidopsis upon increased TST activity. These
effects go along with a stimulation of sugar export from source leaves and not only
provoke optimised seed properties like higher lipid levels and increased overall seed
yield per plant, but also modify the root architecture of BvTST1 overexpressing Cam-
elina lines. Such mutants grew longer primary roots and showed an increased number
of lateral roots, especially when developed under conditions of limited water supply.
These changes in root properties result in a stabilisation of total seed yield under
drought conditions. In summary, we demonstrate that increased vacuolar TST activity
may lead to optimised yield of an oil-seed crop species with high levels of healthy »3
fatty acids in storage lipids. Moreover, since BvTIST1 overexpressing Camelina
mutants, in addition, exhibit optimised yield under limited water availability, we might
devise a strategy to create crops with improved tolerance against drought, rep-

resenting one of the most challenging environmental cues today and in future.

a wide range of primary and secondary metabolites synthesised, as
well as for other storage products like cellulose, proteins or lipids
(Ap Rees, 1988; Martin & Smith, 1995). Moreover, many studies
reveal that sugar contents, composition, transport and compartmenta-
tion affect plant organ properties, storage product quality and impact
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tolerance against biotic and abiotic stress stimuli (Conrath et al., 2003;
Ho et al., 2019; Keller et al., 2021; Ko et al., 2021; Linke et al., 2002;
Patzke et al., 2019; Pommerrenig et al., 2018, 2020). Because of this
plethora of effects, it is not surprising that sugar levels are sensed in
plants and corresponding signals are utilised to steer gene expression
and development (Hanson & Smeekens, 2009; Tognetti et al., 2013).

In many plant cells, sugars accumulate to high levels in the large
central vacuole occupying up to 85% of the cellular volume (Martinoia
et al., 2007). We identified the carrier tonoplast sugar transporter
(TST) as critical for vacuolar accumulation of glucose, fructose and
sucrose in leaves as well as in sugar beet taproots (Jung et al., 2015;
Wingenter et al., 2010; Wormit et al., 2006). In contrast to the Vacuo-
lar Glucose Transporterl (VGT1), which physiological function is
mainly unresolved (Aluri & Biittner, 2007), the absence of TST in Ara-
bidopsis leads to low monosaccharide levels in leaves (Wormit
et al., 2006) and impaired accumulation of sugars in the cold (Klemens
et al., 2014). Since these processes are a prerequisite to resist low
environmental temperatures, disturbances of intracellular sugar
homeostasis and compartmentation usually provoke impaired frost
tolerance in plants (Alberdi & Corcuera, 1991; Hedrich et al., 2015;
Patzke et al., 2019; Pommerrenig et al., 2018). Sugar transport across
the vacuolar membrane, the tonoplast, is a dynamic process. Besides
the VGT and TST type importers, the tonoplast contains several sugar
exporters, e.g. the carriers Sugars Will Eventually be Transported
2, 16 and 17 (SWEETs) as well as the protein Early Response to
Dehydration-Like 6 (ERDL) (Hedrich et al., 2015). While SWEET car-
riers act as facilitators, ERDL6 represents a proton-driven exporter
(Chardon et al., 2013; Chen et al., 2015; Klemens et al., 2013, 2014;
Poschet et al., 2011).

The notion that TST fulfils an important function for plant proper-
ties received further support by two independent observations. First,
as revealed in Arabidopsis and cotton plants, TST activity is under the
control of different types of protein kinases and corresponding phos-
phorylation of amino-acid residues, located in the large loop domain
connecting transmembrane domain 6 and 7, stimulating vacuolar
sugar import (Deng et al., 2020; Schulze et al, 2012; Wingenter
et al., 2011). Second, a direct or indirect increase of TST activity in
various mutants of different species leads to either higher total seed
yield (Wingenter et al., 2010), or promotion of sugar levels in fruits
and leaves (Cheng et al., 2017; Deng et al., 2020; Zhu et al., 2021).

It has been shown that sugar levels in fruits from various straw-
berry accessions correlate positively with TST expression in these tis-
sues (Liu et al., 2020). In line with this, increased total sugar levels
have been observed in fruits from apple, tomato, strawberry or melon
mutants overexpressing TST genes (Deng et al, 2020; Zhu
et al., 2021), while solely Arabidopsis mutants overexpressing AtTST1
exhibited increased total fruit (seed) yield (Wingenter et al., 2010).

However, given that total crop harvest is one of the major goals
of all breeding efforts (Wallace et al., 1993), it is extremely important
to verify whether it is possible to increase total seed yield in crops by
stimulation of TST activity. Such analyses gain further impact since
intracellular sugar compartmentation affects stress tolerance and

other basic properties of plant organs (Lastdrager et al., 2014;

Pommerrenig et al., 2018; Thalmann & Santelia, 2017; Vu et al., 2020;
Wang & Ruan, 2013). Accordingly, a detailed analysis of physiological
consequences induced by overexpression of one of the main cellular
sugar transporters, namely TST, is mandatory.

To this end, we aimed to overexpress the TST1 gene from sugar
beet (Beta vulgaris) in the oilseed crop species Camelina sativa (also
named “false flax”). Camelina, like Arabidopsis is a member of the
Brassicaceae family, has gained increasing interest as an alternative oil
crop during the last decade (Faure & Tepfer, 2016; Vollmann &
Eynck, 2015). This plant was used for plant oil production in Europe
until the 1950ies, but was pushed aside by rapeseed (Brassica hapus)
from that time on (Zubr, 1997). Camelina-derived oil is used for indus-
trial biofuel production, and especially in recent times, this crop
regained attention since its storage oil is rich in healthy »3-fatty acids
(Feussner, 2015; Murphy, 2011). Both the high synteny of the hexa-
ploid Camelina genome with the Arabidopsis genome (Kagale
et al., 2014) and the possibility to create Camelina mutants via
Agrobacterium or CRISPR-Cas9 (Lu & Kang, 2008; Morineau
et al., 2017) further make this species a suitable candidate to check
whether overexpression of TST might also stimulate total harvest in a
crop species.

As an outcome of our efforts, we concluded that overexpression
of BvTST1 in Camelina not only led to increased lipid contents of sin-
gle seeds and higher seed vyield per plant but also stimulated shoot
growth. Moreover, we observed that BvTST1 overexpressing plants
showed increased numbers of lateral roots (LR) and larger primary
roots (PR), especially under drought conditions. Latter properties cor-
relate with increased drought tolerance leading to a markedly higher
seed yield when Camelina mutants grew under conditions of limited

water availability.

