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Abstract

Background: Most studies of photosynthesis in chlorenchymas under potassium (K) deficiency focus exclusively on
leaves; however, little information is available on the physiological role of K on reproductive structures, which play a
critical role in plant carbon gain. Brassica napus L., a natural organ-succession species, was used to compare the
morphological, anatomical and photo-physiological differences between leaves and siliques exposed to K-deficiency.

Results: Compared to leaves, siliques displayed considerably lower CO, assimilation rates (A) under K-deficient (—K) or
sufficient conditions (+K), limited by decreased stomatal conductance (gs), apparent quantum yield (a) and
carboxylation efficiency (CE), as well as the ratio of the maximum rate of electron transport (Jma) and the maximum
rate of ribulose 1,5-bisphosphate (RuBP) carboxylation (Vemay). The estimated Jiax Vemax and a of siliques were
considerably lower than the theoretical value calculated on the basis of a similar ratio between these parameters and
chlorophyll concentration (i.e. Jmax/Chl, Vemax/Chl and a/Chl) to leaves, of which the gaps between estimated- and
theoretical-Jmax Was the largest. In addition, the average ratio of Ja t0 Vemax Was 16.1% lower than that of
leaves, indicating that the weakened electron transport was insufficient to meet the requirements for carbon
assimilation. Siliques contained larger but fewer stoma, tightly packed cross-section with larger cells and fewer
intercellular air spaces, fewer and smaller chloroplasts and thin grana lamellae, which might be linked to the
reduction in light capture and CO, diffusion. K-deficiency significantly decreased leaf and silique A under the
combination of down-regulated stomatal size and gs, chloroplast number, @, Ve mayx and Jmay, While the CO, diffusion
distance between chloroplast and cell wall (Depcw) Was enhanced. Siliques were more sensitive than leaves to
K-starvation, exhibiting smaller reductions in tissue K and parameters such as gs, Vemax Jmax aNd Depicw.

Conclusion: Siliques had substantially smaller A than leaves, which was attributed to less efficient functioning of the
photosynthetic apparatus, especially the integrated limitations of biochemical processes (Jyax and Vima) and a; however,
siliques were slightly less sensitive to K deficiency.
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Background

Carbon assimilation by chlorenchymal tissues contributes
more than 90% of crop biomass [1]. Among
chlorenchymas, leaves have long been considered as the
principal organ responsible for photosynthetic activity in
vascular plants, and the net CO, assimilation of leaves has
been studied extensively. However, mounting evidence indi-
cates that non-foliar organs, such as reproductive struc-
tures, green stems, petioles, peduncles and roots, contain
well-developed chloroplasts and contribute substantially to
net carbon assimilation [2-5]. Among them, reproductive
organs, such as siliques, panicles and cotton bolls, are
usually green during their early development and contrib-
ute to the resource pool; however, they gradually become
sink during maturation and senescence [6]. Therefore, fruit
CO, assimilation may particularly important for those
plants to acquire extra CO, and assimilates storage. Potas-
sium (K), which is the most abundant univalent cation in
plants, plays a crucial role in facilitating photosynthesis,
construction of reproductive organs and crop vyield.
Previous studies have demonstrated the critical role of K in
leaf photosynthesis [7—10]; however, this role remains to be
confirmed in non-foliar organs.

Photosynthetically active organs can be divided into
two groups according to their carbon gain. One group is
characterized by net carbon assimilation using mainly at-
mospheric CO,, and another group performs effective
utilization of respiratory CO, [11]. Leaves, usually in the
form of blades, absorb CO, from the atmosphere mainly
through the lower epidermal stomata, and deliver it
across the mesophyll layers to the sites of carboxylation.
K deficiency is known to limit leaf photosynthesis
through diffusion resistance and biochemical obstacles
[12]. K-starvation considerably decreases leaf stomatal
conductance (g;) and therefore, blocks the uptake of at-
mospheric CO, leading to down-regulation of net
photosynthetic rate (A) [13, 14]. The non-foliar organs
also contain stomatal pores, which, however, are quite
different from that of leaf, generally with bigger stoma
but lower density [11]. Their carbon demands are met
either from the atmosphere or by reusing internally
recycled CO,, or both. Despite progress in our under-
standing of the influence of K on leaf stomatal aperture,
the effect of K on the non-foliar stomatal traits is
remains to be elucidated. Mesophyll conductance (gy,)
has long been considered a key factor, the influence of
which is comparable to that of g, in determining leaf
CO, diffusion [15]. Furthermore, g,, is down-regulated
under K-deficiency as a consequence of the decreasing
chloroplast surface area exposed to the airspace and in-
creasing cytoplasmic resistance [10]. However, mesophyll
conductance in non-leaf organ remains to be investi-
gated. CO, assimilation in chloroplast requires energy
consumption that is dependent on Rubisco (ribulose
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1,5-bisphosphate carboxylase) carboxylation. K-deficiency
accelerates the degradation of leaf chloroplasts, resulting
in chlorosis which reduces energy capture as well as the
rate of electron transport and carboxylation [8, 13, 14, 16].
Non-leaf organs contain well-developed chloroplasts;
however, their chlorophyll content is only between 15%
and 33% of that in the respective leaves [11, 17]. This may
affect the absorption and utilization of light energy, as well
as the electron transport process and carboxylation rate.
Additionally, swollen, or even ruptured chloroplasts, with
poor contrast and obscure grana stacks are occasionally
observed in K-starved leaves [18]. Since the integrity of
the thylakoid membrane is essential for leaf CO, assimila-
tion, the down-regulation of A under K-deficient condi-
tions may be partly ascribed to the decrease in
photochemical efficiency [12, 19]. In contrast, little infor-
mation is available on the structural variation of chloro-
plasts in non-foliar organs under K-starvation. Overall,
the evidences described here suggests that there are differ-
ences in photosynthesis between leaves and non-foliar or-
gans, with K levels presumably influencing organ
photosynthetic capacity through structural and physio-
logical regulation.

