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Leaf senescence in source leaves leads to the active degradation of

chloroplast components [photosystems, chlorophylls, ribulose-1,5-bisphosphate

carboxylase/oxygenase (Rubisco)] and plays a key role in the efficient remobilization

of nutrients toward sink tissues. However, the progression of leaf senescence can

differentially modify the photosynthetic properties of source leaves depending on plant

species. In this study, the photosynthetic and respiratory properties of four leaf ranks of

oilseed rape describing leaf phenological stages having different sink-source activities

were analyzed. To achieve this, photosynthetic pigments, total soluble proteins, Rubisco

amounts, and the light response of chlorophyll fluorescence parameters coupled to leaf

gas exchanges and leaf water content were measured. Photosynthetic CO2 assimilation

and electron transfer rates, Rubisco and chlorophyll levels per leaf area were gradually

decreased between young, mature and senescent leaves but they remained highly

correlated at saturating light intensities. However, senescent leaves of oilseed rape had

a lower intrinsic water use efficiency compared to young and mature leaves at saturating

light intensities that was mainly due to higher stomatal conductance and transpiration

rate with respect to stomatal density and net CO2 assimilation. The results are in favor

of a concerted degradation of chloroplast components but a contrasted regulation of

water status between leaves of different phenological stages of winter oilseed rape.

Keywords: Brassica napus, senescence (leaf), source sink relationship, water use efficiency, chlorophyll

fluorescence, photosynthesis–respiration imbalance, oilseed rape

INTRODUCTION

Resource allocation within plant organs, driven by source-sink relationships, is a critical factor
determining plant growth capacities and overall productivity for crop species (Smith et al., 2018).
Source-sink relationships represent an interesting target for yield improvement and they have
undergone a revival of interest recently (Sonnewald and Fernie, 2018). From a functional point
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FIGURE 4 | Light-response of stomatal conductance, transpiration, and intrinsic water use efficiency of oilseed rape leaves at different phenological stages. (A)

Stomatal conductance to water vapor (gsw), (B) transpiration rate, (C) intrinsic water use efficiency (iWUE), and (D) stomatal density (abaxial epidermis). iWUE was

calculated as An/gsw. Values are means ± SD of three independent biological replicates. Different letters indicate groups of mean values that are significantly different

between the different leaf ranks for a given PPFD (ANOVA-Tukey HSD, p-value < 0.05) at 200, 500, 1000, 1500, and 2000 PPFD. L15: young leaf; L11: pre-mature

leaf; L7: post-mature leaf; L3: senescent leaf.

and the GABA shunt can significantly diffuse toward chloroplasts
and subsequently increase chloroplastic CO2 concentration
(Tcherkez et al., 2017). In addition, we have shown that dark
respiration (essentially reflecting mitochondrial respiration) was
significantly reduced in mature and senescent leaves of oilseed
rape (Figure 2A). Although dark respiration still represents 1.3
µmol CO2.m

−2.s−1 in L3 leaves (almost 20% of their net CO2

assimilation), the inhibition of glycolysis and mitochondrial
metabolism in the light would lower its overall impact on net CO2

assimilation rate (Tcherkez et al., 2009). Nevertheless, the ratio
for light/dark inhibition of mitochondrial respiration during
senescence remains to be investigated in plants.

We found that senescent leaves of oilseed rape had a
lower iWUE compared to the other leaf phenological stages,
which was mainly due to a higher transpiration rate (Tr) and
stomatal aperture (stomatal density/gsw) with respect to the
net CO2 assimilation levels (Figures 4, 5). Previous studies on
winter oilseed rape using low-field proton nuclear magnetic
resonance demonstrated that leaf senescence re-orchestrated
limb structures and intracellular water flux (Musse et al., 2013;

Sorin et al., 2015). Interestingly, the size and the vacuolar
volume of cells of the palisade parenchyma increased significantly
in mature and senescent leaves while cells of the spongy
parenchyma remained weakly affected. These morphological
changes were also associated with a gradual increase of the
leaf water content and a gradual decrease of leaf dry weight
between young, mature and senescent leaves. In our study,
we found similar results for leaf water content (Figures 5F–H)
but the differences of iWUE between L3 and L15/L11/L7 were
not specifically correlated with the gradual increase of leaf
water content, thereby suggesting that the lower iWUE at
saturating PPFD in L3 leaves was not specifically associated to
the regulation of leaf water status. Whether this water influx
within mature and senescent leaves of oilseed rape has an
important role for the adjustment of leaf osmotic potential or
the export of nutrients from source-to-sink tissues remains an
open question (Musse et al., 2013; Sorin et al., 2015). Another
hypothesis for the increase of stomatal conductance with respect
to photosynthesis in senescent leaves involves the regulation of
chloroplastic CO2 concentration (Cc) bymesophyll conductance.
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FIGURE 5 | Relationships between stomata and water and CO2 exchanges of oilseed rape leaves at different phenological stages and high light intensities.

