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Abstract

In plants, green non-foliar organs are able to perform photosynthesis just as leaves do, and the seed-enclosing pod acts as
an essential photosynthetic organ in legume and Brassica species. To date, the contribution of pod photosynthesis to seed
yield and related components still remains largely unexplored, and in Arabidopsis thaliana, the photosynthetic activity of
the silique (pod) is unknown. In this study, an Arabidopsis glk1/glk2 mutant defective in both leaf and silique photosynthesis
was used to create tissue-specific functional complementation lines. These lines were used to analyze the contribution of
silique wall photosynthesis to seed yield and related traits, and to permit the comparison of this contribution with that of
leaf photosynthesis. Our results showed that, together with leaves, the photosynthetic assimilation of the silique wall greatly
contributed to total seed yield per plant. As for individual components of yield traits, leaf photosynthesis alone contributed
to the seed number per silique and silique length, while silique wall photosynthesis alone contributed to thousand-seed
weight. In addition, enhancing the photosynthetic capacity of the silique wall by overexpressing the photosynthesis-related
RCA gene in this tissue resulted in significantly increased seed weight and oil content in the wild-type (WT) background.
These results reveal that silique wall photosynthesis plays an important role in seed-related traits, and that enhancing silique
photosynthesis in WT plants can further improve seed yield-related traits and oil production. This finding may have signifi-
cant implications for improving the seed yield and oil production of oilseed crops and other species with pod-like organs.
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Introduction

Meeting the increasing food demands of the growing world
population requires increasing the yield of staple crops.
Traditional agriculture coupled with selective breeding
for improved morphological traits as well as the increased
availability of high-quality irrigation and fertilizer has
made great contributions to sustained increases in yield, but
these increases are neither sufficient nor sustainable in the
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future (Murchie et al. 2009). While 90-95% of crop yield
is produced by photosynthesis, improving photosynthetic
efficiency has played only a minor role in the remarkable
increases in crop production over the past 50 years, and fur-
ther increases in potential yield will rely largely on improv-
ing photosynthesis (Zhu et al. 2010). Therefore, it is impor-
tant to employ our extensive knowledge of this fundamental
process to improve crop productivity (Singh et al. 2014).

In addition to green leaves, which are the primary sources
of photosynthate production, higher plants can use nearly
all vegetative and reproductive structures to perform photo-
synthetic CO, assimilation. Green leaves, stems, and green
sterile flower organs optimized for light harvesting and
photosynthetic performance are characterized by net pho-
tosynthetic assimilation using atmospheric carbon dioxide
(Aschan and Pfanz 2003; Raven and Griffiths 2015). Evi-
dence of photosynthetic activity in non-leaf organs has been
found in, siliques (pods) of Brassica species (Singal et al.
1987; Sharma and Ghildiyal 1992; Mogensen et al. 1997;
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Hua et al. 2012), pods of legume plants (Crookston et al.
1974; Atkins et al. 1977; Quebedeaux and Chollet 1975;
Zhang et al. 2017), rice spikelets (Imaizumi et al. 1997),
wheat ears and awns (Tambussi et al. 2005; Li et al. 2006;
Zhou et al. 2016), peach and tomato fruit (Pavel and DeJong
1993; Xu et al. 1997), cotton bracts and capsules (Hu et al.
2012), and green seeds of rapeseed and Arabidopsis thaliana
(Ruuska et al. 2004; Allorent et al. 2015).