Winter oilseed rape (Brassica napus L.), an herbaceous
annual plant, presents an obvious succession of photosyn-
thetic organs during the process of growth (Additional file 1:
Figure S1). Leaves, as the most important photosynthetic
structure before the flowering stage, are responsible for
generating and deploying carbohydrates in the construction
of plant architecture and silique walls. At the onset of flow-
ering, the decline in the leaf area index (LAI) is accelerated
as a result of shading by the canopy, initially comprising
yellow flowers and later, the siliques [20, 21]. At the same
time, silique area increases rapidly and, peaks at the start of
ripening, with a maximum pod area index (PAI) equal to,
or slightly less than, the LAI [21]. Specifically, leaves are the
main photosynthetic structure before flowering stage, how-
ever, they are gradually senescent and separate from the
plant beginning from the onset of flowering. Meanwhile,
the siliques start to growth and occupy the hole canopy,
and ultimately replace leaf as predominant carbon gain or-
gans. The silique canopy intercepts approximately 80% of
the incident radiation, and contributes to 80 to 95% of the
total carbon gain during the pod filling stage [22]. Taken to-
gether, leaves and siliques are the two most important
photosynthetic organs during the entire period of rapeseed
growth. K-deficiency, in combination with a functional
decline in leaf photosynthesis, causes rapeseed yield loss
[23]. However, previous studies focusing on the influence of
K in siliques, especially in CO, assimilation, are rare. There-
fore, in this study, Brassica napus L. was selected as a
model plant to evaluate the differences between leaves and
siliques and, their response to K-starvation. The aims of the
current study were: (1) to compare the anatomical and
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photosynthetic differences between leaves and siliques by
combining anatomical techniques with, gas exchange and
chlorophyll fluorescence analyses; (2) to clarify the photo-
synthetic response of siliques under K-deficiency and the
possible mechanism.

Results

Morpho-physiological traits of leaves and siliques

The biomass, area and chlorophyll concentration of indi-
vidual leaves were significantly higher than the corre-
sponding indexes of siliques, whereas siliques showed
superiority in density and K concentration (Table 1).
K-deficiency profoundly limited the growth of leaves and
siliques, resulting in a reduction in most of the studied
morpho-physiological traits (except that density was in-
dependent of K nutrition). Specifically, biomass was the
most affected index under K-deficiency among all the
morphological traits, with a 17.9% and 15.4% decrease in
leaves and siliques, respectively (Table 1 and Fig. 1). In
comparison with +K treatment, the chlorophyll con-
centration of leaves and siliques decreased by
approximately 35.0%, with a more marked decline in
K concentration in leaves compared with that in
silique (Table 1 and Fig. 1).

Response of photosynthesis to irradiation and CO,
concentration

Under light saturation conditions, the net photosynthetic
rate (A) of leaves under the -K and +K treatments were
2.6 and 2.9 times the rates of siliques, respectively
(Table 2). Leaf stomatal conductance (g;) was also con-
siderably higher than that of siliques; however, intercel-
lular CO, concentration (C;) was slightly lower in leaves.
K-deficiency significantly down-regulated A and g, yet
had completely opposite effects on C; between leaves
and siliques. In terms of A and g, leaves were more sen-
sitive than siliques to K deficiency (Fig. 1).

As irradiations and CO, concentrations increased, A
increased rapidly, peaked and finally stabilized (Fig. 2). It
could be concluded from the simulation parameters of
the light- and CO,-response curves that the apparent
quantum vyield (a) and carboxylation rate (CE) were
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enhanced in leaves compared with the values in siliques
(Table 2). The ratio between o and chlorophyll concen-
tration (a/Chl) was higher in leaves versus that of si-
liques; however, there was no difference in the ratio of
CE to chlorophyll concentration (CE/Chl) between
leaves and siliques. K-deficiency significantly decreased
the initial rate of increase and maximum values of A, o/
Chl and CE/Chl. The response of leaves to K-deficiency
was slightly higher than that of siliques (Fig. 1).

Mapping chlorophyll fluorescence

The imaging-PAM analysis showed weaker minimum
fluorescence (F,) and quantum vyield of regulated energy
dissipation (Y(NPQ)) in siliques compared with leaves;
however, the maximum quantum yield of PSII (F,/F,) and
actual photochemical efficiency of PSII (Y(II)) was higher
(Fig. 3). The average F, values of the organs evaluated
were significantly higher under K-deficiency than those in
the +K treatment groups. Compared with the -K treat-
ment, +K treatment improved Y(II) by 14.4% and 18.3% in
leaves and siliques, respectively; nevertheless, for Y(NPQ),
decreases of 37.1% and 25.2%, respectively, were observed.
Furthermore, K supply improved F,/F, of leaves and
siliques. Obvious heterogeneities were observed in the
images, especially the maps captured from leaves in the -K
treatment, with enhanced Y(NPQ) and reduced Y(II).