2 | MATERIALS AND METHODS

2.1 | Plant material and growth conditions

Camelina sativa, var. Céline wild types and BvTST1 overexpressing
plants were cultivated on standard soil (ED-73, Patzer; https://www.
einheitserde.de/) in a growth chamber under long-day conditions
(16/8 h light/dark regime) at 22°C, 200 pmol quanta m~2 s~! and
60% relative humidity. Generally, seeds were stratified in the dark at
4°C for 24 h prior to germination at 22°C. For cold experiments,
plants were grown for 4 weeks under standard conditions thereafter
transferred to cold temperature for 4 days, at 4°C. For drought stress,
40% field capacity was applied to soil grown plants as earlier
described (Valifard et al., 2021).

For optical inspection of root architecture, % MS medium (pH 5.7,
KOH, 0.5% sucrose) plates were used. To induce drought, % MS
medium was supplemented with polyethylene glycol (PEG)
corresponding to —0.7 or —1.2 MPa. Growth on agar plates was
allowed for 6 days in total; 2 days under control conditions (no PEG)
followed by transfer to new agar plates and four additional days of

growth under either control- or drought stress conditions. To check
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for re-initiation of LR growth under drought, plants were grown for
2 days under control conditions (no PEG), then transferred to new
agar plates under either control- or drought stress conditions for
7 days. For growth experiments under sterile conditions, seeds were

surface sterilised in 5% sodium hypochlorite before sowing.

2.2 | Generation of BvTST1 overexpressing lines
The pUBQ:BvTST1 construct was generated using the Gateway-
specific destination vector pUB-Dest (Grefen et al., 2010). For this,
the BvTST1 coding sequence (inserted in pBSK) was amplified by PCR
using BvTST1-specific primers harbouring attB1 and attB2 sites
(Table S1), cloned via BP reaction into pDONR/ZEO (Invitrogen), and
integrated by LR reaction into pUB-Dest. For the generation of Cam-
elina lines overexpressing BvTST1, Agrobacterium-mediated transfor-
mation was used as described (Liu et al., 2012; Lu & Kang, 2008).
Camelina transformation was carried out either by floral dip or vac-
uum infiltration method.

2.3 | Gene expression analysis via quantitative
real-time PCR

RNA was extracted from 50 mg plant material - previously frozen in
liquid nitrogen and finely ground - with the NucleoSpin® RNA Plant-
Kit (Macherey-Nagel). For cDNA synthesis, RNA was reverse tran-
scribed with the qScript cDNA Synthesis Kit (Quantabio). Primers
used for gene expression analysis by qRT-PCR are listed in Table S1.
CsActin and CsTubulin served as reference genes. Alternatively, the
relative accumulation of mRNA was visualised by Northern blot analy-
sis as previously described (Thulke & Conrath, 1998).

24 | Sugar quantification

For sugar extraction, 1 ml of 80% ethanol was added to 100 mg
of frozen in liquid N, finely ground plant material, mixed and incu-
bated for 30 min at 80°C in a thermomixer at 500 rpm. After centri-
fugation at 16,000 g (10 min at 4°C), the clear supernatant was
used for sugar quantification using NADP-coupled enzymatic tests
(Stitt et al., 1989).

2.5 | Amino acid quantification

For proline quantification, finely pulverised leaf samples were extracted
with 80% ethanol as described above. For derivatisation, 20 pl of
the supernatant was mixed with 60 pl borate buffer (0.2 M boric acid,
pH88) and 20pul AQC (6-aminoquinolyl-N-hydroxysuccnimidyl
carbamate. Watrex), prior to incubation at 55°C for 10 min. Quantifica-
tion was done with HPLC, and chromatograms were analysed using the

Chromeleon 6.7 software (Thermo-Fisher).
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2.6 | Phloem exudates analysis

To quantify carbon export from source leaves, sugar levels were
determined in leaf exudates as described earlier (Wingenter
et al., 2010). Essentially, leaves from 4- to 5-week-old plants were cut
under water, 4 h after onset of light. Three leaves from each plant
were transferred into an Eppendorf reaction vessel filled with 400 pl
of 20 mM EDTA solution (pH 7.5). Export was allowed for 4 to 6 h in
a water-saturated atmosphere in the dark. Subsequently, leaves were
removed, weighed and the solution transferred to the vacufuge con-
centrator to evaporate the water. Fully dried sediments were
resuspended in 200 pl dd H,O thereafter, sugar contents were deter-
mined using NADP-coupled enzymatic tests (Stitt et al., 1989).

2.7 | Seed analysis

For determination of the entire plant seed weight, Camelina plants
were individually cultivated under standard growth conditions. Seeds
were harvested at maturity and the biomass was subsequently

weighed.

28 |
analysis

Seed lipid quantification and fatty acid

Fatty acid analysis was performed as described earlier (Marmon
et al, 2017) with the following modifications: Crushing the seeds
before derivatisation was omitted (Ma et al., 2020), and for each plant,
3x 10-15 seeds were dried overnight at 105°C and incubated
together with 150-250 pg of tripentadecanoin standard in 2 ml of a
methanol/toluene (2:1, v/v) solution containing 2.5% (v/v) H,SO4
(95%-97%) and 2% (v/v) dimethoxypropane at 80°C for 3 h. Given
values are the trimmed means of individual plants after averaging the
technical replicates for each plant and removing the highest and the
lowest values per genotype.

3 | RESULTS

3.1 | Camelina gains increased TST activity by
ectopic expression of the TST1 gene from sugar beet
(Beta vulgaris)

To create Camelina sativa mutants with increased activity of the vacu-
olar TST protein, we stably integrated the BvTST1 gene from sugar
beet (Beta vulgaris) via Agrobacterium-mediated gene transfer into the
wild type genome. To this end, we chose the sugar beet homologue
BvTST1 (Jung et al., 2015) to prevent the possibility of the co-
suppression phenomenon, which seems likely to occur when using
instead the structurally related homologous Arabidopsis gene AtTST1.

The transformation efficiency of Camelina is substantially lower

than those known for Arabidopsis (Liu et al., 2012). We screened
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12 independent transformants for the presence of the recombinant [ ] glucose *
BvTST1 sequence using RT-gPCR. The three overexpressing lines, 12 fructose T
BVTST1#1, #2 and #12, exhibited the highest relative BvTST1 tran- [Z4 sucrose .