Among non-foliar organs, pods (also termed “siliques” in
the Brassicaceae) are optimized for active photosynthesis.
Pod photosynthetic assimilation is dominated by the activity
of the pod wall, with limited photosynthesis also occurring
in the seed embryos within the pod (Allorent et al. 2015).
Research on pod photosynthesis has been performed mostly
in legume and Brassica species. It has demonstrated that pod
wall photoassimilation plays an essential role in provision-
ing a carbon supply for seed development and yield pro-
duction (Bennett et al. 2011). Studies on soybean revealed
that pod wall photosynthesis contributed 7.34-15.06% of
all seed weight (Yang et al. 2008). Shading pods in alfalfa
plants significantly reduced both total pod weight and seed
weight per pod, and it was suggested that the contribution
to the both total pod weight and seed weight per pod of pod
wall photosynthesis was similar to that of the leaves in the
early and last stages of seed filling (Wang et al. 2016). In
Brassica species, the silique wall serves as a major pho-
tosynthetic organ during seed filling and oil synthesis. Its
photosynthetic contribution to seed yield is much more sub-
stantial, and can reach as high as 70-100% (Singal et al.
1995). In Brassica juncea plants, shading treatments applied
to siliques caused 95% seed yield loss by decreasing seed
number per silique (SNS) and total seed size (Sharma and
Ghildiyal 1992). Results from rapeseed indicated that silique
photoassimilation was a major contributor to seed weight,
and that the photosynthetic activity of the silique wall was
highly associated with seed oil content (Hua et al. 2012).
The results of defoliation experiments on four Brassica
species suggested that silique wall and leaf photosynthesis
were complementary in determining seed yield, although
the relative contribution of silique wall photosynthesis var-
ies considerably among species (Ramana and Ghildiyal
1997). However, more research on the contribution of pod
photosynthesis to seed yield and its related components is
necessary. Moreover, it will also be important to ask how
the knowledge of silique wall photosynthesis can be used
to improve crop seed yield (Bennett et al. 2011). Even in A.
thaliana, the importance of the silique as a site of photosyn-
thetic activity remains unclear.

In this study, we used a glkl/glk2 double mutant in A.
thaliana which is deficient in both leaf and silique photo-
synthesis (Fitter et al. 2002; Waters et al. 2008, 2009) to
study functional complementation. We were able to restore
both silique wall and leaf photosynthesis. Furthermore, we
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performed analyses of the relative contribution of silique
wall and leaf photosynthesis to yield-related traits. Last, to
test whether enhancing silique photosynthesis can further
improve yield-related traits in the wild-type (WT) accession,
we overexpressed the photosynthesis-related gene RCA in
silique wall tissue, and compared its performance to that of
leaf tissue.

Materials and methods
Constructs and plant transformation

For the construction of tissue-specific expression vector,
leaf-specific promoter Py (PG14400) and the silique wall-
specific promoter Py (Pa(1G56100) (Guo et al. 2015) were
cloned into pBI vector to produce pBIP; and pBIPg vectors.

For making the functional complementation constructs,
full-length GLKI (AT2G20570) gene was digested with
Kpnl and cloned into pBIP; and pBIPg vectors in front of the
tissue-specific promoter, thus produced the P; G1 and P¢G1
constructs. The complementation constructs were introduced
into glkl/glk2 double mutant with Agrobacterium tumefa-
ciens strain GV3101 using the floral dip method (Clough
and Bent 1998).

For making the RCA overexpression constructs, full-
length RCA (AT2G39730) gene was digested with Kpnl and
cloned into pBIP; and pBIPg vectors in front of the tissue-
specific promoter, thus produced the P; RCA and P(RCA
constructs. The RCA overexpression constructs were trans-
formed into Arabidopsis with Agrobacterium tumefaciens
strain GV3101 using the floral dip method (Clough and Bent
1998).

Plant materials and growth conditions

WT, glkl/glk2 mutant, P; G1/P¢G1, and P; RCA/P{RCA
transgenic Arabidopsis plants were grown in pots with
compost soil. The glkl/glk2 mutant is a homozygous dSpm
insertional double mutant kindly provided by the group of
Professor Jane A. Langdale (Fitter et al. 2002; Waters et al.
2008, 2009). Seeds of TS5 generation homozygous transgenic
lines (screened by herbicide Basta) were pre-incubated in
the dark for 3 days at 4 C before transferring to a growth
room with a continuous artificial light period of 16 h (22 °C)
and a dark period of 8 h (20 °C) at a photon flux density of
100 umol m~2 s~! and a humidity of 50% + 5%.