Anatomical traits of leaves and siliques

The leaf and pericarp structures showed marked differ-
ences. Leaves consisted of two epidermal layers (upper
and lower), palisade and spongy layers (Fig. 4a, b), while
the pericarp classified into three functional layers-the
exocarp, mesocarp and endocarp (Fig. 4c, d). The leaf
epidermis and exocarp were formed by single-celled epi-
dermal layers, while the palisade, spongy layers (Fig. 4a,
b) and mesocarp were composed of layers of chloren-
chyma cells, and the endocarp consisted of large thin-
walled cells and an inner layer with small, tightly packed
cells (Fig. 4c, d). There was a large intercellular air space
in the spongy layers of leaves, but not in the mesocarp
layer of the pericarp. Additionally, K supply significantly

Table 1 Effects of K supply on morphological and physiological traits of leaves and siliques

Organs  Treatment  Biomass (q) Area (cm?) Ma(gm™)  Thickness (um)  Density (g cm ™)  Chl(@m™) K concentration (%)
Leaf -K 248+0.17b 336.8+28.2b 739+ 18a 3139+43b 0.235+0.006a 042 +0.06b 0.89 +0.06b

+K 3.02+007a 4019+ 14.7a 77.1+23a 3276+28a 0.235+0.007a 0.64 +0.06a 2.12+0.05a
Silique -K 0.11 £ 0.00b* 6.6+ 0.1b* 73.1+38b 304.8 + 5.2b* 0240+£0.012a 0.20 +0.01b* 2.05 + 0.06b*

+K 0.13+0.01a* 74 +0.2a% 85.9+2.0a* 3336+48a 0.257 £ 0.006a* 0.32 £ 0.02a* 327 +£0.03a*

M, leaf (silique) mass per area; Chl, chlorophyll content. Data represent mean + standard error (SE) of four replicates for biomass, area, M, density, Chl and K

concentration, and at least 16 replicates for leaf thickness

Different letters indicate statistically significant differences (P < 0.05) between the -K and +K treatments
*Indicates statistically significant differences (P < 0.05) between the two organs under the same treatment conditions
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Fig. 1 Changes in morph-physiological (red bars), photosynthetic (blue bars), stomatal (black bars) and chloroplastic traits (pink bars) of leaves and siliques
in response to K-deficiency. The response ratio was calculated as the relative variation of each parameters under K-deficiency using the +K treatment as a
control. Value bars facing the left and right indicate decreases and increases in traits compared to the values under +K treatment, respectively. My, leaf
(silique) mass per area; Chl, chlorophyll content; A, net photosynthetic rate; g, stomatal conductance; G, substomatal CO, concentration; a, apparent
quantum yield; CE, carboxylation efficiency; Vmay the maximum rate of RuBP carboxylation; Jax the maximum rate of electron transport. Deppcw, the
distance between chloroplast and cell wall; V., chloroplast volume; S, chloroplast surface area

-100
I . 1 Y b 1 b 1 M' hI h 0 ll
Silique orph-physiology

Photosynthesis

Chloroplast traits
Chloroplast length

chl-cw
Vem
Sent

216.2%

Stomatal traits

improved the thickness of leaves and siliques (Table 1
and Fig. 4a-d).

Stomatas were distributed in the leaf epidermis and
silique exocarp, and the average number of stomata
in the lower leaf epidermis was approximately 5-fold
higher than that of the silique outer epidermis; how-
ever, the silique stomata size, ie. stomatal length,
width and single pore area, were much larger (Table 3
and Fig. 4e-h). The total pore area, which is the
product of stomatal frequency and single pore area,
was considerably increased in leaves. K deficiency de-
creased stomatal size, but had no influence on stoma-
tal frequency.

Compared with siliques, leaf mesophyll cells con-
tained more chloroplasts, which were greater in
length and thickness, as well as enlarged chloroplast
surface area and volume (Table 4 and Fig. 4m-p).

Occasional starch granules were observed in the leaf
chloroplasts (Fig. 4i, j); however, they were ubiqui-
tously present in the chloroplasts of silique cells
(Fig. 4k, 1). In addition, the grana lamellae were
thicker in leaf chloroplasts. The chloroplast fre-
quency per cell decreased in the -K treatment,
nevertheless, the chloroplast size and the distance
between the chloroplast and cell wall were signifi-
cantly enhanced. In the presence of a sufficient K
supply, chloroplasts were regular ellipsoidal in
shapes, the granum thylakoid was well-developed
and the grana lamellae structures were clear and in-
tegral (Fig. 4n, p). However, in K-starved leaves, the
chloroplast envelope was swollen and even ruptured
in some cases, with a circular profile, and the
granum thylakoid was irregularly arranged (Fig. 4m).
In silique chloroplasts, K-deficiency caused marked

Table 2 Effects of K supply on photosynthetic parameters of light- and CO,-response curves

=2 1

a/Chl (m™2/q) CE CE/Chl (m™%/g)

Organs Treatment A (umol m2s™") g, (molm~2s™") G umolmol™) a
Leaf K 168+ 1.7b' 0.199+£0009b 264 +7a

+K 233+ 1.1a 0346 +£0.012a 234+ 6b
Silique K 6.5+ 0.1b* 0.108 + 0.009b* 281 +4a

+K 8.1 +0.3a* 0.162 £ 0.004a* 297 + 4a*

0.0463£0.0023b 0.1103+0.0054a  0.0604 £ 0.0012b
0.0863 +0.0034b  0.0811 + 0.0008a
0.0921+0.0018a* 0.0304 + 0.0003b*

0.0663 + 0.0009b* 0.0411 +0.0002a*

0.1438 £0.0027a
0.1267 £ 0.0022b
0.1521 £ 0.0028a
0.1285 + 0.0008b

0.0552 +0.0022a
0.0184 + 0.0004b*
0.0212 +0.0003a*

A, net photosynthetic rate; g, stomatal conductance; G, substomatal CO, concentration; a, apparent quantum yield; a/Chl, apparent quantum yield per
chlorophyll concentration; CE, carboxylation efficiency; CE/Chl, carboxylation efficiency per chlorophyll concentration
Data represent mean * standard error (SE) of four replicates for parameters under light saturation conditions and three replicates for simulation parameters of

light- and CO,-response curves

Different letters indicate statistically significant differences (P < 0.05) between the -K and +K treatments
*Indicates statistically significant differences (P < 0.05) between the two organs under the same treatment conditions
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Fig. 2 Light (a) and CO; (b) response curves showing the net photosynthetic rate (A) in leaves and siliques under K-deficiency (—K) and sufficient
K supply (+K) treatments. Values represent mean + standard error (SE) of three replicates