=

script levels and were chosen for further analysis (Figure S1A; please E 10+ _ i v
note: all transgenic plants analysed below were homozygous for the ‘Tm —E
transgene as confirmed by BASTA resistance). The presence of recom- e 8+ —_ Vi
binant BvTST1 mRNA in the transgenic Camelina lines has been con- %_ % —;
firmed by Northern-blot analyses using a radioactive probe specific ‘:' 6+ |7
for BvTST1 mRNA, which does not react with mRNA from wild type GC_)
plants (Figure S1B). %' 4+
To reveal whether the expression of the BvTST1 gene in Camelina o
leads to increased TST activity, we quantified levels of the major vacu- g 2k
olar located sugars glucose, fructose and sucrose in leaves from C?)

4-week-old plants. When grown at 21°C, wild types contained 0 __/ i/ y v

6.5 pmol glucose, 0.3 pmol fructose and 7.1 pmol sucrose per g fresh

weight (FW) (Figure 1A). All three BvTST1 overexpressing Camelina

C

lines contained similar levels of glucose and fructose, while lines
BvTST1 #2 and #12 exhibited increased sucrose levels compared to
wild types, reaching 9.5 and 10.8 pmol g ! FW, respectively

80+

(Figure 1A). Starch levels in all three transgenic Camelina lines were
similar to those of wild types and ranged between 64.8 to 74.4 pmol 60
Cé/g FW (Figure 1B).

It is known that cold stress conditions induce increased sugar
levels in plants and that Arabidopsis tst1-2 double knock-out plants 40 -
lack the ability to accumulate sugars in vacuoles upon cold treatment
(Klemens et al., 2014). Thus, checking for altered sugar homeostasis in
BvTST1 overexpressing Camelina plants grown at low temperatures 20}
was tempting.

Similar to other species, the exposure of Camelina to low temper-
ature leads to a marked increase of glucose, fructose and sucrose in 0

leaves. After 4 days at 4°C, glucose accumulated about eight-fold

Starch content [umol Glc g' FW]

when compared to the level at 21°C, fructose reached about

S

-1 -1
18 umol g™ FW and sucrose levels rose to 30 umolg™™ FW 80 glucose

(Figure 1C). Interestingly, while BvTST1 lines #1, #2 and #12 showed fructose ., "
sucrose J_E :I-IE

only moderately altered sugar levels at 21°C (Figure 1A), all three
overexpressing lines exhibited significantly higher glucose and sucrose

HH »

60

levels in the cold when compared to corresponding contents in wild

E=

types. Glucose levels in cold treated BvTST1 overexpressing plants

e mk

£
TO)
[e) *%
ranged between 61.2 to 65.9 pmol g~ FW, and sucrose ranged % * %
between 39.9 to 46.4 pmol g~ FW. BVTST1 #12 exhibited slightly I-E. 40 i ;
higher fructose levels when compared to wild types (23.4 umol g ! 9 ?E-
FW instead of 18.7 pmol g’1 FW in WT), while the concentration of 8 *
the latter type of sugar appeared only slightly higher in the other two 8 20+
BvTST1 overexpressing lines when compared to cold treated wild %
types (Figure 1C). (/3)
0 1 1 1
3.2 | BvTST1 overexpressors show increased $« ,\r\)&\ «’\QQ/ '\%\q’
biomass accumulation and early flowering ,{o & %'\
\ \ &

2

It has been shown that overexpression of AtTST1 in Arabidopsis

promoted germination and subsequent development of young FIGURE 1 Legend on next page.

seedlings (Wingenter et al., 2010). To check for similar effects in
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FIGURE 2 Germination, (A) 120 —g=wr
growth and development analysis -

of wild types and BvTST1
overexpressing plants.

(A) Germination rates.

(B) Representative image of
3-week-old wild types and three
independent BvTST1

100 |- BvTST? #12

o]
o

Germination rate [%]
(2]
o

overexpressing lines, bar = 2 cm. 40
(C) Plant diameters. (D) Fresh
weights. (E) Representative image 20
of 5-week-old plants of wild
types and BVTST1 #1 and #2, 0 - P
bar = 2 cm. (F) Representative Time [Day]
phenotypes of flowering plants.
Plants were cultivated on soil (€) 20 o WT (D) I
under standard growth SoTmm LB 6 ==
conditions. Data represent means 16 \B BUTSTI#12 we oo 2 — 5 [ BuTsT1 #12
+ SE of n = 6 individual pots with g | % =
20 seeds each for (A), and n = 26 '5'12 | :EZ* ; 5 % 4
individual plants for (C), (D) and © ” ® 2
(F). Statistical analysis of _E . B § 3
differences between wild types }g 8r o i L4 f
and overexpressing plants were 3 ol ® E 2
calculated using the Student's t- 4 - o
test (*P < 0.05, **P < 0.01, g 1
***P < 0.001) 0 i ) i ‘ i | 0 ‘ |
5 10 15 20 25 30 35 2 3 4 5
Days after Sowing Time [week]
(E) (F) 120 o
— = BVTST1#1 *xk
—— BVTST1 #2 b

FIGURE 1 Carbohydrate levels in leaves of Camelina wild
types and BvTST1 overexpressing plants. Four-week-old plants,
grown on soil under standard conditions (16 h light/ 8 h dark)
were used for analysis. For cold experiments, plants were moved
to 4°C for 4 days. All samples analysed were harvested at the end
of light phase. (A) Soluble sugar contents. (B) Starch contents.
(C) Soluble sugar contents from cold treated plants. Data
represent mean values of n = 4 to six plants + SE. Statistical
analysis of differences between wild types and overexpressing
plants were calculated using Student's t-test

(*P < 0.05, **P < 0.01)

100 |—l— BvTST1#12
*k
*k

N
o

Flowering Plants [%)]
[}
o

20

1 1
34 36 38 40 42
Days after Sowing

BvTST1 over-expressing Camelina plants, we compared their
growth pattern with that of wild type plants.

