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Chapter 1 

General Introduction 

 
Plants growing in dense leaf canopies 

Light provides the energy for photosynthesis so its efficient capture and utilization by 

plants is seen as critical for their growth and, ultimately, fitness (Mooney and Gulmon, 

1979; Hirose, 2005). Close proximity of neighboring plants in dense canopies results in 

mutual shading of leaves, reducing light availability from the canopy top toward the bottom 

(Monsi and Saeki, 1953). The amount and canopy position of leaves, as the main 

photosynthetic organs, are therefore important determinants of light capture and 

photosynthetic productivity (Williams, 1963; Barnes et al., 1990), as is the distribution of 

photosynthetic capacity over the foliage (reviewed by Grindlay, 1997; Hirose, 2005). 

Leaves respond to their local light environment. Under shaded conditions, their 

photosynthetic capacity is lower than under high light and chloroplast organization is 

adjusted such that the little available light is efficiently captured (Anderson et al., 1995; 

Lambers et al., 1998). Canopy density affects the steepness of the vertical light gradient, 

and thereby the distribution of photosynthetic capacity over the foliage and the organization 

of chloroplasts (Hirose et al., 1988; Schieving et al., 1992; Evans, 1993b; Pons and Jordi, 

1998; Anten et al., 1998). Plants must therefore possess a mechanism by which light 

gradients in canopies are perceived and photosynthetic characteristics of leaves are 

adjusted.  

This thesis addresses two aspects of the photosynthetic performance of plants in leaf 

canopies. First, it investigates the significance of leaf area formation, and the positioning 

and photosynthetic characteristics of leaves in canopies, for whole-plant carbon gain and 

competitiveness. Second, the mechanism responsible for light gradient perception in leaf 

canopies is studied, focusing on the role of leaf transpiration rates and the xylem-carried 

phytohormone cytokinin. 

 

Predictions made by canopy photosynthesis models 

Starting with the seminal article by Monsi and Saeki (1953), numerous theoretical studies 

have been published that have made predictions regarding plant traits that maximize carbon 

gain in dense leaf canopies (reviewed by Hirose, 2005; Anten, 2005). By increasing their 
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leaf area, plants increase light capture and thus photosynthesis. Photosynthetic productivity 

may be constrained, however, by the concomitant decrease in irradiance reaching the lower 

leaves (Monsi and Saeki, 1953). Furthermore, when the total amount of N in the canopy is 

limited, a higher leaf area index (LAI; leaf area per unit surface area) will decrease the 

average N content per unit leaf area. Since a large fraction of leaf N is involved in 

photosynthesis (Evans and Seemann, 1989; Evans, 1989), photosynthetic capacity is often 

closely correlated to leaf N content (Field and Mooney, 1986; Evans and Seemann, 1989; 

Wright et al., 2004). Therefore, for a given amount of canopy N, an optimal LAI can be 

defined at which whole-stand canopy photosynthesis per unit N is maximized (Anten et al., 

1995a). Beyond this LAI, the benefit of any further increase in light capture no longer 

compensates for the decline in photosynthetic capacity. However, the LAI of natural stands 

was consistently found to be greater than predicted by such models (Anten et al., 1995a; 

Hirose et al., 1997; Anten and Hirose, 2001). A problem with the optimization studies 

mentioned above is that they consider maximization of whole-stand carbon gain while 

fitness consequences of photosynthesis should be analyzed at the level of individual plants 

(Anten, 2005). With an individual plant based model, it was shown that when the whole-

stand carbon gain is maximized, an evolutionary unstable situation arises (Anten and 

Hirose, 2001). This is because any individual producing more leaf area than its neighbors, 

and thus capturing more of the available light, can increase its carbon gain and successfully 

invade such a stand. When the optimization criterion was applied to individual plants 

instead of whole stands, an evolutionary stable situation occurred. LAIs predicted by such 

models were higher and correlated well with actual LAIs (Schieving and Poorter, 1999; 

Anten, 2002).  

Plants in dense canopies show a leaf N distribution that parallels the vertical light 

gradient, with their upper, well-illuminated leaves containing more N per unit area, and 

therefore a higher photosynthetic capacity, than shaded bottom leaves (Hirose et al., 1988; 

Pons et al., 1989; Schieving et al., 1992; Evans, 1993b; Anten et al., 1995b). Because a 

high photosynthetic capacity can result in greater fixed carbon returns at high light than at 

low light (Field, 1983), theoretical models predict that this non-uniform distribution of leaf 

N and associated photosynthetic capacity also contributes to increased whole-plant carbon 

gain per unit N in a dense canopy (Field, 1983; Hirose and Werger, 1987a; Anten et al., 

1995b; Grindlay, 1997; Pons and Anten, 2004; Hirose, 2005). 
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The correspondence between model predictions and actual LAI and leaf N 

distribution patterns suggests that the plant traits leading to maximization of carbon gain in 

dense canopies are adaptive. A drawback of the studies mentioned above is that they only 

consider the maximization of carbon gain at one point in time, and ignore the dynamics of 

plant growth. A model incorporating dynamics of leaf area formation, N reallocation and 

senescence yielded accurate predictions of LAI (Hikosaka, 2003; Hikosaka, 2005). It was 

however, based on the optimization of whole-stand carbon gain, assuming that all 

individuals in the stand were identical. Most important, experimental validation of these 

model predictions has been lacking thus far. One of the objectives of this thesis was to 

experimentally manipulate those plant traits considered to be important for their 

photosynthetic performance and competitiveness in canopies, thereby testing such model 

predictions. Interference with the process of senescence provided a means to realize this. 

 

Shade-induced leaf senescence 

Shading of the lower leaves induces N reallocation to other plant parts and accelerates their 

senescence (Thomas and Stoddart, 1980; Burkey and Wells, 1991; Pons and Pearcy, 1994; 

Hikosaka et al., 1994). Particularly at limiting N availability in the soil, reallocation from 

the lower leaves may contribute significantly to the N required for the formation of new 

leaves at the canopy top (Hikosaka et al., 1994). Results from competition experiments 

suggest that plants positioning more leaf area in the upper, well-illuminated part of the 

canopy increase their photosynthetic productivity and competitive ability compared to that 

of their neighbors (Williams, 1963; Barnes et al., 1990). Shade-induced N reallocation and 

leaf senescence in dense canopies could be functional in increasing photosynthetic 

productivity and fitness for three reasons: (i) N remobilized from bottom leaves may be 

used for leaf area formation in the upper canopy layers allowing plants to successfully 

compete with neighbor plants for light; (ii) N remobilized from bottom leaves and invested 

in upper leaves may contribute to the non-uniform N distribution predicted to increase 

whole-plant carbon gain; (iii) shedding of lower leaves may reduce respiratory carbon loss, 

thereby increasing whole-plant carbon gain. Genetically modified PSAG12-IPT (SAG) 

tobacco plants have a strong delay in leaf senescence, caused by production of the 

senescence-inhibiting phytohormone cytokinin targeted specifically to tissues at the onset 

of senescence (Gan and Amasino, 1995). It was previously shown that leaf shedding is 
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prevented in solitary SAG plants and that cytokinin contents and N contents are higher in 

old leaves of SAG plants compared to WT (Gan and Amasino, 1995; Wingler et al., 1998; 

Jordi et al., 2000). Because of this phenotype, SAG plants are predicted to achieve less 

carbon gain in dense leaf canopies and suffer a competitive disadvantage compared to 

normally senescing WT plants. SAG plants are therefore a suitable tool to experimentally 

test the predictions made by canopy photosynthesis models. Experiments using these plants 

are described in this thesis. 

 

The perception of light gradients in dense leaf canopies 

The second objective of this thesis was to study how plants perceive the light gradient in 

canopies and how the acclimation of plants to canopy density is regulated. It is important to 

note that gradients in leaf N content and photosynthetic capacity per unit area are not 

simply due to leaf ageing. In erect herbaceous plants, new leaves are continuously formed 

at the apex, meaning there is a leaf age gradient, which parallels the vertical light gradient. 

Elegant experiments with vines that were kept horizontal to avoid mutual shading of the 

leaves showed that ageing resulted in a leaf N gradient under limiting N supply but not 

under sufficient N supply (Hikosaka et al., 1994). Furthermore, light gradients applied with 

shade boxes induced parallel leaf N gradients, even when young leaves were shaded and 

old leaves received high light (Hikosaka et al., 1994). In Lysimachia vulgaris grown at high 

stand density, shaded leaves had lower leaf N contents per unit area than leaves of the same 

age in a more open stand, which consequently received more light (Hirose et al., 1988). 

Light therefore appears more important than age in determining the distribution of N over 

the foliage in response to canopy density. 

The light gradient in leaf canopies has a quantitative and a qualitative component. 

Besides the decrease in irradiance from the top toward the bottom of the canopy, the red: 

far-red ratio of the light (R:FR) declines due to selective absorption of red light by 

chlorophyll (reviewed by Anten et al., 2000; Smith, 2000). The change in R:FR is 

perceived by phytochromes and is partially responsible for the induction of leaf senescence 

in shaded parts of the canopy (Rousseaux et al., 1996; Rousseaux et al., 1997; Rousseaux et 

al., 2000). When leaves of several species were shaded in a spectrally neutral manner, while 

the rest of the plant remained well-illuminated, this resulted in greater reductions in 

photosynthetic capacity per unit area than when R:FR was decreased with supplemental FR 
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(Pons and de Jong-van Berkel, 2004). Shading with a leaf which reduces both irradiance 

and R:FR did not result in any further decrease in capacity compared to the effect of 

spectrally neutral shading. From these results it was concluded that although R:FR is 

involved, irradiance is more important for the perception of light gradients in canopies and 

the regulation of photosynthetic capacity distribution over the foliage (Pons and de Jong-

van Berkel, 2004). 

Currently, it is not fully understood how gradients in irradiance in canopies are 

perceived but a role has been proposed for photoreceptors, sugars, redox state of electron 

transport components, and cytokinin (see reviews by Ono et al., 2001; Kull, 2002; 

Terashima et al., 2005). An obvious possibility, which has been explored, is that 

photoreceptors are also involved in irradiance perception. The model species Arabidopsis 

thaliana contains at least three photoreceptor classes, the phytochromes, cryptochromes and 

phototropins, which mediate specific responses to irradiance such as shade avoidance, de-

etiolation, chloroplast movements and stomatal opening (Ballaré, 1999; Smith, 2000; 

Sullivan and Deng, 2003). All photoreceptor mutants studied so far show normal 

photosynthetic acclimation when whole plants were shaded (Walters et al., 1999; Weston et 

al., 2000) and induced senescence when single leaves were darkened (Weaver and 

Amasino, 2001), arguing against a critical role for photoreceptors in irradiance perception. 

A well-known problem with mutant analysis, however, is that of redundancy: with multiple 

proteins performing the same or overlapping tasks, the functional loss of one member need 

not result in a phenotype or a phenotype only becomes apparent in plants carrying multiple 

mutations (e.g., Franklin et al., 2003b). More comprehensive studies are needed using 

mutants in all known photoreceptors and multiple mutants to answer more definitively 

whether they play a role.  

High foliar sugar levels repress the expression of photosynthetic enzymes (Sheen, 

1990; Koch, 1996). As the sugar status of a leaf is determined by its photosynthetic activity 

and the demand for sugars by other leaves, it has been suggested that photosynthetic 

capacity of leaves in a canopy might be adjusted accordingly through sugar repression (Ono 

et al., 2001). There is currently no evidence indicating that the capacity reduction in shaded 

leaves is due to increased sugar levels. Alternatively, the depletion of sugars, or sugar 

starvation (Yu, 1999; van Doorn, 2004) might be involved, but again, direct evidence that 

low sugar levels cause a change in photosynthetic capacity has not been presented. 
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Previous work has established a role for leaf transpiration rates in light gradient 

perception (Pons and Bergkotte, 1996; Pons et al., 2001). Because stomatal conductance is 

reduced in the shade, transpiration rates and therefore the import of xylem sap are 

decreased in shaded leaves. The quantity of compounds delivered to leaves, as dependent 

on the light they receive, might thus provide an indirect signal for the perception of light 

gradients in canopies. In support of this notion, reduction of the transpiration rate of a leaf 

independent of light, by enclosing it in a transparent cuvette flushed with humid air, 

reduced photosynthetic capacity per unit area and per unit chlorophyll, as well as the 

chlorophyll a/b ratio in a number of species, thereby mimicking the effects of shading the 

leaf (Pons and Bergkotte, 1996; Pons and Jordi, 1998).  

The phytohormone cytokinin was suggested to act as a signal because it is 

synthesized for a major part in the roots (Letham, 1994; Nordström et al., 2004) and 

transported to the shoot via the transpiration stream (Letham et al., 1990; Aloni et al., 

2005). Moreover, known cytokinin actions, such as the stimulation of N sink strength 

(Mothes and Engelbrecht, 1963; Jordi et al., 2000), expression of photosynthetic enzymes 

and development of sun-type chloroplasts (Flores and Tobin, 1988; Chory et al., 1994; 

Kusnetsov et al., 1998), and the inhibition of senescence (Gan and Amasino, 1995), are all 

consistent with a role in acclimation to light gradients. Furthermore, it was shown that the 

total cytokinin concentration was reduced in shaded Phaseolus leaves on plants that further 

remained in high light, as would be expected (Pons et al., 2001). Also, bottom leaves in a 

dense canopy contained less total cytokinin than bottom leaves in a more open canopy, 

which received more light (Pons et al., 2001). That study was hampered, however, by the 

low specificity of the immuno-affinity method used to measure cytokinins. The cytokinins 

form a group of structurally diverse compounds of which the free bases and ribosides are 

considered the most active forms (Mok and Mok, 2001; Kieber, 2002). Quantitative 

measurements of individual cytokinins are required to distinguish between active and 

inactive cytokinin forms. Information is also required regarding cytokinins in the xylem sap 

of intact, transpiring plants that are delivered to leaves with different transpiration rates. 

The use of advanced mass spectrometry should allow more reliable quantification of 

individual cytokinins and should answer the question whether levels of active cytokinins 

are indeed under the control of leaf transpiration rates. 
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In recent years, tremendous progress has been made in our understanding of 

cytokinin metabolism and cellular signal transduction. The genes responsible for 

endogenous cytokinin biosynthesis have been cloned (Takei et al., 2001) and their 

expression levels studied in various plant tissues (Miyawaki et al., 2004). These so-called 

isopentenyl transferases (IPTs) are expressed in roots, but also in young leaves (Miyawaki 

et al., 2004), as would be expected from studies showing that these organs are competent to 

synthesize cytokinins (Nordström et al., 2004). SAG plants carrying a bacterial IPT gene 

controlled by a senescence specific promoter (Gan and Amasino, 1995) and their usefulness 

for the present study were described above. Transgenic plants have also become available 

in which IPT expression can be controlled by application of a chemical inducer (Böhner 

and Gatz, 2001). These plants provide the advantage that the transgene is hardly transcribed 

unless the inducer is present, so their development is normal, unlike that of plants carrying 

IPT controlled by constitutive promoters (e.g., Smart et al., 1991). Furthermore, cytokinin 

overproduction is local, depending on where the inducer is applied, and can even be 

switched off using a different chemical (Böhner and Gatz, 2001). Cytokinin oxidase (CKX) 

enzymes which break down specific cytokinins have been described and the corresponding 

genes cloned from the Arabidopsis genome, allowing the construction of Arabidopsis and 

tobacco genotypes over-expressing CKX genes, and consequently having lowered cytokinin 

contents (Werner et al., 2001; Werner et al., 2003). Analysis of these plants has shown that 

cytokinins inhibit root meristem activity while stimulating shoot meristem activity.  

Further, three genuine cytokinin receptors have been identified in Arabidopsis, 

termed Arabidopsis histidine kinases (AHKs), as well as a number of receptors in several 

other plant species (Inoue et al., 2001; Kakimoto, 2004). A two-component signaling 

cascade mediates the transduction of the cytokinin signal from perception by one of the 

receptors, transport to the nucleus and activation of transcription factors regulating the 

expression of cytokinin-responsive genes (Kieber et al., 1993; Hwang and Sheen, 2001; 

Kakimoto, 2004). Components in this cascade called type A Arabidopsis Response 

Regulators (ARRs) were demonstrated to be rapidly and specifically up-regulated by 

cytokinin (D'Agostino et al., 2000; Rashotte et al., 2003). These genes are therefore a useful 

proxy to study cytokinin activity in plant tissues, as their expression levels are correlated to 

cytokinin concentrations. 
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Contents of this thesis 

In Chapter 2, competition experiments are described using transgenic SAG tobacco plants 

with delayed leaf senescence and normally senescing wild-type plants. Effects were studied 

of the retention of lower leaves and reduced N reallocation from lower leaves on the 

photosynthetic performance and competitiveness of plants in dense leaf canopies. The 

phenotype of these transgenic plants enabled us to experimentally test model predictions of 

optimal LAI and leaf N distribution for the maximization of whole-plant carbon gain. 

In Chapter 3, a detailed description of canopy density effects on tobacco plants is 

presented and the role of xylem-carried cytokinins in the acclimation to the vertical light 

gradient is investigated. The distribution of leaf transpiration rates and foliar cytokinins are 

described, as well as measurements on cytokinins in the xylem sap of leaves receiving 

different irradiance. Experiments in which leaf transpiration rates and cytokinin contents 

were manipulated were used to study their involvement in the acclimation of leaves to 

irradiance, in terms of adjusting photosynthetic capacity and chloroplast organization. 