Discussion

The enhanced gap in the average A between leaves and
siliques is associated with integrated limitations of
biochemical processes (Jyax and Vnax) and apparent
quantum yield (a)

The silique wall has been asserted as a modified leaf [6,
17], optimized for plant light harvesting and yield per-
formance. The average net photosynthetic rate (A) of

starch accumulation, which ultimately resulted in a
2.2-fold increase in volume compared with that ob-
served in the +K treatment (Table 4 and Fig. 4o0).
The average distances between the chloroplast and
cell wall (Dcpjey) of leaves and siliques were mark-
edly enhanced in the -K treatment, with a greater
distance between chloroplasts and the cell wall in
leaves (Table 4 and Fig. 1).

0.087+0.004a*

0.723+0.002b

0.567+0.006b*

0.131+0.004a*

0.048+0.003b*

0.796+0.008a*

0.671+0.003a*

0.098+0.001b*

Fig. 3 Images obtained by imaging-PAM analysis of leaves and siliques in K-deficiency (—K) and sufficient K supply (+K) treatments. Values

represent mean + standard error (SE) of three replicates indicate the intensity of each parameter. Fo: minimum fluorescence; F/Fn,: maximum
quantum yield of PSII; Y(II), actual photochemical efficiency of PSII; Y(NPQ), quantum yield of regulated energy dissipation
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Fig. 4 Representative light micrographs (a, b, c and d; scale bar =100 um), scanning electron micrographs (e, f, g and h; scale bar =50 pm) and
transmission electron micrographs (i, j, k and I; scale bar=5 pm; m, n, 0 and p; scale bar=1 um) of leaves and siliques under K-deficiency (—K)

and sufficient K supply (+K) treatments. UEP, upper epidermis; LEP, lower epidermis; PA, palisade layers; SP, spongy layers; V, vascular bundle; ST,
stomata; EX, exocarp; M, mesocarp; EN, endocarp; CW, cell wall; G, granum; P, plastoglobuli; SG, starch grain

Silique

X500  50pm

silique wall was 6.5 to 8.1 pmol m™> s™* depending on
different K treatments, with the range of values com-
monly reported [22]. Silique A was only approximately
35.0% that of leaf, analogous to many non-foliar organs
for which A is between 20 and 80% of that in leaves [4,
11]. The rate of photosynthesis is dependent on energy
and reductant availability and the biochemical synthesis
of carbohydrates with CO, as a substrate. In the present

study, these factors were evaluated based on the com-
bination of light- and CO,-response curves and chloro-
phyll fluorescence. Leaf A was much higher than that of
siliques, regardless of the gradients of light intensity or
CO, concentration (Fig. 2). Similar relationships have
been reported for the comparison of leaf- and non-leaf
photosynthesis in Zantedeschia aethiopica [24] and
Helleborus viridis [4]. The two chlorophyll-related

Table 3 Effects of K-deficiency on stomatal characteristics of leaves and siliques

Organs Treatment Frequency (no. mm?) Length (um) Width (um) Single pore area (um?) Total pore area (um?)
Leaf K 3485+ 753" 851+021b 3.10+0.12b 2119+1.12b 739+ 044b

+K 3526+ 108a 10.26 £ 0.26a 3.57+0.12a 2958 £0.71a 1043 +£0.57a
Silique -K 7279 +4.76a* 1339+ 0.30b* 640 £ 0.25b* 65.15 + 343b* 4.39£0.19b*

+K 7107 £2.21a* 14.05 + 0.20a* 747 +0.24a* 78.73 +243a* 560+ 0.17a*

Data represent mean + standard error (SE) of at least 20 replicates for stomatal frequency and 50 replicates for other traits
Different letters indicate statistically significant differences (P < 0.05) between the -K and +K treatments
*Indicates statistically significant differences (P < 0.05) between two organs under the same treatment conditions
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Table 4 Effects of K-deficiency on chloroplast ultrastructure of leaves and siliques

Organs Treatment Frequency (no. per cell) Length (um) Thickness (um) Dehicw (UM) Ve (me) Sehl (pmz)

Leaf -K 109+ 09a' 5.77 +0.20b 3.13£0.13a 0426 +0.057a 32.03£2.6%a 4718+ 2.77a
+K 155+ 1.2a 6.97+0.18a 244 +0.08b 0.101 +£0.010b 2221+ 144b 3757 +1.60b

Silique -K 11.2+0.7b 4.96 +0.80a* 3.06 +0.8% 0.313+0.021a* 2648 + 343a* 4158 £3.50a*
+K 133+ 1.2a* 5.34 + 1.46a* 1.55 +0.62b* 0.099 + 0.005b 10.63 £ 2.32b* 18.71£292b*

Data represent mean * standard error (SE) of at least 30 replicates. Dpy.cws the distance between the chloroplast and cell wall; Vg, chloroplast volume; Sc,

chloroplast surface area

Different letters indicate statistically significant differences (P < 0.05) between the -K and +K treatments
*Indicates statistically significant differences (P < 0.05) between the two organs under the same treatment conditions

parameters, apparent quantum vyield () and carboxyl-
ation efficiency (CE), which can be modeled from the
initial slope of the linear part of light- and CO,-response
curves, played important roles in regulating A by influ-
encing light harvesting and ribulose 1,5-bisphosphate
(RuBP) carboxylation. Leaves showed discernible advan-
tages in o and CE; however, when based on their own
chlorophyll concentration, leaf a/Chl was slightly higher
than that of siliques, while the CE/Chl ratios of the two
organs were similar (Table 2). If silique a/Chl and CE/
Chl were assumed to be the same as those of leaves, the
CE values estimated from the A-C; curves were close to
the modeled values (Fig. 5a). Nevertheless, the estimated
a values were 16.6% and 23.2% lower than the theoret-
ical values in the -K and +K treatment, respectively
(Fig. 5a and Additional file 2: Table S1). For this reason,
a was deemed to be more important than CE in deter-
mining the difference in A between leaves and siliques.
However, the opposite result was reported for
Zantedeschia aethiopica in that the CE of petioles de-
creased by 65.8% in compared with the theoretical value

under the assumption of consistent CE/Chl between
leaves and petioles; however, the variation in o was less
pronounced [4].