The germination efficiency of seeds from BvTST1 overexpressing
plants was identical to that of wild types (Figure 2A). Two days after
the transfer of cold-stratified seeds into warm conditions (21°C),
about 96% of all seeds showed a radicle and after 3 days, all seeds
were germinated. Since the same germination stadium was reached
after 3 days at 21°C, we conclude that the germination efficiency of
Camelina seeds under the chosen conditions is generally close
to 100%.
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Optical inspection showed that 3 weeks post-germination BvTST1
#1, #2 and #12 mutant plants exhibited a larger diameter when com-
pared to corresponding wild types (Figure 2B). To analyse a putative

dynamic of this phenomenon, we quantified the average plant diameter

during the entire growth period. Seven days after germination (DAG),
the plant diameter of wild types and the three BvTST1 overexpressing
lines were similar and reached about 2.5 cm (Figure 2C). However, at

13-DAG, the three overexpressing lines exhibited a larger plant

% *%k

*%

(A) (B) 1000
. 800 |-
£
- .
S 600
(0]
=
3
o 400 -

*oe S
(=)
BvTST1#2 BvTST1 #12_ ~ 200 -
0
(C)160 (D) 300
*kk + 250 .
120 - By _T_ 5
= $ 200
= -+ k =
=) 2
o 80 =150
s je!
o =3
5 S 100
wn -
40 P
50
0 0
A N R $
&) ) 3
& ) <
') QO @4
E) 35
© % wr
[ |BvTST1 #1 .
30 I BVTST1 #2
V77 BVTST1 #12
25 - * % X
g
g 20
i)
®
219 .
5
L
10 F :
5
*
|0 L T
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Fatty acids

N
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S 9 R I S
R AL S AR A

FIGURE 3 Analyses of seed
yield and seed properties. Plants
were cultivated on soil substrate
under standard conditions until
the life cycle was completed.

(A) Representative image of seeds
harvested from wild types and
three independent BvTST1
overexpressing lines, bar = 2 mm.
(B) 1000-seed weight. (C) Seed
yield per plant. (D) Total lipid
contents and (E) fatty acid
composition of seed storage
lipids. Data are means + SE of at
least n = 12 individual plants for
(B), n = 21 individual plants for
(C), and trimmed means + SE of
n = 10 individual plants for

(D) and (E). Statistical analysis of
differences between wild types
and overexpressing plants were
calculated using the Student's t-
test (*P < 0.05, **P < 0.01,

***p < 0.001)
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diameter when compared to wild types (Figure 2C). This tendency was
observed until 25-DAG (Figure 2C), while from 30-DAG on all plants
analysed exhibited a diameter of about 15.5 to 16.6 cm (Figure 2C).
This increased plant diameter between 13- and 25-DAG (Figure 2C)
was also present when the plant biomass was quantified (Figure 2D).
Two weeks post-germination, all four plant lines exhibited a similar FW
of about 0.26 to 0.30 g, while 3 weeks after germination, the three
BvTST1 lines showed about 17.7 to 32.3% higher FW when compared
to wild types (Figure 2D). After 4 weeks, BvTST1 #1 and #2 plants still
exhibited higher FWs than present in wild types, and after 5 weeks, all

four plant lines exhibited nearly identical FWs ranging between 5.0 to
5.6 g per plant (Figure 2D).

Interestingly, we observed that BvTST1 lines #1, #2 and #12
exhibited earlier flowering when compared to corresponding wild
types (Figure 2E). Until 33-DAG, none of the plant lines showed
emerging inflorescences (Figure 2F). However, between 34 and
39-DAG, all three BvTST1 overexpressing lines exhibited, on average,
a higher number of flowering individuals when compared to wild
types (Figure 2F). At 40-DAG, all plant lines had reached the flowering
status (Figure 2F).
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3.3 | BvTST1 overexpressing lines exhibit
increased seed yield and higher storage lipid levels

Overexpression of AtTST1 in Arabidopsis leads to increased seed yield
(Wingenter et al., 2010). However, so far, it is unclear whether a simi-
lar effect can also be observed on an oil-producing crop species
exhibiting increased TST activity. To this end, we harvested seeds
from fully dried inflorescences and analysed the respective total seed
biomass from individual plants of the four plant lines.

Optical inspection of representative seeds from all plant lines
provided the impression that seeds from each BvTST1 over-
expressing mutant were slightly larger when compared to seeds
from wild types (Figure 3A). Quantification of the 1000-seed
weight confirmed that seeds from all three BvTST1 overexpressing
Camelina lines exhibited increased biomasses. 1000 seeds from
BvTST1 #1 exhibited a weight of 773 mg, representing an increase
of 15% when compared to wild types, 1000 seeds from BvTST1 #2
exhibited a weight of 796 mg, representing an increase of 18%
when compared to wild types and seeds from BvTST1 #12 reached
a weight of 789 mg, representing an increase of about 17.4% when
compared to wild types (Figure 3B). Moreover, it turned out that all
three BvTST1 overexpressing lines exhibited between 16% (BvTST
#2) to 32% (BvTST #12) total seed yield per plant when compared
to corresponding wild types (Figure 3C).

Similar to the increased seed biomass per plant of BvTST1 lines
(Figure 3C), the total lipid levels in mutant seeds increased compared
to wild types. The total lipid levels/seed rose similarly to the 1000

seed weight increased in BvTST1 overexpressor lines. Seeds from wild

types contained about 188 pg lipid/seed, while seeds from BvTST1 #1
contained 226 pg lipid/seed (+20%), followed by seeds from BvTST1
#2 with 250 pg lipid/seed (+33%) and seeds from BvTST1 #12, which
approached 216 pg lipid/seed. The latter value corresponds to an
increase of +15% compared to wild type seeds (188 pg lipid/seed)
(Figure 3D).

A detailed analysis of the individual fatty-acid (FA) composition
in triacyl-glycerols (TAG, storage lipids) revealed that the relative
contents of 16:0, 18:2, 18:3, 20:1 and 20:3 in seeds from BvTST1
overexpressing lines differed from corresponding wild types, while
the relative contribution of the other FAs to total TAGs appeared
to be similar in all plant lines (Figure 3E). Most marked changes by
overexpression of BvTST1 have been observed in respect to the
levels of 18:2 and 18:3 FAs, since all three BvTST1 overexpressors
showed about 8 to 10.6% less 18:2 FAs, while the 18:3 FA
level appeared to be increased in these mutant lines by about 7.6%
to 10.6%, when compared to corresponding wild type values
(Figure 3E).