In Chapter 4, the model species Arabidopsis is introduced as a suitable tool to 

further investigate the role of cytokinin import rates in the perception of light gradients. The 

use of this plant species provided the unique possibility to study the expression of genes 

specifically induced by cytokinin, which was combined with advanced mass spectrometry 

to quantify cytokinins in leaves treated with shade or humid air. Various mutants and 

transgenics disturbed in cytokinin signal transduction or metabolism were used to evaluate 

whether cytokinin is necessary for light gradient perception. Additionally, genotypes were 

used that carried multiple mutations in most known photoreceptors, or showed sugar 

hypersensitivity or hyposensitivity. 

In Chapter 5, the results obtained in this thesis are discussed and integrated. 

Concerning the signaling mechanism, the role of cytokinin is evaluated in the light of the 

new results obtained and insights from the literature. 
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Abstract 

 
Theoretical models predict an optimal leaf area index (LAI) and nitrogen distribution for the maximization 

of daily carbon gain of plants growing in dense leaf canopies. Although they correspond reasonably well 

with actual measurements in stands of vegetation, these predictions have not been verified experimentally. 

In this study, we used transgenic PSAG12-IPT tobacco (SAG) plants with delayed leaf senescence, resulting in 

a higher LAI and a more uniform N distribution than the normally senescing wild-type (WT). We show that 

in a competition experiment with SAG and WT plants, increased density of neighboring WT plants caused 

a greater reduction in dry mass of SAG target plants than of WT target plants in the reproductive growth 

stage. In another experiment with younger, vegetative plants grown under limiting N supply, the SAG 

genotype produced somewhat more dry mass both in monoculture and when competing with WT plants in a 

mixture. However, it was predicted that WT plants would ultimately be superior to SAG plants later in 

their development because (i) at the time of harvest the dominant SAG plants in the mixture were shorter 

and had allocated less leaf area to the canopy top than the dominant WT plants and (ii) the dominant SAG 

plants achieved a lower calculated daily carbon gain, because they retained their old leaves in the shaded 

part of the canopy, which were still respiring but hardly photosynthesized. Sensitivity analyses showed that 

the reallocation of N from SAG bottom leaves to form new top leaves would result in a greater relative 

advantage in terms of carbon gain than when invested in the photosynthetic capacity of existing leaves. The 

results suggest that shade-induced leaf senescence reduces respiratory costs and the associated N 

reallocation contributes to leaf formation in the canopy top when N availability is limiting, thus 

contributing to plant competitiveness in dense canopies. 
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Introduction 

 

Efficient use of resources for photosynthesis is considered to be important for plant fitness 

(Mooney and Gulmon, 1979; Hirose, 2005). Individuals in dense canopies compete with 

their neighbors for available light and nutrients, particularly nitrogen, which often limits 

plant growth in herbaceous communities (Chapin III, 1980). Since a large fraction of leaf N 

is involved in photosynthesis (Evans and Seemann, 1989; Evans, 1989), photosynthetic 

capacity is often closely correlated to leaf N content (Field and Mooney, 1986; Evans and 

Seemann, 1989; Wright et al., 2004). Numerous theoretical studies have predicted an 

optimal leaf area index (LAI; leaf area per surface area) and leaf N distribution for the 

maximization of whole-stand carbon gain per unit canopy N (Grindlay, 1997; Hirose, 

2005). By increasing their leaf area, plants increase light capture and thus photosynthesis. 

Photosynthetic productivity may be constrained however, by the concomitant decrease in 

irradiance reaching the bottom leaves (Monsi and Saeki, 1953). Furthermore, when the total 

amount of N in the canopy is limited, a higher LAI will decrease the average N content and 

the associated photosynthetic capacity per unit leaf area. Therefore, for a given amount of 

canopy N, an optimal LAI can be defined at which whole-stand canopy carbon gain per unit 

N is maximized (Anten et al., 1995a). Beyond this LAI, the benefit of any further increase 

in light capture no longer compensates for the decline in photosynthetic capacity. However, 

the LAI of natural stands was consistently found to be greater than predicted by such 

models (Anten et al., 1995a; Hirose et al., 1997; Anten and Hirose, 2001). A problem with 

the optimization studies mentioned above is that they consider maximization of whole stand 

carbon gain while fitness consequences of carbon gain should be analyzed at the level of 

individual plants (Anten, 2005). With an individual plant based model, it was shown that 

when the whole-stand canopy carbon gain is maximized, an evolutionary unstable situation 

arises (Anten and Hirose, 2001). This is because any individual producing more leaf area 

than its neighbor, thus capturing more of the available light, can increase its daily net 

photosynthesis rates and successfully invade such a stand. When the optimization criterion 

was applied to individual plants instead of whole stands, an evolutionary stable situation 

occurred. LAIs predicted by such models were higher and correlated well with actual LAIs 

(Schieving and Poorter, 1999; Anten, 2002).  
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Plants in dense canopies show a leaf N distribution that parallels the vertical light 

gradient, with their upper, well-illuminated leaves containing more N per unit area, and 

therefore a higher photosynthetic capacity, than shaded bottom leaves (Hirose et al., 1988; 

Pons et al., 1989; Schieving et al., 1992; Evans, 1993b; Anten et al., 1995b). Because a 

high photosynthetic capacity can result in greater fixed carbon returns at high light than at 

low light (Field, 1983), theoretical models predict that this non-uniform N distribution also 

contributes to increased whole-plant carbon gain per unit N in a dense canopy (Grindlay, 

1997; Hirose, 2005). 

The correspondence between model predictions and actual LAI and leaf N 

distribution patterns suggests that the plant traits leading to maximization of carbon gain in 

dense canopies are adaptive. However, the studies mentioned above only consider the 

maximization of daily carbon gain at one point in time, and ignore the dynamics of plant 

growth. A model incorporating dynamics of leaf area formation, N reallocation and 

senescence yielded accurate predictions of LAI (Hikosaka, 2003; Hikosaka, 2005). It was 

however, based on the optimization of whole-stand canopy carbon gain, assuming that all 

individuals are identical. Most important, experimental validation of these model 

predictions has been lacking thus far. 

Shading of the lower leaves accelerates their senescence and induces N reallocation 

to other plant parts (Thomas and Stoddart, 1980; Burkey and Wells, 1991; Pons and Pearcy, 

1994; Hikosaka et al., 1994). Particularly at limiting N availability in the soil, reallocation 

from the lower leaves may contribute significantly to the N required for the formation of 

new leaves at the canopy top (Hikosaka et al., 1994). Results from competition experiments 

suggest that plants positioning more leaf area in the upper, well-illuminated part of the 

canopy increase their photosynthetic productivity and competitive ability compared to that 

of their neighbors (Williams, 1963; Barnes et al., 1990). Shade-induced leaf senescence in 

dense canopies could therefore be functional in increasing plant fitness for three reasons: (i) 

N reallocation accompanying senescence allows plants to position leaves in the upper 

canopy layers and successfully compete with neighbor plants; (ii) by shedding lower leaves, 

LAI is prevented from becoming supra-optimal for whole-plant carbon gain, and (iii) N 

reallocation accompanying senescence is required for non-uniform distribution of leaf N. In 

the present study, genetically modified PSAG12-IPT tobacco plants were used that have a 

strong delay in leaf senescence, caused by production of the senescence-inhibiting 

An experimental test of canopy photosynthesis models • 21 



 
phytohormone cytokinin targeted specifically to tissues at the onset of senescence (Gan and 

Amasino, 1995). It was previously shown that leaf shedding is prevented in solitary SAG 

plants and that cytokinin contents and N contents are higher in old leaves of SAG plants 

compared to WT (Gan and Amasino, 1995; Wingler et al., 1998; Jordi et al., 2000). 

We hypothesized that at high canopy density and low N availability, SAG plants 

suffer a reduction in whole-plant carbon gain and thus competitive ability compared to 

normally senescing wild-type plants, for the reasons outlined above. Competition 

experiments between the SAG and wild-type (WT) genotype allowed us to test the 

predictions made by canopy photosynthesis models with respect to optimal LAI and leaf N 

distribution. As tobacco is an annual species, seed production is an important fitness trait. 

Therefore, one experiment was continued to plant maturity in order to quantify seed 

production as well as total biomass. In addition, a detailed study was conducted to analyze 

the consequences of delayed leaf senescence for whole-plant carbon gain with plants still in 

the vegetative growth stage. Stand structure, leaf N distribution and light climate of both 

monocultures and mixtures of SAG and WT were analyzed, dark respiration rates were 

measured, and whole-plant daily carbon gain was calculated.  

 

Methods 

 

Plant material 

The plants used in this study were wild-type (WT) tobacco (Nicotiana tabacum L. cultivar 

Wisconsin 38) and transgenic hemizygous PSAG12-IPT (SAG) tobacco (Gan and Amasino, 

1995).  

 

Competition experiment with mature reproductive plants 

On March 24, 2000, WT and SAG seeds were sown in a mixture of potting soil (Lentse nr. 

2) and sand (1:2, v/v) in the Wageningen University greenhouse under natural daylight with 

additional SON-T lighting for 16 hrs per day, and an average temperature of 20˚C during 

the day and 18˚C at night. After three weeks, seedlings were transplanted to 250-L 

containers (l × w × h = 90 × 70 × 40 cm) filled with the same substrate. In each container, 

one WT or SAG target plant was placed in the middle and surrounded by either three or 
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five WT plants (density was 6.3 and 9.5 plants m-2, respectively). Plants were watered via a 

drip watering system. Ripened pods of target plants were harvested regularly starting one 

month before the final harvest. At the final harvest at 20 weeks after sowing on August 8, 

2000, target plants were separated in stems, leaves, roots, seeds, and pods, and dry mass of 

each fraction was measured. 

 

Competition experiment with vegetative plants 

Two series of plants were grown, one for analyzing competitive interactions between WT 

and SAG and one for establishing relationships between leaf N and photosynthetic capacity 

and chlorophyll and apparent quantum yield. For the first series, SAG and WT seeds were 

sown on April 24, 2003, in potting soil mixed with sand (16:1, v/v) in the greenhouse of 

Utrecht University, under natural daylight and with an average temperature of 25˚C during 

the day and 20˚C at night. The photosynthetic photon flux density (PPFD) directly above 

the canopy was 300 μmol m-2 s-1 on average, but varied greatly with time of day and cloud 

cover. Three weeks after sowing, a homogeneous selection of seedlings was transferred to 

250 cm3 tubes of 5.0 cm diameter, arranged in plastic racks and filled with a mixture of 

soil, sand, clay, and perlite (16:1:1:18 on volume basis). The substrate contained 57 mg 

NH4NO3, 58 mg K2HPO4, 400 mg 17% (w/w) CaMg-carbonate (Vitasol BV, Stolwijk, the 

Netherlands), and 100 mg slow release micronutrient fertilizer (Micromax; Scotts, OH, 

USA) per pot. In this manner, a low amount of N relative to the other nutrients was 

provided, in order to induce N limitation. WT and SAG plants were grown at 331 plants m-2 

in a 1:1 mixture and in monocultures. Each stand consisted of 150 plants. Due to space 

limitations in the greenhouse modified to accommodate transgenic plants, it was not 

possible to replicate stands, nor could plants be repositioned after planting since this would 

result in damage. To decrease light penetration from the sides, the border of all stands was 

made up of SAG plants, which retained their lower leaves. Plants in the outer two rows of 

the stands were not used for any measurements. The tubes were placed on an irrigation mat 

(Maasmond-Westland, the Netherlands) that was kept moist by watering twice a day. The 

soil was thus kept at field capacity. 

Plants were harvested eleven weeks after sowing, on July 7-8, 2003. Four subplots 

established in each stand were treated as blocks. Eight plants per genotype and per block in 

each stand were individually harvested using the stratified clipping method (Monsi and 
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Saeki, 1953). Leaves were assigned to one of five canopy layers 9 cm in height, based on 

the position where the petiole was attached to the stem. Green leaves, dead leaves and 

stems were separated. Petioles and the youngest leaves with a lamina length less than 5 cm 

were included in the stem fraction. The apex height of each individual, number of leaves in 

each layer and leaf area was measured. The chlorophyll content per unit area was estimated 

on six to eight positions per leaf with a SPAD-502 meter (Minolta, Japan) on every second 

plant (for conversion of SPAD measurements to real chlorophyll contents see below). The 

dry weight of each fraction was measured. Dark respiration rates (Rd) were measured on 

leaves in each canopy layer of eight dominant plants taken from the monocultures. 

Dominant plants reached the highest of the five canopy layers (at least 80% of maximum 

plant height). Three dominant plants per genotype in each of the four blocks and in each 

stand were randomly selected and analyzed for leaf N distribution. Whole-plant daily 

carbon gain was calculated for these plants. 

One day before harvest on 6 July, the PPFD distribution in each block was measured 

in a vertical plane in two positions at 10-cm height increments. Measurements were 

performed using a small line sensor (80 × 10 × 12 mm) composed of six GaAsP 

photodiodes (type G1118, Hamamatsu, Japan) under a flat white perspex cover. The sky 

was completely clouded during the measurements. PPFD was simultaneously measured in a 

horizontal plane directly above the canopy (I0) with a quantum sensor (LI-185A, Licor, 

Lincoln, NE, USA) to obtain relative PPFD (Hirose and Werger, 1987b). During the last 

week of the competition experiment with vegetative plants, from July 1-7, 2003, the I0 was 

recorded every minute with a data logger. 

 

Relations between leaf N and chlorophyll contents and photosynthetic characteristics  

Between February and April 2003, another series of WT and SAG plants was grown in 

monocultures in the Utrecht greenhouse, essentially as described above. Additional lighting 

of ca 320 μmol m-2 s-1 for 16 hrs per day was provided by SON-T lights. Four weeks after 

sowing, seedlings were transferred to 65-mL pots filled with a soil: sand mixture (16:1; v/v) 

supplemented with 1 g L-1 slow-release complete fertilizer (Osmocote mini plus, release 

time 3-4 months; Scotts OH, USA), 6 ml L-1 125 mM K2HPO4, and 2 g L-1 17% CaMg-

carbonate (Vitasol BV, Stolwijk, the Netherlands). Seven weeks after sowing, plants were 

transferred to 3-L pots filled with the same substrate and were arranged at a density of 35 
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plants m-2. Twelve weeks after sowing, five randomly selected plants of each genotype 

were transported to the laboratory for measurements on the light response of carbon gain, N 

contents per unit leaf area (NLA) and chlorophyll on leaves at different heights. Border 

plants were excluded from measurements.  

 

Leaf analysis 

Leaf area was determined with a leaf area meter (LI-3100, Licor, Lincoln, NE, USA). Dry 

mass of all plant material was determined after oven-drying at 70˚C for at least 24 h. Total 

N was determined on homogenized dry material with an elemental analyzer (Carlo Erba, 

Model EA NA 1110, Milan, Italy). Nitrate was analyzed using salicylic acid as a reagent 

(Cataldo et al., 1975). Nitrate concentrations were subtracted from total N concentrations to 

obtain the organic N concentration. NLA of dead WT leaves was obtained by first measuring 

the length (l) and width (w) of eight old but still turgescent leaves from the WT 

monoculture and harvesting them ten days later when they had fully senesced (leaves were 

yellow and dehydrated). Leaf area was estimated from the l and w measurement using a 

separately determined regression: area = 0.64 × l × w (r2 = 0.99; P < 0.001; n = 83). 

Chlorophyll was determined with a spectrophotometer on a 2 cm2 fresh sample extracted in 

dimethylformamide (Inskeep and Bloom, 1985). It was determined in the leaf fractions 

used for gas-exchange measurements and correlated with measurements by a SPAD-502 

meter (Minolta, Japan) performed on the same samples. The following relation was found: 

chlorophyll = 11.36 × SPAD (r2 = 0.93; P <0.001). This relationship was used to calculate 

chlorophyll contents in the competition experiment with vegetative plants, on which only 

SPAD measurements were done. 

 

Gas-exchange measurements 

A gas-exchange measuring system was used with leaf chambers with a 69 × 67 mm 

window and has been described previously (Pons and Welschen, 2002). An infrared gas 

analyzer (LI-6262, Licor, Lincoln, NE, USA) was used to measure CO2 and H2O partial 

pressure. Leaf temperature was maintained at 25°C, which was very close to the average 

day temperature in the greenhouse; leaf-to-air VPD was approximately 1 kPa, CO2 partial 

pressure of the air entering the leaf chambers was 38 Pa. The leaf area enclosed in the 

chamber was measured. Net rates of carbon gain (Anet) were calculated according to von 
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Caemmerer and Farquhar (1981). Dark respiration rates (Rd) were measured after 20 min in 

the dark.  