The most common purpose of A-C; curves is to assess
in vivo maximum rates of electron transport (Ji,.x) and
the maximum rate of RuBP carboxylation (Vi pa.y), as
well as the transformation of RuBP carboxylation and re-
generation limitations, which can be altered by the bal-
ance of J,.. and V... and the intercellular CO,
concentration (C) [25, 26]. In the current study, the
Vimax and Joax values of leaves were 2.63-2.98 and
2.87-3.83 times that of siliques, respectively, leading to a
lower Jax/ Vemax in siliques (Fig. 6). The down-regulated
Jimax/ Vemax in siliques may be correlated with a greater
limitation by RuBP regeneration than by carboxylation,
which implies that the weakened electron transport
could not meet the requirements for carbon assimilation
[26]. The average intercellular CO, concentration at
which the transition from Rubisco to RuBP regeneration
(Ciransition) Of leaves was 505.1 pmol CO, mol™, which
was 51.0 pumol CO, mol™" higher than that of siliques
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Fig. 6 lllustration showing the shift in the limiting step of CO, assimilation. a and b are limitations of leaves under K-deficiency (—K) and sufficient
K supply (+K) treatments, while ¢ and d are corresponding traits of siliques. CO, assimilation rate limited by RuBP carboxylation (Ac: red line), RuBP
regeneration (A blue line), the maximum rate of RuBP carboxylation (Vmay), the maximum rate of electron transport (Ja,) and the intercellular
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Farquhar, von Caemmerer and Berry (FVCB) photosynthesis model with R plantecophys package

(Fig. 6). This provided support for our inference, show-
ing that siliques were more restricted in terms of /., ra-
ther than V... Further evidence was provided by our
investigation of the differences between the estimated
and modeled values on the basis of constant J,,./Chl
and V_,.x/Chl in leaves and siliques. The estimated-/qx
of siliques were 28.0% and 48.3% lower than modeled-
Jmax in the -K and +K treatment, respectively, while the
gap between estimated-V_ .« and modeled-V ., was
much smaller (Fig. 5b and Additional file 2: Table S1). It
can also be speculated from Fig. 5 that the contributions
of Jimax and V.. to the decreased rate of silique photo-
synthesis were higher than that of a.

Several lines of supporting evidence were provided by
comparisons of cell arrangement and chloroplast ultra-
structure of the two organs in cross-section. Silique
walls had broader cells, however, the cells were fewer in
in number (Fig. 4c, d), resulting in a lessened cell surface
area per unit of mesophyll volume, and decreasing the
light harvesting efficiency of the tissue [27]. In addition,
the lack of spongy tissue and larger intercellular airspace
had an adverse effect on light scattering [27, 28], thus
further decreasing light absorption by siliques. As for
the ultrastructure, silique wall chloroplasts were much

smaller in size, with a decrease in the number of layers
per granum (Fig. 40-p). This organization of grana has
been approved to influence the formation of arrays of
PSII-LHCII supercomplexes, ultimately affecting light
harvesting [29], and also influencing light-to-charge con-
version and electron transport [30]. Nevertheless, the
case of discrepancy between comparable actual photo-
chemical efficiency of PSII (Y(II)), maximum quantum
yield of PSII (F,/F,,) and in vivo chlorophyll fluorescence
of photosystem II-based electron transport rate (ETR)
(Additional file 3: Figure S2), with considerably different
A and Jg. in the two organs is intriguing. This
phenomenon may be accounted for the distribution of
electrons to an alternative electron sink such as photo-
respiration, which may ultimately reduce the pool of
electrons available for carboxylation [4]. Another note-
worthy fact was that electrons were also consumed by
the refixation of internal-cavity respiratory CO, (0.5 to
2.5% v/v in the silique cavity); however, it was not pos-
sible to evaluated this by gas exchange or chlorophyll
fluorescence [11, 31, 32], as has been proposed for to-
mato and mango fruit [11, 33]. Nevertheless, it is not
known whether these two possibilities exist in silique or
which is the main restraint for electrons distribution to
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CO, assimilation. Additionally, the variation of substrate
CO, in chloroplasts will lead to changes in A and the
pools of Calvin cycle intermediates, which can affect the
activity of Rubisco and the capacity for RuBP regener-
ation [34]. Even with extremely declined g, the intercel-
lular CO, concentration (C;) of siliques was slightly
enhanced, possibly caused by restricted CO, diffusion in
mesophyll layers or in efficient use of CO,. To date,
there is no effective method to evaluate the resistance of
CO,, diffusion through cross-sections of non-leaf organs,
especially those with unevenly distributed chloroplasts
[35]. Since mesophyll conductance (g,) is highly
dependent on the anatomical traits of mesophyll cells
and chloroplasts [36], the micro- or ultra-structures may
offer several lines of evidence. Compared with leaves, si-
lique walls had less intercellular airspace and fewer and
smaller chloroplasts, which might ultimately decrease
gas-phase conductance and the chloroplast area exposed
to airspace (S./S) and, in turn, down-regulated g;,.