3.4 | BvtTST1 overexpressing lines exhibit
increased capacity for long-distance sugar transport

Increased shoot growth and higher seed yield (Figures 2 and 3)
point to the possibility that leaves from BvTST1 overexpressing lines
exhibit increased source to sink transport of sugars. To monitor for
such a phenomenon, we first quantified sugar transport in detached

Camelina source leaves. To get more information on the molecular
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FIGURE 6 Effect of drought
stress induced by polyethylene
glycol (PEG) treatment on root
development of wild types and
overexpressing plants grown on
agar plates. Plants were treated
with PEG 2 d after sowing.

(A) Images of 4-day PEG treated
seedlings grown at —0.7 MPa.
(B) Quantification of PR length of
PEG treated seedlings grown at
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mechanisms connected to an increased sugar export capacity
of BvTST1 overexpressing leaves, we quantified mRNAs coding
for various proteins involved in either, photosynthesis or sugar
transport.

Detached leaves from wild types exported within 5h of the
experiment about 5.3 pmol Cé/g FW, leaves from all three
BvTST1 overexpressing lines showed stimulated sugar export.
Leaves from BvTST1 #1 exported sugars equivalent to 6.8 pmol
Cé6/g FW, and leaves from BvTST1 #2 and #12 exported
sugars equivalent to 6.7 and 7.3 pmol Cé6/g FW, respectively
(Figure 4A).

The expression of CsCAB1, coding for the chlorophylls,g binding
proteinl, was slightly increased in leaves of BvTST1 overexpressors,
reaching about a two-fold increase in BvTST1 #1 when compared to

the corresponding mRNA in wild types (Figure 4B). Similar to this, the

expression levels of the vacuolar sugar exporter CsSUT4 and the
plasma membrane located sucrose transporters CsSSWEET11 and 12
were higher in BvTST1 overexpressing leaves when compared to wild
types (Figure 4C-E). In Arabidopsis, both SWEET transporters
(SWEET 11 and 12) are involved in sucrose transport into the phloem
and in the vasculature (Chen et al., 2012; Le Hir et al., 2015). In Ara-
bidopsis and other vascular plants, the apoplasmic loading of sucrose
into the phloem sieve element/companion cell (SE/CC) complex is
mediated by SUC2/SUT1 type carriers (Gould et al., 2012; Srivastava
et al, 2008; Truernit & Sauer, 1995). Interestingly, similar to the
expression of the other transporter genes monitored (Figure 4B-E)
CsSUT1 expression in leaves from BvTST1 overexpressing lines was
increased when compared to corresponding values in wild types and
ranged from 1.6-fold in BvIST1 #1 to 2.3-fold in BvTST1 #12
(Figure 4F).
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3.5 | Overexpression of BvTST1 leads to altered
morphology of Camelina roots

The composition and levels of sugars affect plant organ develop-
ment, partly due to the close interaction of the cellular carbohy-
drate status with hormone homeostasis and regulation of gene
expression (Kiba et al., 2019; Rellan-Alvarez et al., 2016; Valifard
et al., 2021; Zurcher et al., 2016). However, so far, it has not
been analysed whether altered TST1 activity affects root proper-
ties. Thus, to check for an effect of BvIST1 overexpression on
Camelina root properties, we grew wild types and the three
mutant lines under either control or drought stress conditions on
vertical % MS-agar plates and analysed root characteristics via
optical inspection.

It turned out that BvTST1 overexpressing lines had an increased
number of LR when compared to corresponding wild types
(Figure 5A,B). Latter plants exhibited on average only about 2.0 LR
per PR, while BvTST1 overexpressing lines exhibited on average
between 3.9 to 5.0 LR per PR (Figure 5B). After 6 days of growth, the
average PR length of the BvTST1 lines was slightly larger than PR
length on wild types (Figure 5A). Under latter conditions, PRs from
BvTST1 plants reached 119% of the PR length exhibited by wild types
(Figure 5A,C).

To check whether drought stress promotes specific alterations of
the root architecture, we repeated this experiment in the presence of
polyethylene glycol (PEG), mimicking drought corresponding to an
osmotic potential of either —0.7 or —1.2 MPa (Michel, 1983) (for
details see also Valifard et al., 2021). As given above, after 6 days
of growth under control conditions (no PEG), wild type PRs exhibited
an average length of 5.6 cm, while BvTST1 overexpressing plants
showed a slightly larger average PR length between 6.5 to 6.8 cm
(Figure 5A,C).

Under drought, corresponding to —0.7 MPa, the relative PR
length differences wild types and BvTST1 overexpressing lines
appeared similar to control conditions, as PRs from mutants exhibited
an increased PR length of about +19% (Figure 6A,B). However, under
stronger drought conditions of 1.2 MPa, the relative differences of PR
lengths between these plant lines became larger as mutant PR
reached e.g. up to 6.4 cm (BvTST1 #2), representing a 28% greater
length when compared to the average wild type PRs (Figure 6C,D).

Above, we demonstrated that BvTST1 overexpressors grown
under control conditions exhibited a higher number of LRs than pre-
sent in wild types (Figure 5A,B). Interestingly, in contrast to growth
under control conditions (Figure 5A,B), Camelina does not show any
LR after 4 days of growth under drought stress (Figure 6A,C). How-
ever, after three additional days under drought, Camelina is able to

Control

FIGURE 7 Effect of drought
stress on development, seed
yield, proline levels and
expression of the drought related
gene DREB2A. (A) Plant height of
6-week-old wild types and
BvTST1 overexpressing lines.

(B) Total seed yield per plant.

(C) Leaf proline contents of wild
types and BvTST1 overexpressing
lines under control or drought
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reinitiate LR growth leading on average to about 4.5, remarkable short
LRs (Figure 6E,F). Interestingly, under those conditions all three
BvTST1 overexpressor Camelina lines showed an increased ability to
reinitiate LR formation when compared to wild types, leading in aver-
age to 7.8 to 9.5 LR per mutant plant, and all LR on mutants appeared
markedly longer than LR on correspondingly grown wild types
(Figure 6E,F).

3.6 | Expression of the BvTST1 gene leads to
improved drought tolerance of Camelina

To determine whether altered root architecture leads to modified
drought stress tolerance, we grew all plant lines on soil at either well-
watered conditions (control) or under drought conditions (Figure 7).
We already demonstrated above that the average plant height of wild
types was slightly less than that of BvTST1 overexpressors (Figure 2E).
After 6 weeks of growth under well-watered control conditions, wild
types reached an average height of about 55 cm, while BvTST1 #2
and #12 mutants reached, on average, 61 and 60 cm, respectively
(Figure 7A). Under drought conditions, wild type plant height was
decreased to 41.9 cm, and the average plant height of all three
BvTST1 overexpressors was slightly, but statistically significant, larger
when compared to corresponding wild types (Figure 7A).