 

Calculation of daily carbon gain 

Daily carbon gain was calculated for individual dominant plants. Photosynthetic 

characteristics of leaves in each canopy layer were calculated from the relationships with 

NLA or chlorophyll content per unit area. The apparent quantum yield (Φ) was obtained 

from linear regression of Anet against PPFD in the initial part of the light response curve, 

including the respiration rate in the light, previously determined as 0.54Rd (Pärnik and 

Keerberg, 1995; Atkin et al., 1997). Light-response curves of Anet were fitted to a non-

rectangular hyperbola (Hirose and Werger, 1987b): 
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where Amax is the gross photosynthetic rate at saturating light intensity, I is PPFD, and θ the 

convexity parameter. Amax was linearly regressed against NLA and Φ was regressed against 

chlorophyll content per unit area using a hyperbolic function. The average curvature factor 

was used. These relations were separately determined for SAG and WT plants but showed 

no significant differences between genotypes. 

Light extinction in the canopy is described by Beer’s law (Monsi and Saeki, 1953):  

 

)exp(0 jj KFII −=  Equation 2 

 

where Ij is the PPFD at height j in the canopy, K is the extinction coefficient and Fj the 

cumulated LAI above height j. K was determined for each block in the mixture and 

monocultures, by fitting equation 2 to measured light and leaf area data (Hirose and 

Werger, 1987a). Light was treated as diffuse only and was therefore measured under diffuse 

conditions. Inclusion of the small direct light component only marginally affected the 

calculated daily carbon gain in another experiment in the same greenhouse (Pons and 
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Anten, 2004). The leaf area within each canopy layer was assumed to be equally divided 

over five sublayers that each spanned 20% of the height of the layer. The leaves in each 

sublayer were assumed to receive on average the amount of incident light in the middle of 

that sublayer. Incident PPFD on leaves ( ) at height j in the canopy was calculated as 

(Hikosaka, 2003): 

jI ′
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where m is a scattering coefficient, the sum of leaf transmission and reflection, which was 

assumed to be 0.2 (Goudriaan, 1977). Carbon gain was calculated using an average light 

profile over a 24 h period based on all logged I0 data (July 1-7, 2003; daily irradiance 16.1 

mol quanta day-1). In addition, effects of daily irradiance were studied by calculating carbon 

gain for a representative overcast day (July 6, 2003; daily irradiance 11.1 mol quanta day-1). 

Daily rates of gross carbon gain in each sublayer were calculated for each individual plant 

by substituting from equation 3 in equation 1, integrating over 24 h, multiplying by the 

leaf area in each subclass, and summing the values for the five sublayers. Daily respiration 

rates were obtained by integrating the averaged measured R

jI ′

d over 24 h, using 0.54Rd during 

the light period (from 5 AM till 10 PM), and multiplying by the leaf area in each canopy 

layer. Daily carbon gain in each layer was calculated by subtracting daily respiration rates 

from daily gross photosynthesis rates. Finally, whole-plant daily rates of respiration, gross 

and net photosynthesis were calculated by summing rates for each layer. 

 

Statistical analyses 

In the experiment with reproductive plants, a two-way ANOVA was used to test for 

differences in dry mass or its components, with genotype and density as fixed factors. 

Tukey’s b-test was subsequently applied. In the experiment with young, vegetative plants, 

three-way ANOVA was used to test for differences between parameters, with genotype and 

stand fixed factors and block as a random factor. Differences between genotypes in the 

mixture were analyzed with Student’s t-tests. The stand-level parameters LAI, dry mass per 
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unit surface area, and light extinction coefficient were analyzed using a two-way ANOVA 

with genotype and stand as fixed factors. Light response curves of photosynthesis and 

relations between NLA and photosynthesis parameters were fitted using the least squares 

method. Prior to analysis, data were log-transformed when it improved homogeneity of 

variance. Data were analyzed using the SPSS 12 statistical package. 
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Results 

 

Increased competition with surrounding WT plants decreased dry mass of SAG target 

plants more than that of WT target plants 

In the competition experiment with reproductive plants, SAG target plants produced more 

total dry mass than WT target plants at the lower density, but not at the higher density of 

surrounding WT plants (Table 1). Increased competition with surrounding WT plants 

therefore decreased dry mass of SAG target plants significantly more than that of WT target 

plants, which was mostly due to decreases in leaf and stem mass of SAG plants (Table 1). 

 
Table 1. Productivity and dry mass partitioning of WT and SAG plants surrounded by WT 

plants at different densities for a period of 20 weeks. Data are means ± SE, n = 9. Results of 

a two-way ANOVA with genotype (G) and density (D) as fixed factors are presented. Values in 

the same row followed by a different letter are significantly different (P <0.05) from each 

other (Tukey’s b-test). 

ns, not significant; †, 0.05< P <0.10; *, P <0.05; **, P <0.01; ***, P <0.001 

 

 6.3 plants m-2 9.5 plants m-2 ANOVA 

 WT SAG WT SAG G D G × D 

dry mass (g)        

 total 132 ± 6.10a 182 ± 9.58b 116 ± 6.60a 135 ± 7.37a *** *** * 

 leaves 33.3 ± 1.52a 52.8 ± 2.91b 30.5 ± 1.47a 38.4 ± 2.62a *** *** * 

 stems 75.7 ± 3.69ab 112 ± 6.08c 67.4 ± 4.04a 85.9 ± 5.07b *** ** † 

 roots 6.77 ± 0.49a 4.83 ± 0.57b 5.86 ± 0.51b 3.02 ± 0.24c *** ** ns 

 seeds 9.23 ± 0.51a 5.37 ± 0.46b 5.92 ± 0.93b 3.08 ± 0.51c *** *** ns 

 seedpods 6.88 ± 0.45a 6.12 ± 0.49a 6.57 ± 0.47a 3.76 ± 0.60b ** * † 

1000-grain  

weight (mg) 
76.2 ± 1.33a 67.8 ± 1.25b 77.7 ± 0.89a 65.1 ± 1.61b *** ns ns 

 

Total seed mass and seedpod mass were lower in SAG target plants than in WT target 

plants, and individual SAG seeds were lighter than WT seeds at both densities (Table 1). 

By contrast, solitarily grown SAG plants on hydroponics produced 25% more flowers and 

buds than WT, with a similar seed mass per pod after ripening (data not shown). Increased 
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density of surrounding WT plants also decreased seedpod mass of SAG target plants more 

than of WT target plants, resulting in a marginally significant genotype by density 

interaction (Table 1). Thus, at increased canopy density, delayed leaf senescence negatively 

affected the lifetime performance of SAG plants. 

 

Delayed senescence resulted in reduced height and leaf area in the canopy top 

In the experiment with younger, vegetative plants, plants of both genotypes were grown in 

dense monocultures and in a mixture. Whole-stand shoot dry mass at harvest tended to be 

higher for SAG plants (P <0.10) and was not affected by the genotype of surrounding 

plants (Fig. 1; no significant genotype × stand interaction) in this developmental stage. The 

dry mass of dead leaves was included in the shoot dry mass, but was underestimated by an 

unknown fraction for the WT because their lowest dead leaves in contact with the soil had 

partly decomposed at the time of harvest. No dead leaves were observed on SAG plants at 

all. SAG plants in monoculture and in the mixture formed a greater LAI than the WT 

(Table 2) by retaining their lower leaves. At the individual plant level, no significant  

 

 
 

Figure 1. Total shoot dry mass per unit soil area of WT and SAG grown in monoculture or a 

1:1 mixture for eleven weeks. The mean of four blocks, which together formed one stand, is 

presented. Error bars indicate the SE. 
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Table 2. Stand and plant-level characteristics of WT and SAG grown in monoculture or a 1:1 

mixture for eleven weeks. Planting density was 331 plants m-2. Data are means ± SE. The 

mean LAI of four blocks, which together formed one stand, is presented. Other data are for 

all individual plants (n = 32) or dominant plants only, which reached the highest of the five 

canopy layers (n = 12). Results of a three-way ANOVA with genotype (G), stand (S) as fixed 

factors and block as a random factor are presented. For statistical notation, see Table 1. 

 

 monoculture  mixture  ANOVA 

 WT  SAG  WT  SAG  G S G×S 

LAI (m2 m-2) 7.69 ± 0.15  13.9 ± 0.38  3.92 ± 0.41  7.39 ± 0.16  *** - - 

dry mass (g)            

 whole shoot 1.68 ± 0.11  1.92 ± 0.10  1.74 ± 0.14  2.09 ± 0.13  ns ns ns 

 green leaves 0.60 ± 0.04  0.99 ± 0.05  0.60 ± 0.05  1.03 ± 0.07  ** ns ns 

 dead leaves 0.19 ± 0.03  0.00 ± 0.00  0.18 ± 0.02  0.00 ± 0.00  ** ns ns 

 stem 0.90 ± 0.05  0.93 ± 0.05  0.95 ± 0.08  1.06 ± 0.06  ns ns ns 

height (cm)            

 all plants 36.5 ± 0.98  33.2 ± 0.94  36.4 ± 1.67  37.1 ± 0.83  ns ** † 

 dominant pl. 40.1 ± 0.55  37.7 ± 0.54  41.6 ± 0.63  39.4 ± 0.57  * † ns 

total shoot N (mmol)           

  dominant pl. 1.54 ± 0.09  1.69 ± 0.06  1.55 ± 0.07  1.80 ± 0.12  † ns ns 

 

differences between genotypes were observed in the mean shoot dry mass. The green leaf 

mass of SAG plants was, however, significantly greater than that of the WT (Table 2). In 

the WT, a large part of the lower leaves had already senesced prior to harvest. In the 

mixture, 72% of the plants of both genotypes were dominant, meaning that they had 

reached the highest canopy layer (80% of the height of the tallest plant). The leaf area in 

dominant WT plants was almost exclusively positioned in the upper two of five canopy 

layers (Fig. 2A). Thirty-five procent of WT plants retained living leaves in the third layer, 

only 4% in the second lowest layer and none of the WT plants had living leaves in the 

lowest canopy layer. Only data on the upper two layers of WT plants is presented, because 

in the layers below that only data from one or two plants could be collected. The leaf area 

distribution of dominant SAG plants was dramatically different: they retained living leaves 

in every canopy layer, with a notably high leaf area in the very lowest layer (Fig. 2A). 

Although mean height was similar between the genotypes, the height of dominant SAG  
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Figure 2. Characteristics of dominant WT and SAG plants grown in a 1:1 mixture for eleven 

weeks: distribution of leaf area (A), LMA (B), chlorophyll content per unit area (C), NLA (D), 

and dark respiration rate (E). Dark respiration rates were measured on plants taken from the 

monocultures. Error bars indicate the se, n = 8-23. For statistical notation see Table 1.
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plants was significantly lower than that of dominant WT plants (Table 2). It was further 

observed that SAG plants positioned substantially less leaf area in the highest canopy layer 

than the WT (Fig. 2A). Delayed leaf senescence apparently restricted height and leaf area 

formation towards the top of the canopy. 

 

Retention of lower leaves reduced daily carbon gain due to continued respiration 

Dominant plants in the mixture were analyzed in greater detail to obtain an estimate of their 

daily carbon gain. Leaf mass per unit area was similar between genotypes in the highest 

canopy layer and gradually declined towards the bottom of the canopy in dominant SAG 

plants (Fig. 2B). This reduction was stronger in WT plants (Fig. 2B). The distribution of 

chlorophyll per unit area (Fig. 2C) and NLA (Fig. 2D) showed a similar pattern. Thus the 

leaf N distribution was somewhat more uniform in SAG plants than in the WT. The average 

NLA of dead WT leaves was 9.13 ± 0.82 mmol m-2. Since SAG plants retained N in their 

lower leaves, albeit in low amounts, total shoot N contents were higher than in the WT 

(Table 2). Significantly, measurements on dominant plants taken from the monocultures 

showed that dark respiration continued in the lowest SAG leaves (Fig. 2E). 

The relationships between NLA and photosynthetic capacity (Amax) (Fig. 3A), and 

chlorophyll and quantum yield (Fig. 3B), measured on the separate series of plants, did not 

differ between genotypes. The curvature factor was not significantly correlated with NLA or 

chlorophyll and was 0.808 ± 0.018 on average, which did not differ between genotypes 

either. The lowest living SAG leaves in the competition experiment contained some 

chlorophyll (108 μmol m-2) and had an NLA that was lower than the x-intercept of the Amax - 

NLA relationship (14.3 and 20.2 mmol m-2, respectively). For this reason, in the model an x-

intercept of 14.3 mmol N m-2 was taken, but the measured regression coefficient was used 

(Fig. 3A). This assumption did not affect the main conclusions of this study. 

Irradiance strongly decreased towards the canopy bottom in the mixture, with less 

than 5% photosynthetic photon flux density (PPFD) penetrating to the top of the third 

canopy layer (Fig. 4A). Daily gross rates of photosynthesis were subsequently calculated 

for individual dominant plants in the mixture in each canopy layer. Calculated gross 

photosynthesis was highest in the upper canopy layer in both genotypes, with relatively 

minor contributions from the leaves in the lower layers (Fig. 4B). Gross photosynthesis 

rates were marginal or zero in the three lowest layers. In the SAG plants, respiration  

An experimental test of canopy photosynthesis models • 33 



 

 

 

Figure 3. Regressions between NLA and Amax (A), and chlorophyll and quantum yield (Φ) (B). 

Leaves were sampled at different heights from WT and SAG plants grown in monocultures for 

twelve weeks at a density of 35 plants m-2. 

 

continued in these layers (Fig. 4C), resulting in negative daily net photosynthesis rates (Fig. 

4D). As a result of retaining their lower leaves, whole-plant daily leaf respiration rates were 

significantly higher in the SAG plants than in the WT plants, which had mostly shed their 

leaves in the lower three layers (Table 3). Estimated whole-plant daily gross photosynthesis  
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Figure 4. Distribution of light and daily CO2 exchange rates of dominant WT and SAG plants 

grown in a 1:1 mixture for eleven weeks. Relative PPFD (A), daily respiration rate (B), 

calculated daily gross photosynthesis (C), and calculated daily carbon gain (D). Error bars 

indicate the SE, in A, n = 8, and in B-D, n = 12. For statistical notation see Table 1. 
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rates did not differ between genotypes, so the daily carbon gain was consequently lower in 

dominant SAG plants (Table 3). The difference in carbon gain with the WT was greater 

under overcast conditions than under average light conditions because the lower light 

availability decreased photosynthesis, giving greater weight to the difference in respiration 

(Table 3). 

 
Table 3. Daily respiration rates (R) and calculated daily gross (Agross) and net 

photosynthesis rates (Anet) of individual dominant SAG and WT plants in the mixture. Data 

are means ± SE, n = 12. For statistical notation see Table 1. 

 

daily irradiance (mmol day-1) daily CO2 exchange rate (mmol day-1) 

   WT  SAG  

- R  0.601 ± 0.028  0.821 ± 0.032 *** 

16.1 (average) calculated Agross  1.509 ± 0.087  1.482 ± 0.142 ns 

16.1 (average) calculated Anet  0.908 ± 0.068  0.661 ± 0.117 + 

11.1 (overcast) calculated Agross  1.147 ± 0.066  1.118 ± 0.114 ns 

11.1 (overcast) calculated Anet  0.547 ± 0.048  0.297 ± 0.090 * 

 

More leaf area in the canopy top is more important than high N content in top leaves for 

daily carbon gain 

Using sensitivity analyses, we investigated the consequences of leaf shedding and N 

reallocation for dominant SAG plants in the mixture (Table 4). Three scenarios are 

considered: (1) all SAG leaves in the lower two canopy layers are shed with all N being 

lost; (2) these lower leaves are shed with part of the N reallocated to top leaves to increase 

NLA of the top leaves; (3) as (2) but reallocated N is used to increase leaf area in the upper 

canopy layer (for details see Table 4). Shedding leaves with all N being lost resulted in an 

increased SAG daily carbon gain from 73% to 93% of the WT value. Shedding the lower 

leaves as well as increasing NLA in top leaves led to a daily carbon gain of 4% above that of 

WT plants. The third scenario, the investment of reallocated N in new SAG leaves, yielded 

a similar absolute carbon gain, but led to shading of WT leaves inhibiting their 

photosynthesis, thus resulting in a greater relative 17% advantage for SAG plants in terms 

of daily carbon gain (Table 4). 

36 • Chapter 2 



 
Table 4. Sensitivity analysis of effects of simulated senescence of SAG leaves on calculated 

daily net photosynthesis of dominant WT and SAG plants in the mixture. The control situation 

is that under average light conditions in Table 3. The other scenarios consider the situation 

where SAG plants shed all the leaves in the bottom two canopy layers. With respect to this 

shedding we consider three scenarios: (1) all the N in the shed is lost; (2) part of the N in 

shed leaves is lost, which was assumed to be equal to the N content of dead WT leaves 

(9.129 mmol m-2) and the remainder is reallocated to the leaves in the upper canopy layer, in 

which NLA is proportionally increased; (3), as (2) but the reallocated N is used to produce 

extra leaf area in the upper canopy layer, with the new leaf area having the same NLA as 

measured in existing leaves. Photosynthetic capacity and respiration were adjusted 

accordingly. The average leaf area increase calculated in (3) was subsequently applied to all 

dominant SAG plants in the mixture and the distribution of incident irradiance was 

recalculated for each block in the mixture, assuming K-values were not altered. In each 

scenario, daily Anet was calculated for individual dominant WT and SAG plants in the mixture. 

Data are means, n = 12.  