Effects of potassium on leaf and silique photosynthesis

In the present study, notable inhibition of the growth of
leaves and siliques was observed under K-depletion.
Both organs exhibited the same morphological response
to K-deficiency, displaying a reduction in photosynthetic
area, leaf (silique) mass per area (Mj,) and thickness,
which is largely in accordance with previous observa-
tions [10, 37]. However, leaf growth was more affected
by K-deficiency, with an extremely reduced K status. In
higher plants, K is particularly concentrated in growing
and reproductive organs, reflecting its ease of transpor-
tation [38]. Siliques, which are propagative organs, con-
tain a naturally high K concentration, which is
approximately 2-folder greater than that of leaves. Based
on studies of the relationship between the biochemical
properties of organs (e.g. photosynthesis), it can be hy-
pothesized that the critical K concentration of siliques is
higher than that of leaves (1.07%) [16].

In comparison with siliques, leaf photosynthesis was
more restricted by K deficiency, which to a certain ex-
tent, was attributed to a sensitive stoma, a greatly in-
creased CO, diffusion distance between the chloroplast
and cell wall (D¢py.cw), and a down-regulation of J,,, and
Vemax (Table 2 and Fig. 1). In accordance with previous
reports, K-deficiency decreased stomatal length, width
and pore area in both organs [14, 16], however, had no
influence on stomatal density. The stomatal function,
often referred to stomatal conductance to CO; (gs), was
down-regulated under K-starved conditions in the
present study, which is consistent with observations in
cotton [39], hickory [13], eucalyptus [14] and sunflower
[12]. Therefore, the resistance to CO, diffusion from the
atmosphere to the leaf interior was extremely enhanced
under conditions of K-deprivation, and this resistance
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was more pronounced in siliques. However, the higher
C; values in K-starved leaves versus that of +K treatment
indicated that the major influence of K on leaf photosyn-
thesis under current condition may be attributed to
lower g, and the capacity of CO,-fixiation (biochemical
activities), rather than stomatal limitations [13]. The C;
value of silique was independent of K nutrition, which
ultimately led to an uncertain causality between main
limiting factors and down-regulated A.

Leaf g,, plays an important role in determining CO,
acquisition of chlorenchymas [36, 40]. Our previous
study indicated that K-deficiency reduced leaf g, by de-
creasing intercellular air spaces, S./S and enlarging the
resistance of the cytoplasm (i.e. D¢pycw increased) [10].
K-deficiency significantly increased cytoplasmic resist-
ance of siliques by enhancing Dy .. Additionally,
starch accumulation in silique chloroplasts under K-defi-
ciency possibly enlarges chloroplast volume, resulting in
enhanced stomatal resistance [18, 41]. Accordingly, si-
lique g,, may be influenced by K supplies through ana-
tomical variations. In addition to CO, diffusion
resistance, severe biochemical limitations on CO,
utilization may occur in K-starved organs by down-
regulating Ji.x and Vo [13, 16]. As already noted,
leaves were more sensitive to K starvation with larger
discrepancies in /.« and V.« between the -K and +K
treatment versus that of siliques. Furthermore, K-
deficiency is involved in the down-regulation of a and
Y(II), and an attendant increase of energy dissipation
(Y(NPQ)) in K-starved leaves and siliques, which is
regarded as an efficient strategy to reduce photodamage
[19]. Overall, these results collectively suggest that K
plays a crucial role in regulating leaf and silique photo-
synthesis through its influence on CO, diffusion and
biochemical limitations, with siliques exhibiting greater
tolerance to K deficiency.

Conclusions

The present study demonstrated that the CO, assimila-
tion capacity of siliques was much weaker than that of
leaves (only account for 35.0%). It can be speculated that
this difference is due to decreased function of photosyn-
thetic apparatus, especially the integrated limitations of
biochemical processes (Jiax and Vi.,) and o In com-
parison with leaves, siliques contained larger but fewer
stomata, tightly packed cross-section with larger cells
and fewer intercellular air spaces, fewer and smaller
chloroplasts with thin grana lamellae. These anatomical
traits might be linked to the reduced light capture and
CO, diffusion. K-deficiency profoundly decreased leaf
and silique photosynthesis by down-regulating g;, a,
Y(II), CE, Vemax and Joax. Under K-starvation conditions,
the most obvious anatomical features were the swollen
chloroplasts with ubiquitous starch grains in silique cells
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but slightly ambiguous and irregularly arranged granum
in leaf cells. Between two contrasting organs, siliques
were more less vulnerable to K-depletion, showing a
lower decline in K concentration, g, Vimax Jmaxw and
CO, diffusion resistance in the cytosol. Taken together,
these results contribute to an understanding of silique
photosynthesis and its response to K-deficiency.

Methods

Study site and growth conditions

This study was conducted during the 2014—-2015 oilseed
rape growing season on a K fertilization experiment lo-
cated at Wuxue County, Hubei Province, central China
(30° 06'46"N, 115° 36'9"E). The location has a subtrop-
ical monsoon climate with mean whole-season and
wintertide temperatures (from December 2014 to
February 2015) of 12.2 and 6.5 °C, respectively, and mean
whole-season and wintertide precipitation of 670.0 mm
and 222.4 mm. The soil was a sandy loam with the follow-
ing characteristics in the topsoil layer (0-20 cm): pH 5.7,
organic matter 37.1 g kg™", total N 2.0 g kg™!, NH,;OAc-K
45.3 mg kg, Olsen-P 14.6 mg kg™ and hot-water soluble
B 0.82 mg kg™'. According to the abundance and defi-
ciency indices of soil-available K [23], the soil type is de-
fined as K-deficient, which would cause yield reduction
without the addition of K fertilizer.

Experimental design

The experiment was carried out in a complete random-
ized block design with two K treatments and four repli-
cates. The treatments were: (1) sufficient K supply (+K),
with a rate of 120 kg K,O ha™ (recommended for this
region) [42]. (2) K deficiency (-K), with no K fertilizer
applied throughout the growing season.