As given before, BvTST1 overexpressor plants grown under con-
trol conditions showed increased seed biomass of about 12% to 32%
compared to seed biomass harvested from wild types (Figure 3A).
Interestingly, the relative differences between seed biomasses
harvested from wild types and BvTST1 overexpressor plants were
even larger when grown under drought stress conditions. All three
BvTST1 overexpressing lines showed significantly increased seed bio-
masses, ranging between 42.6% in the case of BvTST1 #1 to 49% in
the case of plants from BvTST1 #2 and #12, when compared to seed
yield of drought-stressed wild types (Figure 7B).

Proline levels can be taken as a molecular readout for drought
stress (Liang et al., 2013). Interestingly, the increased seed vyield of
BvTST1 overexpressor lines correlates with lower leaf proline levels
when compared to wild types. Under control conditions, all plant lines
contained similar levels of proline in leaves, ranging between 30.6 to
49 ug g~! Fw (Figure 7C). In contrast, under drought conditions, when
proline in wild type leaves accumulates to about 558 pg g ! Fw
(Figure 7C), the corresponding levels in BvTST1 overexpressors
appeared to be lower. BvTST1 overexpressor line #1 exhibited slightly
but statistically not significantly lower proline levels compared to wild
types. However, BvTST1 overexpressing lines #2 and #12 showed
markedly lower proline levels when compared to wild types, namely
only 218 and 120 pg g~ 1 FW, respectively (Figure 7C).

In general, altered expression of transcription factors might con-
tribute to the tolerance properties (Singh & Laxmi, 2015). Among
these, the transcription factor DREB2A is known to be involved in the
induction of drought tolerance in Arabidopsis (Sakuma et al., 2006).
Compared to wild types, the levels of mRNA coding for the DREB2A
protein in BvTST1 overexpressing lines were significantly higher and

reached about 2 to 2.5-fold of the DREB2A mRNA levels observed in
drought-stressed wild types (Figure 7D).

4 | DISCUSSION

Sugar levels and cellular sugar compartmentation is critical for plant
yield and important plant properties (Pommerrenig et al, 2018;
Ruan, 2012, 2014). In most types of vascular plant cells, the vacuole
represents the largest organelle (Martinoia et al., 2007) and is the
main cellular side for storage of a wide range of solutes, including sev-
eral types of sugars (Martinoia et al., 2012). Accordingly, vacuolar
import and export of sugars represent a dynamic process and several
sugar carriers, mediating transport of glucose, fructose and sucrose,
have been demonstrated to reside in the vacuolar membrane, the
tonoplast (Hedrich et al., 2015).

Some members of the large SUGAR WILL EVENTUALLY BE
TRANSPORTED  (SWEET) and EARLY RESPONSE TO
DEHYDRATIONG-LIKE (ERDL) protein families are involved in vacuo-
lar sugar export (Chardon et al., 2013; Chen et al, 2015; Guo
et al, 2014; Klemens et al., 2014; Poschet et al., 2011). However,
according to the current data so far available, only VGT1 (VACUOLAR
GLUCOSE TRANSPORTER1) (Aluri & Buttner, 2007) and TST
(TONOPLAST SUGAR TRANSPORTER)-type proteins (Cho
et al.,, 2010; Jung et al., 2015; Wormit et al., 2006) function as effi-
cient importers. This is because the latter transporters exploit the
existing pH gradient across the tonoplast to accumulate sugars in the
organelle lumen against a concentration gradient (Aluri &
Buttner, 2007; Schulz et al., 2011; Wingenter et al., 2011).

The physiological function of VGT1 is still enigmatic (Aluri &
Buittner, 2007), inter alia since VGT1 loss-of-function mutants hardly
show any peculiarity when compared to wild types, and because the
isoform VGT3, now named pSuT, resides in the chloroplast (Aluri &
Buttner, 2007; Patzke et al., 2019). In contrast to this both, down- or
upregulation of TST activity in various species provoke marked bio-
chemical and physiological responses. E.g., TST loss-of-function Ara-
bidopsis lines show impaired sugar accumulation in cold conditions
(Klemens et al., 2014; Wormit et al., 2006), while increased TST activ-
ity in melon, tomato and apple plants leads to higher cellular sugar
levels (Cheng et al., 2017; Zhu et al., 2021).

Remarkably, increased TST activity in the seed oil-storing model
plant Arabidopsis induces a larger size of individual seeds, higher seed
lipid levels and an increased overall seed yield per plant (Wingenter
et al., 2010). However, increased biomasses of fruits have not been
observed in all other species analysed so far, namely melon, cotton,
apple and tomato mutants exhibiting increased TST activities (Cheng
et al., 2017; Deng et al., 2020; Zhu et al., 2021). These observations in
various species questions whether stimulation of TST activity in crops
might lead to an increased harvest of plant storage organs. Moreover,
since sugar levels and especially intracellular sugar compartmentation
not only affect fruit properties (Lastdrager et al., 2014; Wang &
Ruan, 2013), but also architecture and properties of roots (Takahashi
et al., 2003; Valifard et al., 2021) we studied here in addition to seed
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characteristics also specific properties of roots from Camelina mutants
overexpressing the vacuolar sugar importer BvTST1.

Overexpression of BvTST1 in Camelina leads to larger seeds,
increased storage lipids in mature seeds and higher seed vyield per
plant (Figure 3A-D). These characteristics fully concur with
corresponding observations on AtTST1 overexpressing Arabidopsis
mutants (Wingenter et al., 2010). However, increased biomass and
seed yield of BvTST1 overexpressing Camelina does not resemble data
raised on fruits from melon, strawberry and tomato mutants with
increased TST activities (Cheng et al., 2017, Zhu et al., 2021). All TST
overexpressing mutants of the latter species exhibit higher fruit sugar
levels, while increased fruit size or higher fruit yield per plant have not
been observed. The molecular reason for this discrepancy between
various plant species overexpressing TST is unclear. However, espe-
cially the chosen promotors seem not to be the reason for such dis-
crepancy. This is, because similar to BvTST1 overexpression in
Camelina, which is driven by the ubiquitin promoter (see Materials
and Methods), overexpression of the heterologous melon TST1 homo-
logue in strawberry also occurred under control of a constitutive and
strong promotor, namely the Cauliflower 35S promotor (Cheng
et al, 2017). However, strawberry fruits accumulate sugars at high
levels, while both Arabidopsis and Camelina seeds represent fruits
with low sugars but high lipid and protein contents.