RNA isolation and quantitative real-time PCR
(qRT-PCR) analysis

The RNA was isolated from leaf tissues using an
RNA extraction kit (Takara, Dalian), according to the
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manufacturer’s instructions. The first-strand cDNA was
synthesized by the Prime Script RT reagent Kit (Takara,
Dalian). Real-time quantitative PCR was performed using
2 ul of cDNA in a 20 pl reaction volume with SYBR Pre-
mix Ex Taq (Takara) on a 7500-Fast real-time PCR Sys-
tem (Applied Biosystems). Gene-specific primers were
designed (Supplemental Table S1). The Arabidopsis Actinl
(At2g37620) gene was used as an internal control to normal-
ize the expression level of the target gene (Liu et al. 2012).
Each treatment was repeated three times independently. The
thermal cycler was set as follows: an initial incubation at
50 °C for 2 min and 95 °C for 5 min, followed by 40 cycle at
95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s. The relative
quantification of transcription levels was determined by the
methods described previously (Livak and Schmittgen 2001).

Chlorophyll content and photosynthesis detection

Tissue samples (1.0 g) were obtained from fully expanded
leaves and 10-day siliques after flowering. After the encap-
sulated ovules were removed, the silique wall tissue was
used for extraction. At least three replicates were taken from
different plants of each line. After freezing in liquid nitro-
gen, the samples were ground to a power in 50 ml of extrac-
tion solution (2:1 acetone:95% alcohol) and incubated in
the dark at 4 °C overnight to ensure complete extraction of
chlorophyll. The cell debris was pelleted by centrifugation
for 1 min at 15,000xg, and absorbance of the supernatant
was measured at 646.6, 663.6, and 750 nm, as described pre-
viously (Liu et al. 2012). Chlorophyll content was expressed
in micrograms.

The leaf photosynthetic parameters were measured with
a portable photosynthesis system LI-6400XT (LI-COR,
USA) adapted with a needle chamber in the growth room.
The measurement conditions were as follows: 22 °C, a pho-
ton flux density of 100 umol m~2 s~!, and a humidity of
50% +5%. All data were determined as the means of eight
plants.

Seed oil content determination

Seed oil content was determined using a Foss NIRSystems
5000 near-infrared reflectance spectroscope according to the
WinIST III manual instructions for routine analysis (Foss
NIRSystems Inc., http://www.foss-nirsystems.com). The oil
content calibration equation was determined using a modi-
fied partial least squares regression method (Wang et al.
2010).

Yield analysis

Mature plants were harvested and immediately used for anal-
ysis on the traits of silique number per plant (SNP), silique

length, and SNS. SNP was expressed as effective SNP in this
study. Sixteen plants of each line and six siliques per plant
were used for analysis of the above traits. Then seeds were
dried and processed for analysis on the traits of seed yield
per plant (SYP), thousand-seed weight (TSW), and seed oil
content. For RCA overexpressing plants, four independent
lines were used in the analysis of yield-related traits for both
P; RCA and P{RCA overexpressors.

Contribution analysis of leaf and silique
photosynthesis

To conduct a simplified analysis, we presumed that pho-
toassimilates for seed yield-related traits were contributed
only via leaf and silique photosynthesis. The relative pho-
tosynthetic contributions of silique and leave tissues to
seed-related traits were assessed by determining the degree
of recovery of each individual trait by comparing comple-
mented lines with mutant and WT plants. The contribution
and relative contribution were calculated as follows:

Contribution (%) = 100
trait value of P; G1 or P¢G1 — trait value of the mutant

trait value of WT — trait value of the mutant

Relative contribution (%) = 100
contribution of leaf or silique wall

X — — —
contribution of leaf 4+ contribution of silique wall

Results

Tissue-specific restoration of silique wall and leaf
photosynthesis in a photosynthesis-defective
mutant

To investigate the effect of silique wall photosynthesis on
seed yield and related traits, we used a special mutant defec-
tive in both leaf and silique photosynthesis, which has muta-
tions at both the AtGLKI and AtGLK2 loci. These loci are
responsible for coordinating photosynthesis in A. thaliana
(Fitter et al. 2002; Waters et al. 2008, 2009). The result-
ing glkl/glk2 mutant plants exhibit a pale green phenotype
in both leaf and silique tissues throughout development
(Fig. la, b and Supplemental Fig. S1). Compared to WT
plants, the net photosynthetic rate (NPR) of mutant leaves
was decreased by about 40% (Fig. 1c), suggesting a similar
decrease of NPR in mutant siliques, although the precise
value is difficult to measure. To restore photosynthetic func-
tion in mutant silique and leaf tissues, we performed func-
tional complementation by introducing a full-length GLK1
gene into the glk1/glk2 mutant. This introduced GLKI gene
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Fig. 1 Phenotype, chlorophyll A
content, NPR and gene expres-
sion in glk1/glk2 mutant and
complemented plants compar-
ing with WT. glkl/2, glkl/glk2
double mutant; G1, GLKI;

SW, silique wall. Error bars
indicate + SE of three biologi-
cal repeats. The different letters
indicate significant differences
(P <0.05) among treatments

as determined by the Duncan’s
test. a Difference in leaf color of

P G1 B 51200 ®Leaf
g b SV
T 900 f
g
s a a
S 600 Mz c s
>
<
Q.