Apart from K, plants received 180 kg N ha™', 90 kg
P,Os ha™!, and 1.6 kg B ha™'. Nitrogen (urea, 46% N)
was applied in three splits: 60% prior to transplanting,
i.e, BBCH (Biologische Bundesantalt, Bundessortenamt
and Chemische Industrie) 15—-16 [43], 20% at the over-
wintering stage (i.e,, BBCH 29), and 20% at the start of
stem elongation (i.e, BBCH 30). In addition, all P
(superphosphate, 12% P,05), K (potassium chloride, 60%
K,0), and B (borax, 10.8%) fertilizers were applied
manually as basal fertilizers. The experimental field was
plowed and leveled with a rotary tiller, and basal
fertilizers were incorporated during the process. The
plot measured 20 m?, with a length of 10 m and a width
of 2 m.

Rapeseed seedlings were grown from seed (Huayouza
No.9) in a nursery for 4 weeks and planted by hand at
five-leaf stage (i.e., BBCH 15-16, 3—4 g dry weight plant
1) on 22 October 2014 in double rows spaced approxi-
mately 0.3 m apart, with 0.2—-0.3 m between plants, cor-
responding to 112,500 plants ha™'. The oilseed rape was
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grown under rain-fed conditions. Weeds, pests and
disease stresses were controlled by spraying herbicides,
insecticides and fungicides according to the local habits
so that no obvious weeds, insect pests, and diseases
infestations occurred during the cropping season.

Leaf and silique tagging

In each plot, 40 uniform plants were tagged on 12
November 2014 (3 weeks after transplanting, i.e. BBCH
17), and halved for leaf and silique determination.
Twenty leaves (corresponding to 20 plants) were tagged
immediately after emergence (length approximately
1.5 cm), and subjected to destructive and non-
destructive analyses 20 days later (i.e., BBCH 19) at the
point of maximum leaf photosynthesis [44, 45]. The rest
of the plant were left until the start of flowering (i.e.,
BBCH 60-61). For each plant, two adjacent flower buds
on the main raceme and opening during the same day
were tagged; and approximately 5 days later they had de-
veloped into siliques. Siliques were used in experiments
after 20 days of growth, when the maximum silique wall
area and photosynthetic rate were reached [46].

Gas exchange
Tagged leaves and siliques were used for gas exchange
measurements with a portable, open circuit, infrared gas
analysis system (Li-6400, Li-Cor Inc., Lincoln, NE, USA).
For each plant, one tagged leaf and two siliques were
placed into a Standard Chamber equipped with a
6400-02 LED light source and a 6400-22 L Lighted
Conifer Chamber equipped with a 6400-18 RGB light
source. Net photosynthesis (A) was analyzed for four
tagged plants in each treatment in the late morning
(10:00—14:00) at a saturating photosynthetic photon flux
density (PPFD) of 1500 pumol m™ s (90% red light and
10% blue light). The maintained under the following
standardized conditions: CO, concentration, 400 pmol
mol ™" air; flow rate, 500 pmol s'; temperature, 25 +
0.2 °C; and relative humidity, 50-60%. After equilibra-
tion to a steady-state, A, stomatal conductance (g;), and
intercellular CO, concentration (C;) were recorded.
Recording data of siliques were corrected for the area
because the chamber was not completely filled. Siliques
were then halved into two valves (i.e. silique walls) along
the replum, the valves were then flattened and mounted
on black cardboard after removing the seeds and
scanned digitally together with a green reference card
(25 cm?) using an Epson ES-1200C scanner (Epson,
Long Beach, CA, USA). The silique area was determined
using Image-Pro Plus 4.5 software (National Institutes of
Health, Bethesda, Maryland).

Light- and CO,-response curves were constructed for
three leaves and six siliques (each replicate consisted of
two siliques) which had been previously acclimated to
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saturating light conditions for 20 min. For light-response
curves, gas exchange was determined at 11 levels of
PPFD, (2000, 1800, 1500, 1200, 1000, 800, 500, 200, 100,
50, 0 pmol m~2 s71). Meanwhile, the C, was maintained
at 400 pmol mol ™! air. For CO,-response curves, the C,
in the chamber was adjusted across a series of concen-
trations (400, 300, 200, 100, 50, 400, 600, 800, 1000,
1200, and 1500 pmol CO, mol ™) at a constant PPFD of
1500 pumol m™> s™'. The temperature and relative
humidity during analysis of light and CO, responses
were uniformly controlled at 25 + 0.2 °C and 50—60%. In
all cases, the parameters were recorded and the areas
were corrected (for siliques only) after the gas exchange
rate stabilized at the given C, or PPFD. Apparent
quantum yield (a) and carboxylation efficiency (CE) were
represented by the initial slope of the linear part of the
light-response curve (0 < PPFD <200 umol m™2 s™*) and
the CO,-response curve (0 < C; <200 pumol CO, mol ™).

According to Farquhar, von Caemmerer and Berry
(1980; FVCB) photosynthesis model, the net photosyn-
thetic rate is limited mainly by Rubisco carboxylation or
by RuBP regeneration [25]. The intercellular CO, con-
centration at which the transition from Rubisco to RuBP
regeneration limitation occurs was calculated in R3.3.1
(R core Team, 2016) using plantecophys package [47].
The maximum rate of RuBP carboxylation (V y.,) and
the maximum rate of RuBP regeneration (/,,,,) were also
evaluated using the same R package.