 

simulated manipulation of SAG plants  calculated Anet (mmol day-1)   

bottom leaves top leaves  WT  SAG  SAG/WT ratio 

control control  0.908  0.661  0.73 

(1) shedding control  0.908  0.847  0.93 

(2) shedding + reallocation increased NLA  0.908  0.943  1.04 

(3) shedding + reallocation increased area  0.813  0.954  1.17 

 

Discussion 

 

As expected, delayed leaf senescence in SAG plants resulted in a higher LAI compared to 

WT plants both in the monoculture and in mixture with WT plants. Also, a more uniform 

distribution of leaf N and associated photosynthetic capacity was observed, but the 

difference in leaf shedding between the genotypes was far more pronounced. Because 

canopy photosynthesis models predict there is an optimal LAI and leaf N distribution 

(Grindlay, 1997; Hirose, 2005; Anten, 2005), we hypothesized that SAG plants would 

suffer a decrease in daily carbon gain and competitive ability due to these characteristics, 

compared to normally senescing WT plants. Although the dry mass of SAG plants was 

higher than that of the WT at the low density, a clear negative effect on SAG dry mass was 

observed in mature plants that resulted from the closer proximity of, and therefore more 
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intense competition with, WT plants. Solitarily grown SAG plants were reported to have a 

higher total dry mass and a 52% higher seed mass than WT plants (Gan and Amasino, 

1995). In our experiment, we observed a lower SAG seed mass at both densities used, 

suggesting that SAG seed production had been reduced due to competition with 

neighboring WT plants, even at the lower density treatment in our experiment. In a dense 

Xanthium canadense stand, seed production was more strongly correlated to calculated 

carbon gain at the time of flowering than with plant biomass (N.P.R. Anten, unpublished 

result). Individual seed mass of SAG plants was also lower, but was not affected by density 

in our experiment. The data point to a negative effect of delayed leaf senescence on 

productivity, and possibly on reproductive output as well, when plants compete with 

neighbors.  

The negative effects of competition with WT plants on the performance of SAG 

plants should already be apparent in the vegetative growth stage preceding plant maturity. 

In the competition experiment with younger plants, a limiting N supply was given while 

only one high planting density was used to impose strong competition for light. At harvest, 

shoot dry mass did not differ significantly between genotypes, both in monocultures and in 

the mixture, although SAG plants tended to be higher. Delayed leaf senescence might have 

enabled SAG plants to capture more light early in canopy development, when more light 

would have penetrated to the bottom layers. It should be noted however, that part of the WT 

dead leaf matter had decomposed and we therefore underestimated their dry matter 

accumulation. Nevertheless, at the time of harvest, dominant SAG plants had a lower 

calculated daily carbon gain. A sensitivity analysis showed that if SAG plants would shed 

all their leaves in the lower two canopy layers, the daily carbon gain would increase from 

73% to 93% to that of the WT value. Leaf shedding in the WT thus prevented carbon loss. 

Accordingly, in a study of several tropical tree species, it was found that leaves were shed 

at the point when carbon gain approached zero (Ackerly, 1999). Our calculations indicate 

that WT plants were indeed superior to SAG plants in terms of carbon gain, which is 

predicted to lead to a greater dry matter accumulation and competitive ability in later 

developmental stages. 

Interestingly, dominant SAG plants had allocated less leaf area to the canopy top 

and were shorter than dominant WT plants. In a dense canopy, taller plants which position 

more leaf area in the upper parts of the canopy, reduce light capture and photosynthesis of 
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neighboring plants that have more of their leaf area in the lower parts of the canopy 

(Williams, 1963; Barnes et al., 1990). Indeed, the daily carbon gain of SAG plants tended 

to be lower in the upper canopy layer compared to that of WT plants. Over time, such 

differences are likely to become larger and as a result photosynthesis of SAG plants will 

increasingly lag behind that of the WT plants. The greater leaf area of WT plants in the top 

canopy layer was associated with a greater total amount of leaf N. Leaf area growth is 

generally believed to be strongly determined by the amount of N allocated to leaves (Anten 

et al., 1995a; Lambers et al., 1998), particularly when N availability from the soil is limited; 

as was the case here. It can therefore be argued that leaf area growth in top layers of the 

SAG plants was reduced because only a limited amount of N could be reallocated from 

lower leaves. Sensitivity analysis allowed us to assess the relative importance of leaf area 

allocation versus leaf N distribution. The remobilization of N from lower leaves in SAG 

plants was simulated. Utilizing this remobilized N to increase photosynthetic capacity in 

upper leaves would further increase their whole-plant carbon gain, on top of the effect of 

reduced respiratory carbon loss. However, investing this N in newly formed leaves with the 

same NLA as existing leaves yielded a relatively greater benefit in terms of carbon gain, 

because this would result in a lower light availability to WT plants. In absolute terms, both 

simulated strategies had a similar effect. SAG and WT plants had the same NLA in their top 

leaves, but as mentioned, WT plants had a greater leaf area. If N reallocation would serve to 

maximize daily carbon gain, a higher NLA in upper WT leaves would be expected. 

However, if N reallocation is more important to succesfully compete with neighboring 

plants, more leaf area in the top layer of the canopy would be expected. The latter strategy 

was adopted by WT plants. Our results demonstrate that senescence and the associated N 

reallocation is important for leaf area formation in the canopy top. Not the maximization of 

carbon gain per se, but the increase in light capture and carbon gain relative to neighbor 

plants appears to dictate the distribution of leaves and N over canopy height, as predicted 

by individual plant-based optimality models (Anten, 2005). 

To conclude, we have found evidence in support of our hypothesis that induced leaf 

senescence is functional for plant fitness in dense canopies when N is limiting. Carbon loss 

through respiration is prevented by shedding shaded bottom leaves, thereby increasing 

whole-plant carbon gain. Moreover, the N that is reallocated from bottom leaves prior to 
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their senescence contributes to the formation of leaves in the upper part of the canopy, 

which in turn allows plants to successfully compete for light with their neighbors. 
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Abstract 

 
The regulation by xylem-carried cytokinin of the acclimation of tobacco plants to the steeper light gradient 

at increased canopy density was investigated. Plants grown in dense canopies allocated more leaf area and 

photosynthetic capacity to the upper part of the canopy at the expense of shaded lower canopy positions, as 

compared to plants grown in more open canopies, which received more light in the lower positions. This 

also involved changes in the transcription of genes encoding photosynthetic enzymes and adjustment of 

chloroplast organization to local light levels. Gradients in stomatal conductance and leaf transpiration rates 

roughly followed the light gradients in the canopies. Measurements of cytokinins in the xylem sap of intact, 

transpiring plants showed that shaded leaves with lower transpiration rates imported less iP-type 

cytokinins. Accordingly, leaf transpiration rates and the concentration of the active cytokinin iPR were 

more reduced in lower leaves relative to upper leaves in the dense canopy than in the open canopy. 

Manipulation of the transpiration rate of a leaf independent of light was sufficient to mimic the shade-

induced decline in photosynthetic capacity. When cytokinin concentrations in shaded leaves were increased, 

either by exogenous application, or by localized induction of endogenous production in transgenic plants, all 

investigated aspects of shade-induced photosynthetic acclimation were rescued. We conclude that the 

delivery of cytokinins provides leaves with an important signal for perception and acclimation to light 

gradients in tobacco canopies. 
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Introduction 

 

Plants growing in dense canopies experience a vertical light gradient over their foliage 

(Monsi and Saeki, 1953), which is paralleled by a gradient in nitrogen content per unit area 

(Grindlay, 1997; Anten et al., 2000; Kull, 2002). Leaf N content and photosynthetic 

capacity are positively correlated in many species (Field and Mooney, 1986; Evans and 

Seemann, 1989; Wright et al., 2004), because a large fraction of leaf N is involved in 

photosynthesis (Evans and Seemann, 1989; Evans, 1989). The steepness of the distribution 

of leaf N and associated photosynthetic capacity depends on canopy density and thus on 

steepness of the light gradient (Hirose et al., 1988; Schieving et al., 1992; Pons and Jordi, 

1998; Anten et al., 1998). Furthermore, within the chloroplasts, shaded bottom leaves 

allocate relatively less N to electron transport and carboxylation capacity  than to the light 

harvesting complex, as compared to upper, well-illuminated leaves (Evans, 1993b). Such 

acclimation to canopy density contributes to efficient N and light use for photosynthesis at 

the whole-plant level (Evans, 1993a; Grindlay, 1997; Pons and Anten, 2004; Hirose, 2005; 

Chapter 2). It is currently not fully understood how plants perceive the light gradient in 

canopies and how the acclimation of plants to canopy density is regulated.  

Several putative mechanisms have been proposed, such as photoreceptor-mediated 

signaling and monitoring of leaf sugar status (see reviews by Ono et al., 2001; Kull, 2002; 

Terashima et al., 2005). Our previous work has established a role for leaf transpiration rates 

in light gradient perception (Pons and Bergkotte, 1996; Pons et al., 2001). Because stomatal 

conductance is reduced in the shade, transpiration rates and therefore the import of xylem 

sap are decreased in shaded leaves. Compounds delivered to leaves depending on the light 

they receive might thus provide an indirect signal for the perception of light gradients in 

canopies. In support of this notion, reduction of the transpiration rate of a leaf independent 

of light, by enclosing it in a transparent cuvette flushed with humid air, reduced 

photosynthetic capacity per unit area and per unit chlorophyll, as well as the chlorophyll a/b 

ratio in a number of species, thereby mimicking the effects of shading the leaf (Pons and 

Bergkotte, 1996; Pons and Jordi, 1998). This result clearly shows light gradients need not 

be directly perceived by photoreceptors. The phytohormone cytokinin was suggested to act 

as a signal because it is synthesized for a major part in the roots (Letham, 1994; Nordström 
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et al., 2004) and transported to the shoot via the transpiration stream (Letham et al., 1990; 

Aloni et al., 2005). Moreover, known cytokinin actions, such as the stimulation of N sink 

strength (Mothes and Engelbrecht, 1963; Jordi et al., 2000), expression of photosynthetic 

enzymes and development of sun-type chloroplasts (Flores and Tobin, 1988; Chory et al., 

1994; Kusnetsov et al., 1998), and the inhibition of senescence (Gan and Amasino, 1995), 

are all consistent with a role in acclimation to light gradients. It was shown that the total 

cytokinin concentration was reduced in shaded Phaseolus leaves on plants that further 

remained in high light, as would be expected (Pons et al., 2001). Also, bottom leaves in a 

dense canopy contained less total cytokinin than bottom leaves in a more open canopy, the 

latter of which received more light (Pons et al., 2001). That study was hampered, however, 

by the low specificity of the immunoaffinity method used to measure cytokinins. The 

cytokinins form a group of structurally diverse compounds of which the free bases and 

ribosides are considered the most active forms (Mok and Mok, 2001; Kieber, 2002). 

Quantitative measurements of individual cytokinins are required to distinguish between 

active and inactive cytokinin forms. Important information is also lacking on cytokinins in 

the xylem sap of intact, transpiring plants, that are delivered to leaves with different 

transpiration rates. 

In the present study, open and dense tobacco canopies were established and the 

distribution of leaf transpiration rates in the canopies was related to foliar cytokinin 

concentrations, measured using advanced mass spectrometry. Canopy density effects on the 

distribution of leaf area, dry mass and photosynthetic capacity were described, as well as 

chloroplast organization parameters. In addition, transcript levels of genes encoding 

photosynthetic enzymes were studied using real-time RT-PCR, since regulation of these 

genes is likely to underpin the acclimation of plants to canopy density, and have not been 

studied in the context of acclimation to light gradients. We further analyzed the effect of 

light gradients on the delivery of cytokinins to leaves, by determining the identity and 

concentration of cytokinins in xylem sap sampled simultaneously from shaded and well-

illuminated leaves on intact, transpiring plants. Next, a series of manipulative experiments 

was performed to investigate the role of leaf transpiration rates and cytokinin concentration 

in regulating the acclimation to light gradients. Leaf transpiration rate was manipulated 

independent of light by enclosing a tobacco leaf in a cuvette flushed with humid air. 
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Cytokinin was exogenously applied to shaded leaves or endogenous cytokinin production 

was locally stimulated in shaded leaves using transgenic plants. 

 

Methods 

 

Density experiment 

Tobacco (Nicotiana tabacum L. cv. Wisconsin 38) was grown in open and dense canopies 

in the Utrecht University greenhouse under natural daylight. Seeds were sown on 19 March 

2003 on potting soil mixed with sand (16:1, v/v). On 1 May 2003, six weeks after sowing, 

plants were transferred to 3-L pots filled with a mixture of soil, sand and clay (16:1:1; by 

volume), supplemented with 7 g slow-release complete fertilizer (Osmocote mini plus, 

release time 3-4 months; Scotts OH, USA) and 7 g 17 % CaMg-carbonate (Vitasol BV, 

Stolwijk, the Netherlands) per pot. Density was 3.6 plants m-2 and 35 plants m-2 for open 

and dense canopies, respectively. The outside border of the dense canopy consisted of one 

row of transgenic PSAG12-IPT tobacco plants which retained their lower leaves (Gan and 

Amasino, 1995; Chapter 2), thereby reducing light penetrating the canopies from the sides. 

Plants in the outer two rows of the dense canopy were not used for measurements. The pots 

were placed on irrigation mats (Maasmond-Westland, the Netherlands) that were watered 

every day. Between 24 and 28 May 2003, when a dense leaf canopy had formed at the high 

density, the distribution of photosynthetic photon flux density (PPFD), stomatal 

conductance and leaf transpiration rates in the open and dense canopies were measured. 

Also, leaves were sampled on 28 May 2003 at various heights in the canopy in both 

canopies. Area and fresh mass were determined, the leaves were snap frozen in liquid 

nitrogen and stored at -80ºC. These leaves were used for the analysis of cytokinins and 

transcript levels of CAB21, encoding the light-harvesting chlorophyll binding protein 21 

and rbcS, encoding the small subunit of Rubisco. Leaves were sampled at three different 

heights on twelve plants in the dense canopy and six plants in the open canopy. Four leaves 

from equal heights in the dense canopy were pooled and two leaves from equal heights in 

the open canopy were pooled to obtain sufficient material for cytokinin analysis. Finally, on 

3 and 4 June, six randomly selected plants, excluding subordinate and border plants in the 

dense canopy, were transported to the laboratory for measurement of photosynthetic 
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capacity on leaves at different heights, after which they were destructively harvested and 

analyzed for distribution of leaf area, chlorophyll, and leaf dry mass. 

 

Xylem sap sampling on intact, transpiring plants 

Tobacco (cv. SNN) seeds were germinated in moist sand in a climate-controlled growth 

room. After three weeks seedlings were transferred to an aeroponics system and grown as 

described previously (Herdel et al., 2001). Growth conditions were 12 h light/12 h dark 

period, PPFD 200 μmol m-2 s-1 at plant level, 25ºC, 60% relative air humidity. After eight 

weeks, a single plant was transferred to a computer-controlled root pressure probe (Schurr 

and Schulze, 1995). To simulate canopy light gradients, one almost fully expanded leaf was 

shaded, while another leaf, which was within two plastochron of the treated leaf, remained 

in control light conditions, as did the rest of the plant. Spectrally neutral shading was 

applied by enclosing the leaf in a mitten made of two paper sheets on the upper side and 

coarse mosquito mesh on the lower side. The sides were held apart by black foam so leaf 

expansion was not hindered by the treatment. The upper paper sheet had a fine grey print on 

the downward-facing side, resulting in a reduction of PPFD to 7% of the control. Shading 

of the leaf started at the end of the light period. The following day, xylem sap was collected 

from both leaves simultaneously over a period of several hours through a small cut in the 

midrib of the leaves. Thus, the sampled leaves remained attached to the plant and leaf 

transpiration was maintained, with generally lower rates in the shaded leaf, as continuous 

monitoring with a porometer showed (data not shown). Pressure was applied to the roots to 

compensate for the negative pressure in the xylem, allowing sap flow from both cuts, while 

O2 and CO2 partial pressures of the air inside the probe were maintained at ambient levels 

(Schurr and Schulze, 1995). The xylem sap was collected in a vial kept on ice, containing 1 

μmol Na2MoO4 to inhibit phosphatase activity (Dieleman et al., 1997), and subsequently 

stored at -80ºC until cytokinin analysis. The total volume of xylem sap collected was 

approximately 2 mL, representing only a marginal fraction of the estimated total amount of 

water transpired by the plant over the collection period. The experiment was repeated three 

times.  
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Cytokinin application to shaded leaves 

Tobacco (cv. Wisconsin 38) seeds were germinated on a mixture of soil and perlite (1:1, 

v/v) in 65 mL pots in a climate controlled growth chamber. Growth conditions were 16 h 

light/8 h dark period, PPFD 200 μmol m-2 s-1 at plant level, 20˚C, 70% relative air humidity. 