In contrast to TST mutants from strawberry and melon, increased
TST activity in tomato plants is the indirect consequence of a stimu-
lated vacuolar glucose export induced by overexpression of the apple
(Malus domestica) protein ERDL6 (Zhu et al., 2021). MdERDLS is the
closest homologue to the Arabidopsis vacuolar glucose exporter
AtERDL6 (Zhu et al., 2021), and both proteins function as proton/
glucose symporters exporting glucose into the cytosol (Poschet
et al.,, 2011; Zhu et al., 2021). Thus, increased TST activity in tomato
fruits is a consequence of altered sugar signalling caused by glucose
accumulation in the cytosol (Zhu et al., 2021), lifting the degree of
metabolic complexity even higher than already present in TST over-
expressing Arabidopsis, Camelina or melon plants ((Figure S1) and
(Cheng et al., 2017; Wingenter et al., 2010)).

Similar to the situation in melon, strawberry, apple and tomato
with increased TST activity the overexpression of the TST1 activating
CBL interacting Protein Kinaseé6 (CIPK6) from cotton (Gossypium
hirsutum) in either cotton or Arabidopsis leads to higher leaf sugar
levels without an effect on fruit yield (Deng et al., 2020). In the case
of BvTST1 overexpressing Camelina, we observed increased sugar
levels in leaves solely under conditions of cold temperature but not
under conditions of ambient temperature (Figure 1A,C), which resem-
bles closely the observations made on AtTST1 overexpressing Ara-
bidopsis plants (Wormit et al., 2006). It is well known that TST
proteins can become activated by phosphorylation, either via CIPKé
(Deng et al., 2020) or via the protein kinase VIK1, belonging to the
large mitogen-activated protein triple kinase family (Wingenter
et al., 2010). Since phosphorylation of TST is leading to increased
transport activity in reconstituted and in in vivo systems (Deng
et al., 2020; Schulze et al., 2012; Wingenter et al., 2011), we speculate
that this type of modification of TST proteins is able to stimulate

transporter activity stronger, when compared to the sole over-
expression of the endogenous or the recombinant gene.

Higher sugar levels in leaves of cold treated BvTST1 over-
expressing Camelina mutants (Figure 1C) is a clear indication that the
additional presence of BvTST1 protein leads to higher pumping of
sugars into the vacuole. However, we assume that even under ambi-
ent temperature, where BvTST1 overexpressing Camelina plants show
similar total sugars levels as present in wild types (Figure 1A), the
sugar compartmentation in the mesophyll cell is altered, as seen in
Arabidopsis overexpressing AtTST1 (Wingenter et al., 2010). The latter
conclusion is due to the observation that CAB1 mRNA accumulation
in leaves from BvTST1 overexpressing Camelina plants is increased
when compared to wild types (Figure 4B). Since CAB1 mRNA accumu-
lation is strongly inhibited during the accumulation of glucose in the
cytosol (Koch, 1996) we assume that mesophyll cells of BvTST1 lines
exhibit decreased glucose concentrations in the cytosol and higher
glucose levels in the vacuole when compared to wild types. Since a
similar process is also present in Arabidopsis mutants overexpressing
the endogenous TST1 gene (Wingenter et al., 2010) we propose that
both, AtTST1 and BvTST1 exhibit, when overexpressed in planta,
highly similar biochemical properties, in particular the ability to import
glucose. In fact, when heterologously expressed in Xenopus oocytes
both carriers are able to transport glucose in counter exchange with
H* (Jung et al, 2015; Schulz et al, 2011), which explains that
increased TST activity causes a cytosolic decrease of glucose.

Another remarkable characteristic of BvTST1 overexpressing
Camelina mutants is their early flowering phenotype (Figure 2E,F).
This property is likely not due to an acceleration of early plant devel-
opment since seed germination of mutant and wild type plants is
nearly identical (Figure 2A). Instead, this phenomenon speaks for an
increased sugar export capacity of source leaves into sink structures,
like e.g. the flower meristem. This assumption is likely since (1) it is
known that increasing sucrose levels in inflorescence meristem cells
induce flower induction (Wahl et al., 2013) and (2) by the demon-
strated increased export of sugars from source leaves from BvTST1
overexpressing plants (Figure 4A). The latter observation is fully in line
with increased levels of SUT1 mRNA in leaves of BvTST1-lines
(Figure 4C), coding for the main phloem sucrose loader (Gould
et al., 2012; Truernit & Sauer, 1995) and, moreover, resembles similar
observations made on AtTST1 overexpressing Arabidopsis mutants
(Wingenter et al., 2010). We also observed, that BvTST1 over-
expressing Camelina plants exhibited higher expression of the
SWEET11 and SWEET12 genes (Figure 4D,E). This finding provides
further explanation why these mutants exhibit increased sugar export
capacity from source leaves (Figure 4A), since both facilitators medi-
ate sucrose export from parenchyma cells into the SE/CC complex
(Chen et al., 2012) which is a prerequisite for subsequent proton
coupled import into the phloem via SUC2/SUT1 (Sauer &
Stolz, 1994).