Chlorophyll fluorescence imaging

Imaging of chlorophyll fluorescence parameters was per-
formed immediately after gas exchange measurements
using a MINI-Version Imaging-PAM (IMAG-MIN/B,
Walz, Effeltrich, Germany), which can be used to assess
image areas up to 2.4 x 3.2 cm. The instrument employs
a bank of blue LEDs (peak wavelength 470 nm) and a 1/
3" CCD camera (640 x 480 pixels). Before experiments,
intact leaves and siliques were adapted to the dark for at
least 30 min. Immediately before measurement, three
leaves and siliques were excised with a razor blade and
put into black bags to avoid light reflections. Images of
the minimal fluorescence vyield of dark-acclimated
samples (F,) were acquired at low frequencies of pulse-
modulated measuring light, and the maximal fluores-
cence yield (F,) was measured with an 800 ms satur-
ation pulse. Samples were then exposed to actinic
illumination, and images of the steady-state chlorophyll
fluorescence (F)) were captured. Subsequently, the
maximal fluorescence yield under light (F.) was mea-
sured during exposure to saturation pulse. The max-
imum quantum vyield of PSII (F,/F,), the effective
quantum efficiency of PSII (Y(II)) and the quantum yield of
light-induced non-photochemical fluorescence quenching
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(Y(NPQ)) were calculated with Imaging-Win software
(Walz, Effeltrich, Germany).

Morpho-physiological traits

Six leaves and twelve siliques per treatment were used to
determine areas according to the aforementioned
approach. Leaves and silique walls were oven dried to
constant weight at 60 °C, and dry mass per area (My)
was calculated by dividing the weight of the dry matter
by the area. The samples were then milled, and subsam-
ples of 0.15 g were digested with H,SO4-H,0, [48], be-
fore K concentration determination using a flame 321
photometer (M-410, Cole-Parmer, Chicago, IL, USA).
Thereafter, another three leaves and six siliques (with
seeds and septa removed) were cut into small segments
(approximately 5 mm). After extraction with 80% (v/v)
alcohol for 24 h, chlorophyll concentration was deter-
mined using a UV-vis spectrophotometer (UV2102,
Unico, China) after extracting with 80% (v/v) alcohol for
24 h [49].

Anatomical analysis

Cross-sections of the leaves and siliques used for gas ex-
change measurements were prepared. Segments (ap-
proximately 1 x1 mm) obtained from intercostal areas
of fresh leaves and from the middle valves of siliques
were fixed in 2.5% glutaraldehyde (v/v) in 0.1 M phos-
phate buffer (pH 7.2) for 4 h at 4 °C. Subsequently, the
segments were post-fixed with 1% osmium tetroxide for
1 h at 25 °C. The samples were further dehydrated in a
graded ethanol series, and embedded in Spurr’s epoxy
resin, before polymerization.

For the light microscope observation, samples were
cut into 1 pum transverse sections using a LKB-5 ultrami-
crotome 359 (LKB Co., Ltd., Uppsala, Sweden), and
stained with 0.5% toluidine blue. Micrographs were cap-
tured at a magnification of 100x using a Nikon Eclipse
E600 microscope equipped with a Nikon 5 MP digital
microscope camera DS-Fil (Nikon Corporation, Kyoto,
Japan). Four samples were analyzed per treatment for
both leaves or siliques. For each sample, thickness of at
least four cross-sections was measured. M, is the prod-
uct of leaf thickness and density [50], therefore leaf
density was estimated by dividing M, by thickness.

For the ultrastructural observations, ultrathin sections
(90 nm) were examined using a transmission electron
360 microscope (H-7650, Hitachi, Japan) after staining
with 2.5% uranyl acetate (w/v) and lead citrate. The
numbers of chloroplast in the leaf spongy tissue cells
and mesocarp cells (n>30) were counted under the
magnification of 5000x. The corresponding chloroplast
length (L) and thickness (T¢y,), and the chloroplast dis-
tance from the cell wall (Dg.cw) Were measured for at
least 30 randomly selected chloroplasts at a magnification
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of 25,000-30,000x. Chloroplast surface area (Sc) and
volume (Vi) were calculated (assuming that the
chloroplasts were ellipsoids) according to the Cesaro
formula:

S = 4 x mx31/(d x €2)* (1)
4 2
Vch1=§><ﬂ><d><e (2)

Where d = 0.5 x Loy; and e = 0.5 x Ty The average dis-
tance of chloroplasts from the cell wall (Dgycw, n=30)
was determined according to the method described by
Tomés et al. (2013) [36].

For stomatal trait determination, the leaf and silique
segments (5x5 mm) were fixed in 2.5% glutaraldehyde
(v/v) at 4 °C for 2 h. Segments were then washed twice
in 0.1 M phosphate buffer (pH 7.2) and, followed by
dehydrated in a graded ethanol series. After further dry-
ing and spraying with gold, the treated segments were
observed and photographed with a scanning electron
microscope (JSM-5310LV, Jeol Co, Tokyo, Japan). The
numbers of stomata in the lower epidermis and exocarp
were counted at a magnification of 500x, and the stoma-
tal frequency (n>20) was calculated by dividing the
stomata number by the area of the field of view. In
addition, at least 50 randomly selected stomatas were
selected to measure the length (Lsomata) and width
(Witomata) at a magnification of 3500x. Assuming the
stomatas were ellipsoids, the single stomatal pore area
(Agtomata) Would be given as:

Astomata = ; X1 X Lstomata X Wstomata (3)
Therefore, the total stomatal pore area was the prod-
uct of Agomata and stomata frequency.

Statistical analyses

Descriptive statistical analyses were used for the measured
parameters to obtain means and standard error (SE). All
data were subjected to two-way analysis of variance
(ANOVA) with SPSS 18.0 software (SPSS, Chicago, IL,
USA). The differences between mean values were com-
pared with Duncan’s multiple range test; P < 0.05 was con-
sidered to indicate statistical significance. Graphics were
prepared using the ORIGINPRO 8.5 software (OriginLab
Corporation, Northampton, MA, USA).
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