S 300t

S b Wb
=} = =
e

O

glk1/glk2 mutant and comple- C .
mented plants comparing with »
WT. b Chlorophyll content £
in glk1/glk2 mutant, comple- o
mented plants and WT. ¢ Leaf %
net photosynthesis rate (NPR) IS
of glkl/glk2 mutant and com- n%
plemented plants comparing [N
with WT. d GLKI expression =
in leaf and silique wall tissues
of glki/glk2 mutant, comple-
mented plants and WT. e GLK2
expression in leaf and silique D 400 = = E 160
wall tissues of glkI/glk2 mutant, s GLK1 m Leaf GLK2  mLeaf
and WT % 300 - S 120 | sw
&
o 200 r 80
2
T 100} a 40 =
&, ° ° c c > i
0 - - I 0 i
@ '\\rL o) o $« \{:\\q’
N QY RS Q

was driven by two tissue-specific promoters, P, and Pg.
The P promoter is leaf-specific, while Py is active only in
the silique wall (Supplemental Fig. S2; Guo et al. 2015).
The two complemented lines were named P; G1 and P4G1,
respectively.

The complemented lines were produced using genetic
transformation. P; G1 plants exhibited leaves with a nor-
mal green color throughout, except for the siliques, which
were pale green, while the P¢G1 plants exhibited siliques
with a normal green color but pale green leaves throughout
the rest of the plant (Fig. 1a, b and Supplemental Fig. S1).
Transcriptional analysis revealed that GLKI expression
was restored in both P; G1 and P¢G1 plants, and expression
ranged up to ten times more than that found in the glk1/glk2
mutant (Fig. 1d, ). Assays of the chlorophyll content of the
lines showed that the chlorophyll levels of P; G1 leaves and
P¢G1 silique wall were 2-3 times as high as those found
in the glkl/glk2 mutant, and were nearly similar to those
found in WT plants. The net leaf photosynthetic rate of P, G1
plants increased up to 1.5 times the rate found in the mutant,
which was also nearly the same as that found in WT plants
(Fig. 1c). These results indicated that photosynthesis was
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successfully restored in the leaf and silique wall of P; G1
and P¢G1 plants, respectively.

The effect of silique wall and leaf photosynthesis
on seed yield in Arabidopsis thaliana

To study the relative contributions to net photosynthesis of
photosynthesis in silique wall and leaf tissues of A. thaliana,
we conducted a systematic analysis of seed yield-related
traits in the two complemented lines, along with mutant
and WT plants. Traits were assessed as part of this analy-
sis included, effective SNP, SNS, TSW, and silique length
(Fig. 2). Our results showed that mutant SYP was only about
1/3 of that of WT, despite the fact that SYP was significantly
(i.e., up to two times) increased in P; G1 plants with restored
leaf photosynthesis relative to the mutant. In P¢G1 plants
with restored silique wall photosynthesis, SYP recovered
somewhat, reaching 64.04% of that found in the WT. With
respect to the effective SNP, the mutant realized only about
1/3 of the mean number of siliques found in the WT, while
in P; G1- and P¢G1-complemented plants, SNP was restored
somewhat, to approximately 80% of the mean SNP found
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Fig.2 Analysis of seed yield-related traits in glkl/glk2 mutant,
WT and complemented plants. glkl/2, glkl/glk2 double mutant;
G1 GLKI1, TSW thousand-seed weight. Data are expressed as the

in the WT. P¢G1-complemented plants showed higher SNP
values than P; G1-complemented plants. Compared to the
WT, the TSW was fully recovered after PG1 complemen-
tation, which had only silique wall photosynthesis restored,
although we found no difference in this trait between mutant
and P; G1 plants. Besides, the traits of SNS and the silique
length were only restored in P; G1 plants with leaf photo-
synthesis recovered, nearly the same as those found in WT.