Similar to the effect of TST1 overexpression in Arabidopsis, the
overexpression of BvTST1 in Camelina leads to higher seed lipid levels,
as well as to an increased 1000 seed weight and increased overall

seed harvest per plant (Figure 3A-D). It appears interesting that not
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only the total lipid level per seed is increased, but also the levels of
several fatty acids, especially 18:2 and 18:3 in storage lipids of BvTST1
overexpressing lines, differs in comparison to wild type seeds
(Figure 3E). Without detailed analyses of metabolic fluxes and enzyme
properties, it is impossible to find an explanation for this phenome-
non. However, we have to keep in mind that the synthesis and com-
position of storage lipids and their corresponding FAs in Camelina, as
in other species, depends upon the concerted action of many different
enzymes, like isoforms of acyltransferases or fatty-acid desaturase
isoforms (Lee et al., 2021; Marmon et al., 2017). Thus, given that
increased TST1 activity leads to higher concentrations of fatty-acid
precursors in developing seeds, we assume that the individual cata-
lytic response of each enzyme depends upon its individual sub-
strate affinity and its specific activity in respective cells. In this
context, it is worth mentioning that a similar observation has
been made on another plant storage product, namely starch.
Although the sole metabolic precursor for starch synthesis is the
nucleotide sugar ADP-glucose, altered levels of this metabolite not
only correlate directly with starch levels in storage organs but
explicitly change the corresponding amylose to amylopectin ratio
(Geigenberger et al., 2001; Lloyd et al., 1999; Tjaden et al., 1998).
The latter effect is also due to different Kmappcio) values of the
soluble and granula-bound starch synthases involved in starch syn-
thesis (Seung, 2020).

That BvTST1 overexpressing Camelina mutants exhibit increased
capacity to provide sugars to sink tissues is further indicated by ana-
lysing the speed of the plant development and biomass accumulation
after seed germination (Figure 2B-D), and by comparing the develop-
ment of the root architecture of wild types and mutants (Figure 5).
Latter plants, when grown without drought stress, exhibit an
increased number of LRs and slightly larger PRs when compared to
wild types (Figure 5A-G). It is known that increased sugar levels in
roots generally stimulate LR formation (Takahashi et al., 2003). There-
fore, the observation that BvTST1 Camelina plants exhibit a markedly
higher number of LRs when compared to wild types (Figure 5A,B) fur-
ther supports the conclusion that the stimulation of long-distance
photosynthate transport in mutants (Figure 4A) is the reason for
improved sink tissue development.

Generally, drought stress impairs LR development and promotes
PR growth (Deak & Malamy, 2005; Xiong et al., 2006). This effect also
presents when Camelina roots develop under drought stress condi-
tions (Figure 6A,C) and represents a conserved morphogenetic reac-
tion of vascular plants to reach deeper soil horizons still containing
residual water (Koevoets et al., 2016). Interestingly, under drought
conditions, the relative difference of PR length between BvTST1 over-
expressing plants and wild types is higher under conditions of optimal
water supply (Figures 5C and 6B,D).

To interpret this relative difference of the root architecture, we
have to keep in mind that drought-stressed plants activate the sugar
transfer from source leaves to roots, which selectively promotes PR
growth (Durand et al., 2016). In that context, it seems worth mention-
ing that drought stress induces the expression of the SWEET11 gene.
The corresponding transport activity, which is connected to phloem
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loading, turned out to be critical for photosynthate transfer into roots
and maintains an appropriate root growth (Durand et al., 2016). More-
over, in Arabidopsis, both SWEET11 and 12 have been shown to be
involved in xylem development (Le Hir et al., 2015), representing the
long-distance transport system for water. Thus, our observation that
all BvTST1 overexpressing lines exhibit higher expression of the
homologous genes CsSWEET11 and CsSWEET12 (Figure 4D,E) when
compared to wild types, is fully in line with the proposed important
function of SWEET11 activity for drought tolerance and water supply
(Durand et al., 2016; Le Hir et al., 2015). Interestingly, the increased
export of sucrose from source leaves (Figure 4A) seems to be further
promoted by stimulation of CsSUT4 expression in BvTST1 over-
expressing mutants (Figure 4C), known to be an efficient vacuolar
sugar unloader (Schneider et al., 2012).

The stabilisation of seed production in BvTST1 lines under
drought (Figure 7B) might not only be due to a promotion of PR
growth under such stress stimulus (Figure 6A-D). This increased
stress resistance might also be due to the increased number of LRs in
BvTST1 plants as these plants reinitiate LR formation - especially
under intense drought stress - more efficiently than wild types
(Figure 6E,F). Although the inhibition of LR formation is a typical
response of vascular plants under limited water supply (Deak &
Malamy, 2005; Koevoets et al., 2016; Xiong et al., 2006), the loss of
too many LRs also provokes impaired drought resistance (Yu
et al, 2008). In addition, we showed recently that Arabidopsis
mutants with decreased LR length under drought exhibited impaired
tolerance towards limited water supply (Valifard et al., 2021). In other
words, molecular mechanisms stabilising a certain size and number of
LRs obviously contribute to increased drought tolerance, since those
plants not only reach deeper soil horizons by increased PR length
(Figure 6B), but might also exploit remaining water reservoirs in higher
soil horizons (Figure 6E,F).

BvTST1 overexpressing Camelina plants experience less drought
stress when compared to corresponding wild types as indicated by a
slightly higher size (Figure 7A) and - most important - by a higher
seed biomass under such challenging conditions (Figure 7B). Thus, it
seems feasible that the larger PRs and more LRs of mutants
(Figure 6B,F) allow these plants to exploit the soil more efficiently for
remaining water. In other words, the reason why BvTST1 over-
expressing plants exhibit relatively higher seed biomasses than corre-
spondingly stressed wild types is that they experience less drought
stress. This assumption seems in particular justified since these Cam-
elina mutants contain lower proline levels in leaves under drought
(Figure 7C) and it is well known that proline accumulation can be
taken as a general signal for stress in vascular plants (Liang
et al,, 2013). However, we cannot exclude that other, so far, unre-
solved molecular factors also contribute to the increased drought tol-
erance of BvTST1 overexpressing Camelina mutants. E.g., the latter
mutants show, for so far unknown reasons, higher expression of the
DREB2A gene (Figure 7D). DREB2A is a transcription factor crucially
involved in drought response (Nakashima et al., 2009) and mutants
with higher mRNA coding for the DREB2A protein show increased
drought tolerance (Sakuma et al., 2006).
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5 | CONCLUSIONS

Overall, we conclude that overexpression of BvTST1 in Camelina sativa
improves plant properties regarding plant growth, seed size, seed
quality and seed harvest and drought tolerance. Thus, stimulation of
TST activity, which is possible by different approaches like direct
overexpression of a corresponding gene (Figure S1) or post-
translational modification of existing TST proteins (Deng et al., 2020)
might avenue a strategy to improve the harvest of crop plants under
conditions of low water availability. Thus, it might be worth checking
the traits typical for BvTST1 overexpressing Camelina sativa lines
now under field conditions and, in case of confirmation, it might also
be worth introducing such genetic construct into other crops,

e.g. rapeseed.
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