Correlation analysis at 2000 PPFD between: stomatal conductance to water vapor (gsw) and (A) stomatal density and (B) photosynthesis (An); (C) photosynthesis (An)

and intracellular CO2 concentration (Ci); transpiration and (D) stomatal conductance to water vapor (gsw) and (E) photosynthesis (An). (F) Specific limb fresh weight,

(G) Specific limb dry weight, and (H) limb water content. Values are means ± SD of three independent biological replicates. Different letters indicate groups of mean

values that are significantly different between the different leaf ranks (ANOVA-Tukey HSD, p-value < 0.05). L15: young leaf; L11: pre-mature leaf; L7: post-mature leaf;

L3: senescent leaf.

Our results have shown that net CO2 assimilation was negatively
correlated with intracellular CO2 concentration (Ci) between
young, mature and senescent leaves of oilseed rape (Figure 5C),
thereby suggesting that CO2 accumulates within intercellular
spaces of the leaf when it is not assimilated by Rubisco. However,
the Rubisco activity is mainly driven by chloroplastic CO2

concentration which depends essentially on stomatal aperture
and the capacity of intercellular CO2 to diffuse through cell
walls, plasma membranes and chloroplast envelopes (mesophyll
conductance) (Gago et al., 2020). In Arabidopsis and oilseed
rape, leaf senescence is accompanied by a reduction of cell wall

thickness, which should facilitate CO2 diffusion to chloroplasts
(Forouzesh et al., 2013; Musse et al., 2013). On the other hand,
leaf senescence also increases palisade parenchyma cell size
while reducing the volume of chloroplasts (Musse et al., 2013;
Chrobok et al., 2016; Tamary et al., 2019). Thus, a longer path
within a liquid phase for CO2 should affect its diffusion to the
chloroplast. Recent studies reported that mesophyll conductance
was strongly limited by the cytoplasm in mature leaves of oilseed
rape compared to young leaves and significantly contributed
to the limitation of net CO2 assimilation (Lu et al., 2019; Hu
et al., 2020). Therefore, the increase of stomatal aperture in
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FIGURE 6 | Proposed model for the regulation of intrinsic water use efficiency (iWUE) by senescence in winter oilseed rape leaves at high light intensities. Leaf

senescence in winter oilseed rape leads to an increase of the vacuolar volume of cells of the palisade parenchyma, which can limit photosynthesis by decreasing

mesophyll conductance of CO2 (Musse et al., 2013; Sorin et al., 2015; Lu et al., 2019; Hu et al., 2020). In this model, senescent leaves of oilseed rape increase their

stomatal aperture compared to young/mature leaves to increase the diffusion of CO2 toward chloroplasts for photosynthesis. Ci, intercellular CO2 concentration; Tr,

Transpiration; gm, mesophyll conductance; gsw, stomatal conductance to water vapor.

senescent leaves of oilseed rape could be seen as an adaptive
strategy to support photosynthesis with respect to senescence-
driven changes of leaf anatomy and Rubisco amounts by boosting
CO2 diffusion toward chloroplasts (Figure 6).

In conclusion, leaf phenological stages of winter oilseed
rape (Brassica napus L.) have different levels for photosynthetic
pigments, Rubisco, maximal PSII electron transfer rate and
maximal net CO2 assimilation rates under ambient air but
the relative ratios between these components remained
strongly conserved per unit of leaf area (photosynthetic
efficiency), including an efficient NPQ mechanism. Since
these photosynthetic efficiencies remained conserved between
the different leaf ranks with respect to their photosynthetic
capacities, the results are in favor of a concerted degradation
of chloroplast components in winter oilseed rape. Besides this,
senescent leaves of oilseed rape have a lower intrinsic WUE
at high PPFD compared to young and mature leaves, which
seems to be an adaptive strategy to regulate photosynthesis with
respect to changes of leaf anatomy (Figure 6). An intriguing
result that deserves more attention is the gradual decrease
of dark respiration between young, mature and senescent
leaves. Future work should be focused on the regulation of
mitochondrial respiration by the light/dark cycle in young,
mature and senescent leaves of oilseed rape at both physiological

and metabolic levels to evaluate its contribution to nutrient
remobilization processes.
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