The seed oil content, the core economic yield trait for
oilseeds, was also analyzed (Fig. 2). In glki/glk2 mutant
plants, seed oil content was reduced to 88% of that found
in WT plants. P; G1 plants showed a 2.88% increase in seed
oil content relative to the mutant, and P¢G1 plants showed a
10.75% increase. Compared to WT plants, seed oil content
was nearly fully restored in P¢G1 plants.

The relative contributions of silique and leaf
photosynthesis to yield components

Photosynthetically active leaves and siliques provide the
majority of the nutrients and assimilates required for seed
development and filling. To obtain a simplified analysis, we
presumed that photoassimilates for seed yield-related traits
were contributed only via leaf and silique photosynthesis.
The relative photosynthetic contributions of siliques and

mean+SE (n=16). The different letters indicate significant differ-
ences (P <0.05) among treatments as determined by the Duncan’s test

leaves to seed-related traits were assessed by determining
the degree of recovery of each individual trait by compar-
ing complemented lines with mutant and WT plants. For the
total SYP, we found that leaves contributed 61.3% of photo-
synthetic demand, and siliques contributed 38.7% (Fig. 3).
For the individual yield components, silique and leaf pho-
tosynthesis showed nearly the same relative contributions
to the effective SNP. While leaf photosynthesis contributed
nearly all the photosynthetic demand to SNS and silique
length, silique wall photosynthesis contributed nearly all the
photosynthetic demand to the TSW. As for oil content—the
key trait for oil containing seeds—the silique contributed
nearly four times as much as did the leaves.

Yield-related traits in plants with enhanced silique
wall photosynthesis in the wild-type background

To test whether enhancing silique photosynthesis could fur-
ther improve yield-related traits in plants of the WT back-
ground with normal photosynthetic capacity, the photosyn-
thesis-related gene RCA was overexpressed in A. thaliana
to enhance photosynthesis specifically in silique wall tissue
(driven by the Pg promoter) and in leaf tissue (driven by the
P, promoter) (Supplemental Fig. S3). These two RCA-over-
expressing lines were also examined to assess whether seed
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Fig. 3 Relative contribution of silique wall and leaf photosynthesis to seed yield and oil production. SYP seed yield per plant, SNP silique num-
ber per plant, SNS seed number per silique, 7SW thousand-seed weight, SL silique length, OC oil content. Bars indicate + SE of the mean (n=3)

yield-related traits differed relative to the WT. This analysis
showed that SYP increased by about 25% in P; RCA plants
relative to the WT, but not in PqRCA lines (Fig. 4). TSW
showed an increase of only 11.17% in PiRCA plants relative
to the WT, although this was still significant. Silique length
and SNS showed a similar pattern; both traits were only
increased in P; RCA plants, to about 7% to that of WT plants.
As for seed oil content, this trait was enhanced by about 5%
in P; RCA plants compared to the WT, and P{RCA plants
showed an increase twice as large as that of the P, RCA
plants. Finally, we found no significant differences in SNP
between WT plants and those of the overexpressed lines.

Discussion

As in leaves, green non-foliar organs also perform light
harvesting and photosynthetic assimilation. Among them,
pods, or siliques, as they are called in the Brassicaceae,
are active photosynthetic organs during development, and
perform functions beyond simply enclosing and protecting
developing seeds. Photosynthesis in pods occurs mainly in
the pod wall, which is itself a modified type of leaf (Bennett
et al. 2011). Previous research has reported that assessed on
the basis of the quantity of assimilate produced per unit of
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chlorophyll, pod walls have greater photosynthetic potential
than leaves (King et al. 1998; Bennett et al. 2011). Thus,
studying pod wall photosynthetic activity may help increase
seed yields.