Pots were placed in a tub covered with a glass plate for a period of 10 days, and 

subsequently placed on an irrigation mat (Maasmond-Westland, the Netherlands) that was 

automatically watered daily. At 16 days after sowing a homogeneous selection of seedlings 

was made, which were carefully transferred with their soil to 1.5 L pots filled with the same 

mixture, and additionally contained 2 g slow-release complete fertilizer (Osmocote mini 

plus, release time 3-4 months; Scotts Europe bv, Heerlen, the Netherlands), 0.5 g 

micronutrient fertilizer (Micromax, Scotts Europe bv, Heerlen, the Netherlands), 3 g 17% 

(w/w) CaMg-carbonate (Vitasol BV, Stolwijk, the Netherlands), and 18.6 mL 125 mM 

K2HPO4 per pot. At 30 days after sowing, another 4 g Osmocote was added to each plant 

and buried several cm below the surface. Starting from the same day, the sixth true leaf 

counted from below was shaded for a period of 10 days. Spectrally neutral shade was 

applied as described above. Shaded leaves or control leaves remaining at a PPFD of 200 

μmol m-2 s-1 were treated every other day with 100 μM benzyl adenine (BA), which is a 

synthetic cytokinin, or with an equal volume of dimethyl sulfoxide (DMSO) as a vehicle 

control. BA was dissolved in dimethyl sulfoxide (DMSO) and diluted in water, with a final 

DMSO concentration of 0.1% (v/v). The solutions contained the detergent Silwet L77 at 

0.02% (v/v) and were applied with a brush to both sides of the leaf. Photosynthetic capacity 

of the leaf tips was measured, which were then analyzed for area, dry mass and chlorophyll 

content. The remainder of the leaf was immediately frozen in liquid nitrogen and stored at -

80˚C until it was analyzed for transcript levels of CAB21 and rbcS. 

 

Humidity treatment to manipulate leaf transpiration rate 

Tobacco (cv. SNN) seeds were germinated in a climate controlled growth chamber on a 

mixture of soil and perlite (1:1, v/v) containing 3 g L-1 slow-release complete fertilizer 

(Osmocote mini plus, release time 3-4 months; Scotts OH, USA), 2 g L-1 17 % CaMg-

carbonate and 5 mL L-1 75 mM KH2PO4 in 0.5 L pots. Growth conditions were 16 h light/8 

h dark period, PPFD 300 μmol m-2 s-1 at plant level, 20˚C, 70% relative air humidity. Pots 

were placed in a tub covered with a glass plate for a period of 10 days, and subsequently 
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placed on an irrigation mat (Maasmond-Westland, the Netherlands) that was automatically 

watered daily. Starting from 30 days after sowing the fourth true leaf counted from below 

was enclosed in a transparent cuvette flushed with humid air to reduce transpiration rate 

(Pons and Bergkotte, 1996; Pons et al., 2001). Air was humidified in a Perspex vessel filled 

with water and had a dew point of 20ºC before entering the cuvette, as measured with a 

humidity sensor (Humicap HMI, Vaisala, Finland). As a control, cuvettes were flushed with 

growth chamber air. An air flow rate of 50 mL s-1 was maintained. Leaf temperatures were 

measured in situ on the abaxial surface with a thin type K thermocouple (0.12 mm) to 

calculate leaf-to-air vapor pressure deficit (VPD), which was 150 Pa in humid air and 1500 

Pa in the control. A separately determined relationship between VPD and gs for tobacco 

was used to estimate leaf transpiration rates, which were significantly reduced in the humid 

air treatment (data not shown). 

 

Induction of cytokinin production in shaded leaves 

Transgenic TFM-Ipt tobacco cv. SNN was used, which contains the ipt gene for cytokinin 

biosynthesis controlled by a dexamethasone (dex)-inducible promoter (Böhner et al., 1999; 

Böhner and Gatz, 2001). Such plants develop normally because the transgene is only 

transcribed when dex is applied. A further advantage is that cytokinin overproduction can 

be locally induced by dex treatment. Seeds were surface sterilized and germinated in sterile 

containers on Murashige and Skoog medium containing 0.8% (w/v) plant agar and 2% 

(w/v) sucrose and placed in a growth chamber. Growth conditions were the same as 

described above for plants treated with partial shade and BA. After three weeks, one leaf 

was cut off from each seedling and transferred aseptically to new containers with the fresh 

medium, but also containing 30 μM dex, to test for induction of the ipt transgene. If a clear 

cytokinin phenotype (callus formation, greening and shoot formation) developed in the leaf 

on dex medium, and the corresponding plant appeared as wild-type, it was used for the 

experiment. Three weeks later, the plants were carefully transplanted to a soil: perlite 

mixture (1:1, v/v) in 65 mL pots, containing 3 g L-1 slow-release complete fertilizer 

(Osmocote mini plus, release time 3-4 months; Scotts Europe bv, Heerlen, the 

Netherlands), 2 g L-1 17% (w/w) CaMg-carbonate (Vitasol BV, Stolwijk, the Netherlands), 

and 18.6 mL 60 mM K2HPO4 per pot. After a further three weeks, plants with their soil 

were transferred to 0.5 L pots containing the same medium, taking care that roots were not 
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damaged. The experiment commenced after plants had developed for a further 10 days. No 

developmental abnormalities were observed. The eighth true leaf counted from below was 

shaded as described above. A leaf on different plants remaining in growth light was used as 

a control. To some of the shaded leaves, 30 μM dex and 0.02% (v/v) Silwet was applied 

with a brush. The treatment was repeated twice over the next 8 days, after which all leaves 

were harvested and analyzed for area and dry mass.  

 

Light measurements in tobacco canopies 

In the density experiment, the distribution of PPFD in the dense canopy was measured in a 

vertical plane in six positions at 10-cm height increments using a line sensor (AccuPAR 

Ceptometer PAR-80, Decagon, Pullman, WA, USA). The sky was completely clouded 

during the measurements. The PPFD directly above the canopy was simultaneously 

measured on a horizontal plane (I0) with a quantum sensor (LI-185A, Licor, Lincoln, NE, 

USA) to obtain relative PPFD (Hirose and Werger, 1987b). In the open canopy, PPFD was 

measured using the LI-185A quantum sensor on the upper surface of leaves at various 

positions on six individual plants, and each time a measurement was also taken directly 

above the plants.  

 

Gas-exchange measurements 

The light- and CO2-saturated rate of net photosynthesis (Amax) was measured in the 

laboratory using a gas-exchange measuring system with leaf chambers with a 69 × 67 mm 

window described previously (Pons and Welschen, 2002). An infrared gas analyzer (LI-

6262, Licor, Lincoln, NE, USA) was used to measure CO2 and H2O partial pressure. Leaf 

temperature was kept at 25˚C, leaf-to-air VPD was ca 1 kPa, CO2 partial pressure of the air 

entering the leaf chambers was 110 Pa, and PPFD was 1200 μmol m-2 s-1, which saturated 

photosynthesis. The leaf area enclosed in the chamber was measured. Net rates of 

photosynthesis were calculated according to von Caemmerer and Farquhar (1981).  In 

the density experiment, stomatal conductance (gs) was measured on leaves at various 

heights in both canopies under clear sky conditions using a portable gas-exchange meter 

(LI-6400, Licor, Lincoln, NE, USA). Average leaf temperature in the measuring chamber 

was 25°C, VPD was ca 1 kPa, and the CO2 concentration was approximately 40 Pa. 

Measurements were taken when gs readings had stabilized and were always completed 
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within 60 s, which was well within the period that gs readings remained stable (data not 

shown). The leaf area enclosed in the chamber was measured. Three leaves per plant on six 

plants were measured in each canopy. Measurements were taken on both leaf halves and 

averaged. 

Leaf transpiration rates were measured as weight loss in situ per unit time and leaf 

area. Leaves were cut of, immediately weighed, put back in the original position and 

orientation, and weighed again after 2 minutes for open canopy leaves, or 6 minutes for 

dense canopy leaves. Cut leaves were held in position in the canopies by means of metal 

frames clamped on the stem. Measurements showed that weight loss was initially linearly 

correlated with time and the incubation period of the leaves was chosen within this time 

frame. Therefore, stomatal closure did not influence the measurements. Leaf area was 

measured afterwards. Three leaves per plant on six plants were measured in each canopy. 

 

Leaf area, dry mass and chlorophyll content 

Leaf area was determined with a leaf area meter (LI-3100, Licor, Lincoln, NE, USA). For 

chlorophyll analyses, a fresh 1.0 cm2 sample was extracted in dimethylformamide and the 

extract was measured with a spectrophotometer (Inskeep and Bloom, 1985). Dry mass was 

determined after oven drying at 70°C for at least 24 hours. The leaves sampled on 28 May 

2003 from dense and open canopies were ground in liquid nitrogen and used for the 

analysis of gene transcript levels and cytokinins. Also, a sample of approximately 2 g fresh 

mass was freeze-dried to obtain dry mass and mass per unit area of these leaves.  

 

Cytokinin analysis with micro LC-MS/MS 

A previously described method (Corbesier et al., 2003) was used with some modifications. 

Frozen leaf samples were ground in liquid nitrogen, transferred into Bieleski solution 

(Bieleski, 1964), and extracted overnight at –20˚C. For each cytokinin compound 

determined, 10 pmol of 2H3-dihydrozeatin, 2H3-dihydrozeatin riboside, 2H3-dihydrozeatin 9-

glucoside, 2H3-dihydrozeatin riboside 5’-monophosphate, 2H6-N6-(Δ2isopentenyl)adenine, 
2H6-N6-(Δ2isopentenyl)adenosine, 2H6-N6-(Δ2isopentenyl) adenine glucoside, and 2H6-N6-

(Δ2isopentenyl)adenosine 5’-monophosphate (OLCHEMIM Ltd., Olomouc, Czech 

Republic) was added as internal standards. Cytokinins were purified by a combination of 

solid-phase and immunoaffinity chromatography using a broad spectrum anti isoprenoid 
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cytokinin immunoaffinity column (Olchemim) as described (Redig et al., 1996). O-

glucosides were not collected. Xylem sap samples did not require extensive pre-purification 

and were directly dissolved in H2O, after which standards were added. Cytokinins were 

quantified by micro-liquid chromatography-positive electrospray-tandem mass 

spectrometry in multiple reactant monitoring mode (Prinsen et al., 1998). The 

chromatograms obtained were processed using Masslynx software (Micromass, 

Manchester, UK). 

 

Real-time RT-PCR analysis 

Total RNA was extracted from 100 mg fresh leaf material with the RNeasy Mini kit 

(Qiagen, Leusden, the Netherlands) and treated with DNAse (DNA-free; Ambion, 

Cambridgeshire, UK) to remove genomic DNA. The RNA was electrophoresed on 1% 

agarose gel to confirm integrity. cDNA was synthesized from 2 μg RNA with 100 U 

Superscript III RNase H- reverse transcriptase (Invitrogen, Breda, the Netherlands) and 100 

ng random hexamers in a 20 μl reaction. Quantitative real-time RT-PCR was performed in 

a 25 μL reaction containing 12.5 μL 2× SYBR-Green Supermix (Biorad, Veenendaal, the 

Netherlands), 100 pmol of the forward and reverse primer, and 10 ng cDNA. A Bio-Rad 

MyiQ single colour real-time PCR detection system (Bio-Rad, Veenendaal, the 

Netherlands) was used with the following thermal profile for all genes: 3 min at 95˚C, 

followed by 40 cycles of 30 s at 95˚C, 30 s at 62˚C, 60 s at 72˚C. Melt curves were obtained 

after each PCR. Primers used were: ribosomal L25 (GenBank accession no. L18908) 

forward: 5’-ATTGTGGACATCAAGGCTGA-3’; L25 reverse: 5’-GCAACGT-

CCAAAGCATCATA-3’; rbcS (X02353) forward: 5’-TGGCCACCAATTAACAAGAA-

3’; rbcS reverse: 5’-AAGCAAGGAACCCATCCA-3’; CAB21 (X52743) forward: 5’-GG-

CTGGATCCCAAATCTTTA-3’; CAB21 reverse: 5’-ACGGCTCCCATCAAGATAAC-3’. 

Melt curves confirmed the amplification of single products. Also, PCR products were 

resolved on 1% agarose gel, which showed single products of expected size in each case. 

All primers were designed with primer3 software (http://frodo.wi.mit.edu/ 

primer3/primer3_code.html). CT values for each gene were normalized to the CT value of 

the internal control, L25. Transcript levels were then calculated using the delta-delta CT 

method (Livak and Schmittgen, 2001) and expressed relative to the average value of leaves 

at intermediate positions in the open canopy, which was set arbitrarily as 1. 
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Statistical analysis 

Analysis of covariance was used to study effects of stand and relative height on the 

distribution of various parameters in the canopies. Log-transformed data for leaves in 

intermediate and upper canopy positions only were used. Two-way ANOVA followed by 

Tukey’s b-test and Student’s t-tests were used in the other experiments. 
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Results 

 

Leaf transpiration rates paralleled the light gradient in leaf canopies 

Tobacco was grown in a greenhouse at two contrasting densities (35 or 3.6 plants m-2) for a 

period of eleven weeks. In the dense canopy, irradiance, measured 10 days preceding final 

harvest, strongly declined from the top of the canopy downward, but this decline was more 

gradual in the open canopy (Fig. 1A). As PPFD declines exponentially with decreasing 

canopy height (Monsi and Saeki, 1953), a log scale was used in these and most subsequent 

figures to compare the distribution of several parameters to that of PPFD in the canopies. 

Data points furthest to the right represent the uppermost mature leaves in canopies of both 

densities. Bottom leaves in the dense canopy received only 2% photosynthetic photon flux 

density (PPFD), compared to 21% in the open canopy. At high density, the decline in PPFD 

was steepest in the upper part of the canopy, above a relative height of 0.6. Stomatal 

conductance (gs) (Fig. 1B) and leaf transpiration rates (E) (Fig. 1C) declined with 

decreasing height in the canopies at both densities.  
 

Table 1. Results of a two-way analysis of covariance on effects of relative height (H) and 

canopy density (D) on the distribution of various parameters over canopy height. Log-

transformed data were used from leaves in intermediate and top positions in the canopy 

only. †, 0.1 <P <0.05; *, P <0.05; **, P <0.01; ns, not significant. 

 

parameter time1 ANCOVA 

  H D H  × D 

gs 1 ** ** * 

E 1 ** ** ** 

LMA 2 ** ** ** 

Amax 2 ** * * 

Amax/Chl 2 ** ** ** 

Chl a/b 2 ** * * 

iPR 1 ** * * 

iPRP 1 ** ns ns 

rbcS transcript 1 ** ** ** 

rbcS/CAB21 1 ** * † 
 

1 Measurements were taken 7-9 days before final harvest (1) or at final harvest (2). 
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Figure 1. Distribution over canopy height of PPFD (A), gs (B) and E (C) in open  

(3.6 plants m-2) and dense (35 plants m-2) tobacco canopies, determined 66-69 days after 

sowing. Data points represent means ± SE, n = 6. Note log-scale on y-axis. For statistical 

analysis see Table 1. 
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No gradients in leaf temperature or air relative humidity could be discerned (data not 

shown); so stomatal conductance controlled leaf transpiration. In the upper canopy part, gs 

and E declined more strongly at the high density than at the low density, which was evident 

from the significant relative height × density interaction found in the analysis of covariance 

(Table 1). These distribution patterns thereby mimicked the PPFD gradients in the 

canopies.  

 

Canopy density effects on the distribution of leaf area, dry mass and photosynthetic 

characteristics 

At the time of final harvest, dense canopy plants had allocated relatively less leaf area (Fig. 

2A) and leaf dry mass (Fig. 2B) to intermediate canopy positions and similar amounts to 

the top of the canopy compared to plants grown at the lower density.  

 
Figure 2. Distribution over canopy height of leaf area (A) and leaf dry mass (B) in open (3.6 

plants m-2) and dense (35 plants m-2) tobacco canopies, determined 77 days after sowing.  
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◄ Figure 3. Distribution over canopy height of LMA (A), Amax (B), Amax/Chl (C) and Chl a/b 

ratio (D) in open (3.6 plants m-2) and dense (35 plants m-2) tobacco canopies, determined 77 

days after sowing. Data points represent means ± SE, n = 3. Note log scale on y-axis. For 

statistical analysis see Table 1. 

 

Also, plants in the dense canopy were taller and had produced less total aboveground dry 

mass than plants grown at the lower density (data not shown), which is a well known 

canopy density effect (Smith, 2000). In the open canopy, the lowest 4.6 ± 1.0 leaves had 

senesced (leaves were yellow/ brown and dehydrated), compared to 7.2 ± 0.75 in the dense 

canopy, which was significantly more (P <0.001; Student’s t-test). ANCOVA (Table 1) 

revealed that in the upper canopy part, leaf mass per unit area (LMA) (Fig. 3A), 

photosynthetic capacity per unit area (Amax) (Fig. 3B) and per unit chlorophyll (Amax/Chl) 

(Fig. 3C), and the chlorophyll a/b ratio (Chl a/b) (Fig. 3D) all declined significantly more 

with decreasing relative height in the dense canopy than in the open canopy. High canopy 

density in tobacco thus induced a shift of leaf area and leaf dry mass from lower to higher 

canopy positions and led to an increased photosynthetic capacity in upper leaves at the 

expense of lower, shaded leaves. Chloroplast organization was adjusted to the steeper light 

gradient as well.  