Considerable research on pod photosynthesis in legume
and Brassica species has been performed, which demon-
strates the essential role played by pod wall photosynthe-
sis in seed development and yield. In Brassica species, the
silique wall acts as the major photosynthetic organ dur-
ing seed filling and oil synthesis, because Brassica leaves
senescence shortly after the onset of flowering. However,
quantifying the contribution of pod photosynthesis to seed
yield still remains largely unexplored. In A. thaliana, the
contribution of the silique to total photosynthetic activity
is unclear. To the best of our knowledge, this study is the
first to analyze the photosynthetic contribution of the silique
wall in A. thaliana. Here, the relative contribution of silique
wall photosynthesis to traits linked to seed yield was ana-
lyzed and compared to those of leaves. Our results showed
that both silique wall and leaf photosynthesis contributed to
total SYP. As for the individual components of yield traits,
only leaf photosynthesis was found to contribute to the SNS
and silique length, while only silique wall photosynthesis
was found to contribute to TSW. In oilseed rape, the SNP
was identified as the decisive trait for seed yield (Diepen-
brock 2000). According to the results of present study, both
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Fig.4 Analysis of seed yield-related traits in WT and RCA-overexpressed plants. 7SW thousand-seed weight. All values represent the mean +SE

(n=16; t test: **P <0.05)

silique wall and leaf photosynthesis contributed to this trait,
and in almost equal amount. These findings suggest that the
photosynthetic capacity of the silique wall is particularly
important not only for seed development and filling, but also
for the early development and survival of young siliques.
Overall, this study reveals that the photosynthetic assimila-
tion of the silique wall plays a complementary role with that
of the leaf in A. thaliana seed production.

Little attention has been paid to the role played by silique
photosynthesis in seed oil production. According to the
results of our study, seed oil content was strongly determined
by silique wall photoassimilation, as leaf photosynthesis had
a minimal impact on this trait (Fig. 3). Given that a similar
result was also found in rapeseed (Hua et al. 2012), more
attention should be paid to silique (pod) wall photosynthetic
capacity as a determinant of seed oil production in oilseed
Ccrops.

Silique (pod) photosynthesis makes an important contri-
bution to seed development and filling, as well as to yield-
related traits, although it is surprising that little research
has been carried out on how this might be manipulated to
enhance crop yield (Bennett et al. 2011). In the present
study, overexpression of the photosynthetic gene RCA driven
by a silique wall-specific promoter Pg in WT background
enhanced silique photosynthesis. The P{qRCA plants showed

significantly increased TSW and seed oil content (Fig. 4).
However, this line did not exhibit enhanced SYP, which may
be due to the slight reduction in the SNP. This reduction may
be a negative effect of the overexpression of RCA, as this
trait is decisive for yield. Nevertheless, enhancing silique
wall photosynthesis in A. thaliana resulted in a significant
increase of seed weight and oil production. This finding may
have promising implications for improving seed yield and
oil production in oilseed crops and other species with pod-
like structures.

In the previous researches, there are two commonly
used strategies to study the non-foliar photosynthesis. One
involves using stable C-isotope tracers to label photoassimi-
lated metabolites and to characterize their partitioning into
different organs (Tcherkez et al. 2011; Ma et al. 2014). The
other strategy involves shading target photosynthetic organs
by wrapping with aluminum foil (Hua et al. 2012; Wang
et al. 2016). In this study, we used an alternative approach
to analyze the photosynthetic contributions of silique walls
with leaves in A. thaliana. Here the Atglkl/glk2 double
mutant, which is defective in photosynthesis as it possesses
mutations in the photosynthesis-regulatory GLK gene pairs,
was used for photosynthetic analyses of both leaf and non-
foliar organs. GLK gene pairs optimize photosynthesis by
regulating chloroplast development (Waters et al. 2008,
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2009). Overexpressing GLK specifically in A. thaliana root
tissue could induce chloroplast biogenesis in the root, which
shows the photosynthetic potential of the root tissue (Kob-
ayashi et al. 2013). These findings indicate that modulating
the expression of GLK gene pairs may be a valuable method
to further study photoassimilation in various photosynthetic
organs.

Conclusion

In the present study, we demonstrated the important con-
tribution of silique wall photosynthesis to seed yield and
oil production in the model plant A. thaliana. Enhancing
photosynthetic capacity of the silique wall in the WT back-
ground further increased seed weight and oil production.
Our findings suggest that the photosynthetic capacity of the
silique (pod) wall is important for breeding efforts focused
on improving seed and oil production in oilseed crops and
related species.
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