 

Foliar iP-type cytokinin distribution was affected by canopy density 

Total foliar cytokinin levels in the tobacco canopies were dominated by the ribotides iPRP, 

cis-ZRP and trans-ZRP and generally decreased from upper canopy positions toward the 

bottom part of the canopy, at both densities (Table 2). Compared to the trans isoforms,  

cis-Z type cytokinins were more abundant. The latter isoforms were detected at every 

canopy position whereas the former were mostly detected in upper leaves only, as were the 

DHZ-type cytokinins (Table 2). The concentration of iP was somewhat reduced in top 

leaves of the dense canopy compared to lower leaves, but appeared to increase with height 

in the open canopy (Table 2). Significant canopy density effects were observed in the 

distribution of the active cytokinin iPR (Table 1, 2). The iPR concentration declined 

markedly from the top of the canopy downward in the dense canopy, but declined more 

gradually in the open canopy (Fig. 4A). A similar trend was observed in iPRP distribution 

(Fig. 4B) but no significant canopy density effect was observed for this cytokinin (Table 1).  
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Table 2. Distribution over canopy height of cytokinins, determined with micro LC-MS/MS, in 

dense (35 plants m-2) and open (3.6 plants m-2) tobacco canopies. Values represent means ± 

SE, n = 3.  

 

  dense canopy open canopy 

  low  intermediate  high  low  intermediate  high 

cytokinin (pmol g-1 fresh mass)         

cis-Z1  0.282 ± 0.114  0.246 ± 0.009  0.217 ± 0.040  0.390 ± 0.117  0.386 ± 0.139  0.392 ± 0.096 

cis-ZR  0.198 ± 0.079  0.156 ± 0.028  0.176 ± 0.014  0.146 ± 0.028  0.177 ± 0.079  0.205 ± 0.007 

cis-ZRP  0.631 ± 0.095  1.315 ± 0.143  3.140 ± 1.181  0.908 ± 0.094  1.763 ± 0.679  7.661 ± 1.361 

trans-Z  nd2  nd  0.129 ± 0.056  nd  nd  0.166 ± 0.047 

trans-ZR  nd  nd  0.081 ± 0.016  nd  nd  nd 

trans-ZRP nd  nd  1.430 ± 0.566  nd  nd  1.279 ± 0.143 

DHZ  nd  nd  nd  nd  nd  0.067 ± 0.028 

DHZRP  nd  0.028 ± 0.008  0.242 ± 0.097  nd  nd  0.570 ± 0.095 

iP  0.342 ± 0.037  0.333 ± 0.051  0.266 ± 0.028  0.212 ± 0.015  0.261 ± 0.019  0.369 ± 0.102 

iPR  0.227 ± 0.035  0.236 ± 0.019  0.632 ± 0.059  0.179 ± 0.008  0.284 ± 0.046  0.409 ± 0.020 

iPRP  1.063 ± 0.227  2.777 ± 0.115  11.39 ± 2.275  1.376 ± 0.286  2.844 ± 1.067  12.04 ± 0.682 

total  4.109 ± 0.079  6.224 ± 0.160  18.65 ± 4.269  4.167 ± 0.432  7.415 ± 1.937  23.80 ± 1.470 

 
1 Z, zeatin; ZR, zeatin-riboside; ZRP, zeatin-riboside-monophosphate; DHZ, dihydrozeatin; 

DHZRP, dihydrozeatin-riboside-monophosphate; iP, isopentenyladenine; iPR, isopentenyl-

adenosine; iPRP, isopentenyl-adenosine-monophosphate.  
2 nd, not detected 

 

Shaded leaves imported less iP-type cytokinins than well-illuminated leaves 

Cytokinins were analyzed in xylem sap sampled from a shaded leaf and a well-illuminated 

control leaf simultaneously on intact, transpiring tobacco plants. This approach allowed us 

to identify and quantify those cytokinins delivered to leaves with different transpiration 

rates and compare that to foliar cytokinin levels found in the tobacco canopies. The shaded 

leaf had lower transpiration rates (data not shown). Only the iP-type cytokinins iP, iPR and 

iPRP could be detected in the xylem sap (Table 3). No significant differences in the  
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Figure 4. Distribution over canopy height of isopentenyl-adenosine (iPR) (A) and 

isopentenyl-adenosine-monophosphate (iPRP) (B) in open (3.6 plants m-2) and dense (35 

plants m-2) tobacco canopies, determined 70 days after sowing. Leaf cytokinin contents were 

measured using micro LC-MS/MS. Data points represent means ± SE, n = 3. Note log-scale on 

y-axis. For statistical analysis see Table 1. 

 

concentration of these cytokinins were found between shade and control (P >0.1; Student’s 

t-test). Therefore, as xylem sap import in the shaded leaf was reduced, so was the import of 

these cytokinins. 

 

Photosynthesis gene transcript levels were affected by canopy density 

Transcript levels of the rbcS gene encoding the small subunit of ribulose 1,5-bisphosphate 

carboxylase (Fig. 5A) and CAB21 encoding the major chlorophyll a/b binding protein (Fig. 

5B) were measured on the same leaf material collected for cytokinin analysis in the tobacco  
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Table 3. Concentration of cytokinins detected in xylem sap collected from the midrib of a 

tobacco leaf in growth light (control, PPFD 200 μmol m-2 s-1) or a leaf in shade (PPFD 14 

μmol m-2 s-1) on the same plant. Xylem sap was collected from a small incision in the midrib, 

while roots were pressurized with a computer-controlled pressure probe. Shading of the leaf 

was applied at the end of the light period and xylem sap was collected during a period of 

several hours the following day. Cytokinins were analyzed using micro LC-MS/MS. No Z-type 

or DHZ-type cytokinins were detected in significant amounts. Values are means of three 

independent experiments ± SE. No significant differences were found between treatments 

(Student’s t-test, P >0.1). 

 

  control  shade 

cytokinin (fmol ml-1)   

iP1  61 ± 30  63 ± 19 

iPR  56 ± 6  42 ± 12 

iPRP  85 ± 26  67 ± 13 

 
1 iP, isopentenyladenine; iPR, isopentenyl-adenosine; iPRP, isopentenyl-adenosine-mono-

phosphate 

 

canopies. Transcript levels of rbcS were similar in top leaves at both densities, but were 

reduced more strongly in lower leaves in the dense canopy as compared to the open canopy 

(Fig. 5A; Table 1). On the contrary, CAB21 was expressed at higher levels in lower leaves 

(Fig. 5B), resulting in a lower ratio of rbcS/CAB21 transcripts in bottom leaves at the higher 

density (Fig 5C). The latter effect was marginally significant for the upper canopy part 

(Table 1), but significant when all leaf positions were considered (not shown). 

 

Humid air treatment of a leaf induced shade effects 

When one leaf on a tobacco plant was enclosed in a transparent cuvette flushed with humid 

air for 7 days, which reduced its estimated transpiration rate (data not shown), leaf dry mass 

(Fig. 6A), LMA (Fig. 6B) and Amax (Fig. 6C) were significantly reduced as compared to a 

control kept in growth chamber air. Reduction of leaf transpiration rate, independent of 

PPFD, was therefore sufficient in tobacco to mimic effects of shade on the allocation of dry 

matter and photosynthetic capacity, confirming our findings in several other species (Pons 

and Bergkotte, 1996; Pons and Jordi, 1998; Chapter 4). 
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Figure 5. Distribution over canopy height of transcript levels of rbcS (A) and CAB21 (B), and 

the ratio between rbcS and CAB21 transcript levels (C) in open (3.6 plants m-2) and dense 

(35 plants m-2) tobacco canopies, determined 70 days after sowing. Transcript levels were 

determined using real-time RT-PCR, using L25 as an internal control, and expressed relative 

to the value of leaves at intermediate position in the open canopy, which was set arbitrarily 

as 1. Data points represent means ± SE, n = 3. Note log-scale on y-axis. For statistical 

analysis see Table 1. 
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Figure 6. Effects of humid air treatment on leaf dry mass (A), LMA (B) and Amax (C) of a 

tobacco leaf. The fourth leaf of 30-day old plants was enclosed in a transparent cuvette 

flushed with humid air to reduce transpiration, or with growth chamber air as a control, for a 

period of 7 days. The treated leaf and the rest of the plant remained exposed to a PPFD of 

300 μmol m-2 s-1 at plant level. Data points represent means ± SE, n = 6. * P <0.05; ** P 

<0.01; NS, not significant (Student’s t-test). 

 
Applied cytokinin counteracted shade effects 

Canopy density effects on the allocation of dry matter, photosynthetic capacity and 

chloroplast organization can be mimicked by partially shading plants (Pons and Pearcy, 
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1994; Hikosaka et al., 1994; Hikosaka, 1996). In tobacco plants of which a growing leaf 

was shaded for 10 days, we observed significant reductions in leaf dry mass (Fig. 7A), 

LMA (Fig. 7B), Amax (Fig. 7C), Amax/Chl (Fig. 7D), Chl a/b (Fig. 7E), rbcS transcript level, 

(Fig. 7F) and the ratio of rbcS/CAB21 transcripts (Fig. 7G), compared to well-illuminated 

controls. It was analyzed if cytokinin is able to rescue such shade effects, as would be 

expected if the decline in cytokinin levels in shaded, lower leaves in the dense canopy 

causes the concomittant photosynthetic acclimation observed in these leaves. Indeed, when 

cytokinin was applied to shaded leaves, all the investigated parameters were significantly 

increased again, including those pertaining to chloroplast organization (Fig. 6), thereby 

partially rescuing the shade effect. Cytokinin application had no effects on leaves in high 

light. 

  

Induced cytokinin overproduction in shaded leaves also counteracted shade effects 

In transgenic TFM-Ipt tobacco plants which contain the ipt gene for cytokinin biosynthesis, 

controlled by a chemically inducible promoter (Böhner et al., 1999), the effect of increased 

endogenous cytokinin production in shaded leaves was investigated. In these plants, 

shading a leaf for 8 days caused reductions in leaf dry mass (Fig. 8A) and LMA (Fig. 8B), 

like in wild-type plants. Application of the inducer dexamethasone (dex) was sufficient to 

restore dry mass of shaded leaves back to the high light level (Fig. 8A) and significantly 

increased their LMA (Fig. 8B), again showing that cytokinin partially rescued shade-

effects.  
 

► Figure 7. Effects of shade and cytokinin application on growth and photosynthetic 

acclimation of a tobacco leaf. Light gradients were simulated by shading (LL; low light; 7% 

PPFD) the sixth leaf of 30-day old plants for a period of 10 days. Control leaves remained 

exposed to a PPFD of 200 μmol m-2 s-1 (HL; high light), as did the rest of the plant. BA or a 

vehicle control (DMSO) was applied every other day to the treated leaf. Presented are leaf 

dry mass (A), LMA (B), Amax (C), Amax/Chl (D), Chl a/b ratio (E), rbcS transcript level (F), and 

the ratio between rbcS and CAB21 transcript levels (G). Data points represent means ± SE, n 

= 3-6. Different letters above bars indicate statistically significant differences (P <0.05; 

Tukey’s b-test). 
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Figure 8. Effects of shade and induced cytokinin overproduction on leaf dry mass (A) and 

LMA (B) of a leaf of transgenic TFM-ipt tobacco plants. Plants were cultured in vitro for 42 

days. Cuttings were placed on medium containing dexamethasone (dex) to test individual 

plants for inducibility of the ipt transgene. Selected plants were transplanted to soil and 

grown for a further 30 days. The eighth leaf was shaded (LL; low light, 7% PPFD) for a 

period of 10 days, or remained exposed to a PPFD of 200 μmol m-2 s-1 (HL), as did the rest of 

the plant. Dexamethasone was applied to shaded leaves at the start of treatment and twice 

thereafter (LL + dex). Data points represent means ± SE, n = 5. Different letters above bars 

indicate statistically significant differences (P <0.05; Tukey’s b-test). 

 

Discussion 

 

Canopy density acclimation in tobacco 

The more non-uniform distribution of leaf nitrogen and associated photosynthetic capacity 

in response to increased canopy density (Hirose et al., 1988; Schieving et al., 1992; Pons 
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and Jordi, 1998; Anten et al., 1998) is interpreted as functional for whole-plant carbon gain, 

as is the case for gradients in chloroplast organization parameters (Evans, 1993a; Grindlay, 

1997; Pons and Anten, 2004; Hirose, 2005; Chapter 2). Plants must possess a mechanism 

by which they perceive the light gradient in canopies and respond accordingly. In the 

present study, canopy density responses were studied in tobacco and the role of cytokinin as 

a signal for light gradient perception was explored. Whereas a nearly uniform distribution 

of photosynthetic capacity per unit area was found for example in Lysimachia vulgaris 

grown at low density (Pons and Jordi, 1998), we observed a steep capacity gradient in 

tobacco plants at the lower density in our study (Fig. 3B). Several other studies have 

presented similar results for solitarily grown tobacco (Gan and Amasino, 1995; Wingler et 

al., 1998; Jordi et al., 2000; Masclaux et al., 2000). Tobacco displays sequential leaf 

senescence, meaning that senescence progresses from the oldest bottom leaves toward the 

apex, which is associated with N remobilization from bottom leaves. Further, self-shading 

resulted in a substantial reduction in PPFD reaching the bottom leaves, even at the low 

density (Fig. 1A). These gradients in leaf age and PPFD at the lower density thus probably 

caused the non-uniform distribution of photosynthetic capacity per unit area, and in LMA 

and the chloroplast organization parameters Amax/Chl and Chl a/b. Nevertheless, strong and 

significant canopy density effects on all these parameters were observed (Fig. 3; Table 1). 

The relation with relative height became steeper at high density, in particular in the upper 

canopy part where the decline in PPFD was much stronger than at the lower density. The 

vertical distribution of the leaves also clearly shifted from a large investment in 

intermediately placed leaves in the open canopy toward a relatively greater investment in 

top leaves at the high density (Fig. 2), showing that in tobacco, acclimation to the steeper 

light gradient in dense canopies occurred. The LMA of upper leaves in the open canopy 

was higher than in the dense canopy (Fig. 3A), a phenomenon previously observed in L. 

vulgaris as well (Hirose et al., 1988), which can be attributed to the effect of irradiance 

perceived by lower, mature leaves on the anatomy of upper, younger leaves (Yano and 

Terashima, 2002).  

We showed that a substantial decline of rbcS transcript level in intermediate leaves 

in the dense canopy (Fig. 5A), determined 7 days prior to final harvest, preceded the 

reduction in photosynthetic capacity observed when plants were harvested (Fig. 3B). 

Similarly, the ratio of rbcS to CAB21 transcript declined more with decreasing height in 
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dense canopies, which is in accordance with the relatively lower Amax/Chl (Fig 3C) and Chl 

a/b (Fig 3C) observed in lower leaves at the high density. These effects are indicative of a 

lower investment in photosynthetic capacity and electron transport capacity relative to light 

harvesting (Boardman, 1977; Evans, 1993b). Our results show that transcriptional 

regulation of photosynthesis genes may thus underpin canopy density acclimation. 

 

The role of leaf transpiration rates in canopy density perception 

Stomata respond to light, so the vertical PPFD distribution in the dense canopies was 

mimicked by that of stomatal conductance (Fig. 1B). For this reason, leaf transpiration rates 

also followed the PPFD gradient, with a steeper distribution at high density than at low 

density (Fig. 1C). Besides the dominant control of stomatal conductance over transpiration, 

lower turbidity and therefore higher leaf boundary layer resistance, decreased leaf 

temperature and increased air humidity in the bottom layers of dense leaf canopies may 

further reduce transpiration, although we observed no gradients in these parameters in our 

experimental tobacco canopies. The gradient in leaf transpiration rates is therefore a direct 

consequence of the light gradient and will in turn result in a differential distribution of 

xylem sap over the foliage of a plant. With the experiment in which a tobacco leaf was 

subjected to humid air, while it remained under control irradiance, we demonstrate that a 

reduction in transpiration rate is sufficient to induce photosynthetic acclimation (Fig. 6). 

The reduction of photosynthetic capacity per unit area and chlorophyll, and Chl a/b due to a 

lowered transpiration rate has also been found in a number of other plant species (Pons and 

Bergkotte, 1996; Pons and Jordi, 1998), proving a role for leaf transpiration rates, or rather, 

xylem sap import rates, in regulating photosynthetic acclimation to light gradients.  

 

Cytokinins in the xylem sap and in leaf canopies of tobacco 

With a reduced import rate of xylem sap due to the lower transpiration rate of shaded 

leaves, the delivery of xylem-carried cytokinins should also be reduced compared to that of 

well-illuminated leaves. At the whole-shoot level, transpiration rate also controls cytokinin 

import (Beck and Wagner, 1994; Havelange et al., 2000; Aloni et al., 2005). As the 

concentrations of iP-type cytokinins identified in xylem sap were unaffected by shading the 

receiving leaf (Table 2), it may be expected that also in the tobacco canopies, leaves will 

receive these iP-type cytokinins depending on their transpiration rates. Indeed, both iPR 
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and iPRP concentrations increased with relative plant height and thus leaf transpiration rate 

(Table 2). Moreover, the distribution of iPR significantly responded to canopy density, by a 

much stronger reduction from upper to intermediate leaves in the dense canopy as 

compared to the open canopy (Fig. 4A). A similar trend was also observed for iPRP. These 

data lend further credence to the view that cytokinin import is regulated by leaf 

transpiration rates. There is evidence that translocated cytokinins are modified along their 

transport pathway, for example by movement from the xylem to the cortex or by metabolic 

inactivation (Jameson et al., 1987; Singh et al., 1992). If such modifications are influenced 

for example by leaf position, then cytokinin delivery need not be a simple consequence of 

leaf transpiration rates. However, we sampled xylem sap from the midrib of two leaves 

simultaneously, in other words after cytokinins had already entered the leaves, and found 

no quantitative or qualitative differences in cytokinin contents of the sap. Measurements of 

cytokinins in the xylem sap of tobacco and other plant species have been reported before 

(Singh et al., 1992; Beck and Wagner, 1994; Emery et al., 2000; Yong et al., 2000), but 

usually sap was collected after excision of leaves or even whole shoots, and never from two 

leaves simultaneously in intact plants. This is important because in our experimental setup, 

leaf transpiration rates were maintained, whereas the loss of (part of) the negative xylem 

pressure exerted by transpiring leaf area may result in restricted sap exudation and 

consequently the concentration of xylem sap compounds. Independent evidence, further 

supporting our model comes from measurements on leaves with manipulated transpiration 

rates in Arabidopsis thaliana, which showed that a reduction of transpiration rate of a leaf 

remaining in high light is sufficient to reduce the concentration of active cytokinins and 

transcript levels of cytokinin-responsive genes (Chapter 4).  

Other factors besides import regulate foliar cytokinin concentrations too. Young 

tobacco leaves synthesize Z-type cytokinins, whereas older, lower leaves do not or at a 

much lower level (Singh et al., 1992; Nordström et al., 2004). The distribution of Z-type 

cytokinins over plant height might therefore be the result of different rates of biosynthesis. 

Possible gradients in iPRP biosynthesis rates over canopy height have never been studied to 

our knowledge, but part of the iPRP and other cytokinins derived from it, such as iPR, 

might also originate from local synthesis. Another level of control of active cytokinin levels 

in leaves is provided by cytokinin oxidases that control the irreversible breakdown of 

cytokinins (Werner et al., 2001; Werner et al., 2003). Further control is provided by 
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conjugation, compartmentalization and export through the phloem (Brzobohatý et al., 1994; 

Mok and Mok, 2001; Kieber, 2002). To what extent any of these processes could be 

regulated by PPFD gradients in leaf canopies, is currently unknown. We conclude that in 

tobacco canopies, the distribution of the active cytokinin iPR is controlled at least in part by 

PPFD, through its effect on leaf transpiration and iPR import; thereby providing a reliable 

signal for canopy density perception. Furthermore, this hormone appears to subsequently 

regulate multiple aspects of the photosynthetic acclimation to canopy light gradients, as was 

shown in our experiments in which foliar cytokinin levels were manipulated. 

 

The function of cytokinin in photosynthetic acclimation to light gradients 

The known functions of cytokinin such as a stimulation of photosynthetic enzymes (Chory 

et al., 1994; Kusnetsov et al., 1998; Chapter 4) agree well with a function for cytokinins in 

photosynthetic acclimation. Here we show that application of a synthetic cytokinin, as well 

as induced cytokinin overproduction in transgenic plants, partially prevented the shade-

induced decline in leaf dry mass and LMA (Figs. 7, 8), confirming previous results of 

similar experiments in different plant species (Pons et al., 2001). Furthermore, rbcS 

transcript levels and photosynthetic capacity per unit area were stimulated by cytokinin in 

shaded leaves (Fig. 7). Interestingly, cytokinin was also able to rescue the decline in 

Amax/Chl (Fig 7D) and Chl a/b (Fig 7E) and the ratio of rbcS to CAB21 transcript (Fig. 7G), 

suggesting a novel role for cytokinins in regulating photosynthetic acclimation of tobacco 

plants to light gradients also at the level of chloroplast organization.  

 

Conclusions 

Tobacco plants acclimated to high canopy density by increased leaf area and dry mass 

allocation to the upper part of the canopy at the expense of the heavily shaded lower parts, 

as well as an increased investment in photosynthetic capacity in upper leaves at the expense 

of lower leaves, brought about by active regulation of the gene encoding Rubisco. 

Chloroplast organization also responded to canopy density. Our detailed analysis of 

cytokinins in leaf canopies and xylem sap suggests that irradiance controls the distribution 

of cytokinins, in particular of the active iPR, through its effect on leaf transpiration rates, 

although other factors may also regulate foliar cytokinin concentrations. Cytokinins 

regulate multiple aspects of photosynthetic acclimation to the light gradient in tobacco leaf 
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canopies, including the transcription of photosynthetic genes, chloroplast organization and 

the distribution of photosynthetic capacity over the foliage. 
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Abstract 

 
Regulation of photosynthetic acclimation to light gradients, which plants encounter in dense canopies, was 

investigated in partially shaded Arabidopsis thaliana (Arabidopsis) plants. Partial shading of plants to 

simulate light gradients resulted in a reduction in photosynthetic capacity per unit area in the shaded 

leaves. Humid air treatment of an attached leaf, which reduced transpiration rate independent of light, also 

resulted in a lower photosynthetic capacity, and both treatments reduced the concentration of total 

cytokinins and of active trans-Z and trans-ZR. Moreover, humid air treatment reduced transcript levels of 

rbcS, encoding the small subunit of Rubisco, and of the cytokinin-responsive genes ARR7 and ARR16; 

thereby mimicking the effects of shading the leaf. Application of the synthetic cytokinin benzyl adenine to 

shaded leaves increased again the photosynthetic capacity and expression of rbcS, ARR7 and ARR16, thus 

rescuing the shade effects. These data support the notion that light intensity affects cytokinin concentrations 

in leaves by controlling cytokinin import via the transpiration stream, and that stimulation of the 

expression of photosynthetic enzymes by cytokinin is part of the mechanism contributing to efficient 

photosynthetic acclimation to light gradients. In addition, we show that a large number of partially shaded 

mutants and transgenics all reduced photosynthetic capacity in their shaded leaves like wild-types. These 

plants are disturbed in signal transduction mediated by cytokinins, sugars or photoreceptors, the latter two 

of which might also be involved in the acclimation to light gradients. This result suggests that multiple, 

redundantly operating pathways might control this process. 
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Introduction 

 

The photosynthetic acclimation of leaves to their local light environment contributes to 

increased whole-plant carbon gain and fitness (Field, 1983; Pons et al., 1989; Evans, 1993a; 

Pons and Anten, 2004; Hirose, 2005; Chapter 2). In general, leaves acclimated to shade 

have a lower photosynthetic capacity per unit area than leaves acclimated to high light 

because they contain less electron carriers and Rubisco per unit area (Lambers et al., 1998). 

Within the chloroplasts of shaded leaves, relatively more resources are invested in the light 

harvesting complex at the expense of electron transport capacity and carboxylation 

capacity, thus better utilizing the little available light (Boardman, 1977; Evans and 

Seemann, 1989). In dense herbaceous canopies, well-illuminated upper leaves have a 

greater photosynthetic capacity per unit area and per unit chlorophyll and a higher 

chlorophyll a/b ratio than shaded, lower leaves (Hirose et al., 1988; Schieving et al., 1992; 

Evans, 1993b; Pons and Jordi, 1998; Anten et al., 1998). Shading induces the 

remobilization of nitrogen and other resources for the photosynthetic apparatus from 

bottom leaves to other plant parts, ultimately resulting in senescence of the shaded leaves 

(Burkey and Wells, 1991; Pons and Pearcy, 1994; Pons and Jordi, 1998; Hikosaka, 2005). 

Photosynthetic acclimation to light gradients in dense stands should therefore be 

distinguished from whole-plant shading (e.g., in forest understories), which does not 

accelerate senescence, among other differences (Pons and Pearcy, 1994; Weaver and 

Amasino, 2001). Light gradients over the foliage may be simulated by shading a single leaf 

on plants that further remain in high light. It has been shown that partial shading without a 

change in light spectral quality leads to reduced leaf mass per unit area, photosynthetic 

capacity per unit area and per unit chlorophyll and the chlorophyll a/b ratio in the shaded 

leaves (Pons and Pearcy, 1994; Hikosaka et al., 1994; Pons and de Jong-van Berkel, 2004; 

Chapter 3). This is similar to the changes frequently observed in bottom leaves in dense 

canopies (Evans, 1993b; Anten et al., 2000; Kull, 2002; Terashima et al., 2005).  

A central question has been how the light gradient in dense stands is perceived and 

the photosynthetic acclimation to light gradients is regulated. Several mechanisms that 

might be involved have been proposed, including photoreceptors, sugar status, and 

cytokinin import controlled by leaf transpiration rates (see reviews by Ono et al., 2001; 
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Kull, 2002; Terashima et al., 2005). However, the underlying regulatory network, in 

particular with respect to the genes involved and how their expression is controlled, has not 

been clarified yet. To what extent any of the proposed mechanisms are necessary or 

sufficient in this process is also not known at present. 

Our previous work has suggested a role for leaf transpiration rates in light gradient 

perception (Pons and Bergkotte, 1996; Pons et al., 2001). Because stomatal conductance 

decreases in the shade, transpiration rates and therefore the import of xylem sap is reduced. 

The quantitiy of compounds carried in the xylem sap that are delivered to leaves depending 

on the irradiance they receive might thus provide an indirect light gradient signal. In 

support of this hypothesis, it was found that reducing the transpiration rate of an attached 

leaf, by enclosing it in a transparent cuvette flushed with humid air, reduced photosynthetic 

capacity and the chlorophyll a/b ratio in a number of species; thereby mimicking the effects 

of partial shade (Pons and Bergkotte, 1996; Pons and Jordi, 1998). The phytohormone 

cytokinin was suggested to act as a signal for light gradient perception because it is 

synthesized for a major part in the roots (Letham, 1994; Nordström et al., 2004) and 

transported to the shoot via the transpiration stream (Letham et al., 1990; Aloni et al., 

2005). Moreover, known cytokinin functions agree well with a possible role for cytokinin 

in photosynthetic acclimation. It is known to stimulate nitrogen sink strength (Mothes and 

Engelbrecht, 1963; Jordi et al., 2000), the expression of photosynthetic enzymes, and the 

development of sun-type chloroplasts, even in darkness (Flores and Tobin, 1988; Chory et 

al., 1994; Kusnetsov et al., 1998), while it inhibits certain proteases (Li et al., 2000) and 

delays leaf senescence (Gan and Amasino, 1995). The total cytokinin concentration was 

indeed found to be reduced in shaded leaves on plants that further remained in high light, as 

compared to control leaves (Pons et al., 2001). However, that study did not provide any 

information on specific cytokinin species, particularly free bases and ribosides that are the 

most active in bioassays (Mok and Mok, 2001; Kieber, 2002). More detailed measurements 

are required to answer the question whether active cytokinin levels in leaves are controlled 

by their transpiration rates. 

In this study, we examined in detail the role of cytokinin in photosynthetic 

acclimation to light gradients using the model species Arabidopsis. Light gradients were 

simulated by shading a leaf on plants that further remained in growth light. Leaf 

transpiration rates were reduced independent of light by enclosing an attached leaf in a 
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transparent cuvette flushed with humid air. The effects of these treatments on the 

concentration of cytokinins were analyzed using advanced mass spectrometry. The 

expression of cytokinin-responsive genes and several other genes was determined by real-

time RT-PCR. In addition, the decline in photosynthetic capacity induced by shade or 

humid air was monitored over time, and it was analyzed to what extent applied cytokinin 

rescued this decline. Next, we addressed the question of possible multiple signaling 

pathways by analyzing a large number of genotypes impaired in signal transduction 

mediated by cytokinin, sugar or photoreceptors, for their ability to acclimate to partial 

shade. The results indicate that active cytokinins delivered through the transpiration stream 

are indeed involved in photosynthetic acclimation to light gradients, through their effect on 

photosynthetic enzyme abundance, but other, redundantly operating signal transduction 

pathways are involved as well. 

 

Methods 

 

Plant material and growth conditions  

In most experiments Arabidopsis thaliana L. Heynh. (Arabidopsis) accession Columbia-0 

(Col-0) was used. The following cytokinin receptor mutants which show reduced cytokinin 

sensitivity were studied: ahk2-2tk, ahk3-3, the double mutant ahk2-2tkahk3-3 (Higuchi et 

al., 2004) and the cre1-2 line with a T-DNA insertion in the CRE1 gene (Inoue et al., 2001) 

(all in the Col-0 background), and cre1-1 (Inoue et al., 2001) in the Landsberg erecta (Ler-

0) background. In the Col-0 background we used the pleiotropic mutant amp1-1 that has 

constitutively elevated cytokinin levels (Chaudhury et al., 1993) and transgenic 

35S::CKX1, 35S::CKX2, 35S::CKX3, and 35S::CKX4 plants which have constitutively 

reduced cytokinin levels, through overexpression of cytokinin oxidase genes (Werner et al., 

2003). The following mutants with altered sugar-sensitivity were used: ctr1-1, defective in 

a central component of the ethylene signal transduction pathway and known to be sucrose 

insensitive (Kieber et al., 1993; Leon and Sheen, 2003), the ethylene-insensitive and by 

implication sugar-hypersensitive mutants (Leon and Sheen, 2003) ein4-1 (Roman et al., 

1995), and etr1-1 (Bleecker et al., 1988), all in the Col-0 background. In the Ler-0 

background we used the glucose-insensitive mutant gin2-1 (Jang et al., 1997) and the 
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photoreceptor mutants phyAphyB (Reed et al., 1994), cry1cry2, which was a cross of the 

fha1 and hy4-1 mutant alleles (Ahmad et al., 1998; Weston et al., 2000), and hy2, defective 

in phytochrome chromophore synthesis (Koornneef et al., 1980; Parks and Quail, 1991). 

The triple mutant phyAphyCphyD (Franklin et al., 2003a) was in the Wassilewskija (Ws-2) 

background, which naturally harbors the phyD mutation (Aukerman et al., 1997), and 

phot1phot2 (Kinoshita et al., 2001) had a combined Ler/Ws background.  

Seeds were vernalized for 3 d at 4ºC on moist filter paper in sealed petri-dishes, and 

subsequently sown on a mixture of soil and perlite (1:1, v/v) in 220 mL plastic pots 

containing 150 mg slow-release complete fertilizer (Osmocote mini plus, release time 3-4 

months; Scotts Europe BV, Heerlen, the Netherlands) and 150 mg micronutrient fertilizer 

(Micromax; Scotts Europe BV, Heerlen, the Netherlands), 600 mg 17% (w/w) CaMg-

carbonate (Vitasol BV, Stolwijk, the Netherlands), and 1.4 mL 125 mM K2HPO4 per pot. 

Tests with different fertilizer doses showed that with this nutrient supply, nitrate 

accumulation in the leaves was at a minimum while plant growth was not inhibited (data 

not shown), so a mildly limiting nitrogen supply was given. All other nutrients were 

supplied in large amounts relative to nitrogen. The pots were placed in a climate-controlled 

growth room on irrigation mats (Maasmond-Westland, the Netherlands) that were watered 

automatically to saturation with tap water every day. Growth conditions were: 9 h light 

period/16 h dark period, photosynthetic photon flux density (PPFD) at plant level of 200 ± 

20 μmol m-2 s-1, 20ºC, and 66% relative humidity. Light intensity was measured with a 

quantum sensor (LI-185A, Licor, Lincoln, NE, USA). Homogeneous plants were selected 

by thinning from five to one seedlings per pot. Just before the start of treatments another 

selection was made, based on dimensions of the treated leaf as measured with a caliper. In 

most experiments the eighth true leaf counted from below was used, which was still 

expanding. Plant age was 34 to 35 days after sowing (das), unless stated otherwise. 

Throughout the experiments leaves adjacent to the treated leaf were gently bent away to 

prevent the treated leaf being shaded. All data are means of six independent biological 

replicates, except three replicates consisting of two leaves each were used for sugar, starch 

and cytokinin analyses.  
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Partial shade, humidity treatment, and cytokinin application 

To simulate light gradients as they occur in dense leaf canopies, single attached leaves were 

shaded, while the rest of the plant remained in normal growth light. Spectrally neutral 

shading was applied by enclosing the leaf in a mitten made of two paper sheets on the upper 

side and coarse mosquito mesh on the lower side. The sides were held apart by black foam 

so leaf expansion was not hindered by the treatment. The upper paper sheet had a fine grey 

print on the downward-facing side, resulting in a reduction of PPFD by 93% to 

approximately 14 μmol m-2 s-1. Control leaves on different plants remained in growth light.  

The effect of transpiration rate independent of light was investigated by enclosing a 

leaf in a perspex transparent cuvette flushed with humid air, based on the method described 

previously (Pons and Bergkotte, 1996; Pons et al., 2001). We designed and built cuvettes to 

suit the small leaf size of Arabidopsis. Internal dimensions were: 70 mm long, 15 mm wide 

and 4 mm high. Pressurized air (35 kPa overpressure) was humidified by leading it through 

a large water column, and humidified again at atmospheric pressure by leading it through 

wash bottles filled with water before it entered the cuvettes. Air escaped at the leaf base 

where the cuvette was open. The dewpoint of the humid air entering the cuvettes was 

measured regularly with a humidity sensor (Humicap HMI, Vaisala, Finland) and 

maintained at 19.3ºC on average. The measuring head was enclosed in a metal chamber 

heated to 30°C to increase accuracy of the measurement at such a high humidity. As a 

control, air with a humidity similar to growth chamber air was used. To this end, 

pressurized air was humidified in a separate water column at 70 kPa overpressure, resulting 

in a dewpoint of 12.1ºC of the air entering the cuvettes. An air flow rate of approximately 

26 mL s-1 was maintained, controlled by one flow meter (Brooks Instrument, Veenendaal, 

the Netherlands) for each cuvette. Airflow passing by the leaf sides was blocked by 

applying small layers of foam inside the cuvette, forcing most of the air over both leaf 

surfaces at a fast rate. This reduced boundary layer resistance and cooled the leaves in 

humid air, thus compensating for the reduced evaporative cooling. Air fans were directed at 

the treated leaves to prevent the buildup of  leaf temperature gradients. Leaf temperatures 

were measured in situ in all treatments on the abaxial surface with a thin type K 

thermocouple (0.12 mm) and maintained between 19.9ºC and 20.6ºC. To facilitate 

temperature measurement of the leaves in the cuvettes, a small hole had been drilled in the 

bottom of the cuvettes. PPFD below the cuvette lid was only marginally lower (8%) 
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compared to growth light. Neither the shade mitten, nor the perspex cuvette lids affected 

the red: far-red ratio of the light, as determined by spectroradiometer (LI-1800, Licor, 

Lincoln, NE, USA). To evaluate the effects of partial shading and humid air on leaf 

temperatures and stomatal conductance (gs), measurements were taken on day 7 after the 

start of treatments. From these data, leaf-to-air vapor pressure difference (VPD) and 

transpiration rate (E) were calculated. In humid air VPD was less than 200 Pa, whereas 

VPD ranged between 800 and 1000 Pa in control air (Fig. 1A). In the same experiment, 

effects on photosynthetic acclimation were quantified by measuring the light- and CO2-

saturated rate of net assimilation per unit area (Amax), after which leaves were analyzed for 

area, dry mass and chlorophyll. 

In a separate experiment with the same design, effects of shade and humid air on the 

cytokinin concentration in the leaves were analyzed using micro LC-MS/MS. Leaves were 

harvested at 2 PM on day 4 after the start of treatments, snap frozen in liquid nitrogen and 

stored at -80ºC until analysis. This shorter treatment period was chosen because we 

expected changes in cytokinin concentration to precede photosynthetic acclimation. This 

experiment was repeated to sample leaves for the analysis of gene transcript levels. Leaves 

were harvested at 2 PM both on day 0 and on day 4, snap frozen in liquid nitrogen and 

stored at -80ºC until analysis. Besides partial shading and humidity treatments some of the 

shaded leaves were treated with the synthetic cytokinin benzyl adenine (BA) on day 0 and 

again on day 3, always at noon. BA was dissolved in DMSO and diluted to 100 μM in 

water, with a final DMSO concentration of 0.1% (v/v). The detergent Silwet L77 was added 

at 0.02% (v/v). The BA solution or the same solution containing equal volumes of DMSO 

and Silwet L77 as a vehicle control was applied to the upper side of the leaf with a brush.  

In a time-course experiment, the effects of partial shade, humidity treatments and 

applied BA on photosynthetic capacity were measured non-destructively using a 

fluorometer every 3 days over a period of 12 days. The light-saturated rate of electron 

transport (ETRmax) was taken as a measure of photosynthetic capacity. Because it was 

found that the humid air treatment induced senescence, the effect of 200 μM BA, applied 

every 3 days to humid-air treated leaves, was also studied. On day 12 leaves were 

photographed and the fraction of yellow and green leaf area was determined using a 

custom-designed program in the software package KS400 (version 3.0; Carl Zeiss Vision, 

Oberkochen, Germany). 
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Mutant and transgenic plants and their wild-type controls were subjected to shading 

of one leaf, and compared with control leaves remaining in growth light. In some genotypes 

less than eight leaves had formed or leaf identity could not be ascertained, so an expanding, 

not yet shaded leaf was used. For genotypes with very small leaves 41-day old plants were 

used, and the leaf was shaded by suspending the shading papers above it using pins. ETRmax 

was measured on day 6 after which leaves were analyzed for area and chlorophyll. 

 

Gas-exchange measurements 

A gas-exchange measuring system was used with leaf chambers with a 69 × 67 mm 

window and has been described previously (Pons and Welschen, 2002). An infrared gas 

analyzer (LI-6262, Licor, Lincoln, NE, USA) was used to measure CO2 and H2O partial 

pressure. Leaf temperature was kept at 25°C, leaf-to-air VPD was ca 1 kPa, CO2 partial 

pressure of the air entering the leaf chambers was 110 Pa, and PPFD was 1200 μmol m-2 s-1, 

which saturated photosynthesis. The leaf area enclosed in the chamber was measured. Net 

rates of photosynthesis were calculated according to von Caemmerer and Farquhar (1981). 

Stomatal conductance (gs) was measured in the growth room with a portable gas-

exchange meter (LI-6400, Licor, Lincoln, NE, USA). Average leaf temperature in the 

measuring chamber was 20.7°C, VPD was ca 1.3 kPa, and the CO2 concentration of the 

reference air was approximately 55 Pa. Efforts were made to reduce the accumulation of 

CO2 in the growth room as much as possible during the measurements, by using a 

mouthpiece connected to a column containing CO2-absorbing material (Sodasorb; Grace, 

Epernon, France). Measurement of gs on a leaf commenced directly after the shade mitten 

or leaf cuvette, if present, was removed and was completed within 45 sec, which was well 

within the period that gs remained stable (data not shown). The leaf area enclosed in the 

measuring chamber was measured.  

For the calculation of transpiration rates in situ, boundary layer conductance was 

assumed to be negligible, so gs was assumed to be equal to the total leaf conductance for 

water vapor. Transpiration rate (E; mmol m-2 s-1) was calculated as E = gs × (wl – wa), 

where wl and wa are the molar fraction (mol mol-1) of water vapor in leaves and in the 

surrounding air, respectively.  
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Electron transport capacity 

Steady state chlorophyll fluorescence (F’) was measured under saturating PPFD (600-1000 

μmol m-2 s-1, depending on expected capacity) and maximal fluorescence (Fm’) in a 

saturating light pulse (~5 mmol m-2 s-1) in the growth room using a portable fluorometer 

(Mini-PAM, Waltz, Effeltrich, Germany). Lighting was provided by a halogen lamp. An air 

fan prevented heating up of the leaf. Photochemical yield (Y) was determined as Y = (F’ - 

Fm’)/ Fm’ (Genty et al., 1989). The distance from the measuring head to the leaf surface was 

8 mm. PPFD at the leaf surface was measured with a light sensor (LI-185A, Licor, Lincoln, 

NE, USA). Leaves were pre-induced at a PPFD of ca 600 μmol m-2 s-1 for at least 10 min 

and were placed in the measuring position for 2 min before readings were taken. After 

measurement the leaf was analyzed for area and chlorophyll. Leaf absorbance (α) was 

calculated as a function of leaf chlorophyll content (Chl, μmol m-2) following Evans 

(1993b): α = Chl/(Chl + 76). The maximal electron transport rate per unit area (ETRmax; 

μmol e- m-2 s-1) was then calculated as: ETRmax = α × 0.5 × PPFD × Y (Genty et al., 1989). 

 

Real-time RT-PCR analysis 

Total RNA was extracted from individual homogenized leaves (50-100 mg fresh mass) 

with the RNeasy Mini kit (Qiagen, Leusden, the Netherlands), treated with DNAse (DNA-

free; Ambion, Cambridgeshire, UK) to remove genomic DNA, and aliquots were 

electrophoresed on 1% agarose gel to confirm integrity. cDNA was synthesized from 2 μg 

RNA with 100 U Superscript III RNase H- reverse transcriptase (Invitrogen, Breda, the 

Netherlands) and 100 ng random hexamers in a 20 μL reaction. Quantitative real-time RT-

PCR was performed in a 25 μL reaction containing 12.5 μL 2× SYBR-Green Supermix 

(Biorad, Veenendaal, the Netherlands), 100 pmol of the forward and reverse primer, and 10 

ng cDNA, except  0.1 ng cDNA was used for 18S rRNA. A Bio-Rad MyiQ single colour 

real-time PCR detection system (Bio-Rad, Veenendaal, the Netherlands) was used with the 

following thermal profile for all genes: 3 min at 95˚C, followed by 40 cycles of 30 s at 

95˚C, 30 s at 62˚C, 60 s at 72˚C. Melt curves were obtained after each PCR. Primers used 

were: 18S rRNA (GenBank Accession No X16077) forward: 5’-AAACGGCTACCAC-

ATCCAAG-3’; 18S rRNA reverse: 5’-ACTCGAAAGAGCCCGGTATT-3’; ARR7 

(At1g19050) forward: 5’-GCCGGTGGAGATTTGACTGTTA-3’; ARR7-reverse 5’-AGC-

CCCTTTGCCTCCATCTA-3’; ARR16 (At2g40670) forward: 5’-TCAGGAGGTTCTTGT-
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TCGTCTT-3’; ARR16 reverse 5’-AACCCAAATACTCCAATGCTCTA-3’; PHYA 

(At1g09570) forward: 5’-AAGCCCTTGGATTTGGAGATGTC-3’; PHYA reverse: 5’-CT-

TTGGCAGCGAGCTTGTATGAT-3’; rbcS (At1g67090) forward: 5’-ACCCGCAAGGC-

TAACAACGACAT-3’; rbcS reverse: 5’-GTGCAACCGAACAAGGGAAGC-3’. Primers 

for the ARR genes were designed around an intron to test for possible contaminating 

genomic DNA. Melt curves confirmed the amplification of single products. Also, PCR 

products were resolved on 1% agarose gel, which showed single products of expected size 

in each case. All primers were designed using the DNASTAR software package, except 

18S rRNA primers were designed with primer3 software (http://frodo.wi.mit.edu/ 

primer3/primer3_code.html). PCR efficiencies determined from cDNA dilution curves 

were 1.01 for 18S rRNA and ARR7 and 0.987 for ARR16, but were not determined for the 

other genes. The internal control, 18S rRNA, had an average CT value of 10.10 (± 0.111) in 

all measured samples. CT values for each gene were normalized to the CT value of 18S 

rRNA. Transcript levels were calculated using the delta-delta CT method (Livak and 

Schmittgen, 2001) and expressed relative to the average value at day 0, which was set 

arbitrarily as 1. 

 

Cytokinin analysis by micro LC-MS/MS 

Cytokinins were analyzed as described previously (Corbesier et al., 2003), with some 

modifications. Frozen leaf samples were ground in liquid nitrogen, transferred into Bieleski 

solution (Bieleski, 1964), and extracted overnight at –20˚C. For each cytokinin compound 

determined, 10 pmol of 2H5-dihydrozeatin, 2H5-dihydrozeatin riboside, 2H5-dihydrozeatin 9-

glucoside, 2H5-dihydrozeatin riboside 5’-monophosphate, 2H6-N6-(Δ2isopentenyl)adenine, 
2H6-N6-(Δ2isopentenyl)adenosine, 2H6-N6-(Δ2isopentenyl) adenine glucoside, and 2H6-N6-

(Δ2isopentenyl)adenosine 5’-monophosphate (OLCHEMIM Ltd., Olomouc, Czech 

Republic) was added as internal standards. Cytokinins were purified by a combination of 

solid-phase and immunoaffinity chromatography using a broad spectrum anti isoprenoid 

cytokinin immunoaffinity column (Olchemim) as described (Redig et al., 1996), but O-

glucosides were not collected. Cytokinins were quantified by micro-liquid chromatography-

positive electrospray-tandem mass spectrometry in multiple reactant monitoring mode 

(Prinsen et al., 1998). The chromatograms obtained were processed using Masslynx 

software (Micromass, Manchester, UK). 
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Other leaf analyses 

Leaf area was determined with a leaf area meter (LI-3100, Licor, Lincoln, NE, USA). A 

fresh 1 cm2 sample was taken for chlorophyll determination with a spectrophotometer after 

extraction in dimethylformamide (Inskeep and Bloom, 1985). Dry mass was determined 

after oven drying at 70ºC for at least 24 h. For nitrate analysis, half the rosette of 39-day old 

plants was shaded for 3 days or kept in growth light as a control. Several leaves were 

harvested per plant and pooled to obtain sufficient material. Nitrate was analyzed in 

homogenized, dry material using salicylic acid as a reagent (Cataldo et al., 1975). For the 

analysis of soluble sugars and starch, the tenth leaf of 34-day old plants was shaded or kept 

in growth light for 8 days. Leaves were harvested at the end of the photoperiod (5 PM), 

frozen at -20ºC, freeze-dried and homogenized. Ca 30 mg dry material was extracted in 

80% ethanol at 80˚C. The extract was centrifuged and purified according to Bligh and Dyer 

(1959). Soluble sugars were determined in the supernatant with a spectrophotometer with 

anthrone as a color reagent, and using glucose as a standard (Yemm and Willis, 1954). 

Starch in the pellet was enzymatically digested and also analyzed with anthrone.  

 

Statistical analyses 

Differences between the treatments shade, humid air and BA application and their 

respective controls were analyzed with a Student’s t-test. Data were log-transformed when 

it improved homogeneity. 
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Results 

 

Photosynthetic capacity was reduced in shade and in humid air 

To simulate light gradients over the foliage of Arabidopsis plants, single leaves were 

shaded on plants which were exposed to growth light for the remaining part. To manipulate 

the transpiration rate independent of light, a leaf was positioned in a transparent cuvette 

flushed with humid air, reducing the leaf-to-air vapor pressure difference (VPD) below 200 

Pa, compared to 800-1000 Pa in air controls and in the other treatments (Fig. 1A). Shading 

reduced stomatal conductance (gs) of the leaf by 65% (Fig. 1B), which resulted in a similar 

reduction in transpiration rate (Fig. 1C). Despite a large increase in gs induced by humid air 

(Fig. 1B), the transpiration rate was significantly reduced in humid air compared to growth 

air controls (Fig. 1C). After 7 days, both partial shading and humid air significantly reduced 

leaf mass per unit area (Fig. 1D) and photosynthetic capacity per unit area (Amax) (Fig. 1E) 

of the treated leaf, confirming previous findings in several other species (Pons and 

Bergkotte, 1996; Pons and Jordi, 1998).  

 

Cytokinin concentrations were reduced in shade and in humid air 

The observation that a reduction in transpiration rate alone can induce photosynthetic 

acclimation of a leaf suggests that xylem-carried compounds are involved in the regulation 

of this process. We analyzed the concentration of cytokinins in leaves that were shaded or 

subjected to humid air for 3 days (Table 1). Total cytokinin concentrations were 

significantly reduced both by partial shading and humid air treatment, confirming our 

hypothesis. Concentrations of the predominant cytokinins trans-ZRP, ZNG and iPRP all 

tended to go down in shade and in humid air. Moreover, the active cytokinins trans-Z and 

trans-ZR were reduced to levels close to or below the detection limit in both treatments.  
 

► Figure 1. VPD (A), gs (B), E (C), LMA (D) and Amax (E) of a single leaf treated for 7 days 

with shade or humid air. The leaf was shaded (LL, low light [PPFD 14 μmol m-2 s-1]) or 

remained in growth light (HL, high light [PPFD 200 μmol m-2 s-1]) as a control. Also, a leaf 

was enclosed in a transparent cuvette flushed with humid air (humid, dewpoint 19.3ºC) or 

with control air (dry, dewpoint 12.1ºC). The rest of the plant remained in growth light and 

air. Values represent means ± SE, n = 6. * P <0.05; ** P <0.01; *** P <0.001; NS, not 

significant (Student’s t-test).  

84 • Chapter 4 



 

 

 

 

 

Regulation of acclimation to light gradients in Arabidopsis • 85 



 
Table 1. Cytokinin concentration determined by LC-MS/MS in a leaf treated for 3 days with 

shade or humid air on plants that further remained in growth light and humidity. Data 

represent means ± SE, n = 3. Effects of shading and humid air versus their respective controls 

were analyzed with a Student’s t-test. * P <0.05; ** P <0.01; *** P <0.001; NS, not 

significant; † t-test was not performed because one of the values was below the detection 

limit. 
  HL1  LL   dry  humid  

Cytokinin concentration (pmol g-1 fresh mass)     

cis-Z2  0.39 ± 0.09  0.60 ± 0.12 NS  0.47 ± 0.02  0.61 ± 0.07 NS 

cis-ZR  0.26 ± 0.05  0.90 ± 0.16 *  0.36 ± 0.05  0.41 ± 0.06 NS 

cis-ZRP  4.94 ± 0.94  4.70 ± 0.68 NS  4.68 ± 1.05  4.49 ± 0.54 NS 

trans-Z  0.45 ± 0.18  < 0.15 †  0.49 ± 0.12  < 0.15 † 

trans-ZR  0.44 ± 0.06  0.20 ± 0.02 *  0.53 ± 0.07  < 0.15 † 

trans-ZRP  13.9 ± 3.40  5.52 ± 2.92 NS  15.6 ± 1.98  5.15 ± 0.84 ** 

ZNG  13.8 ± 4.96  11.0 ± 2.90 NS  13.8 ± 0.55  9.18 ± 0.19 NS 

iP  0.67 ± 0.11  0.74 ± 0.23 NS  0.62 ± 0.16  1.39 ± 0.14 NS 

iPR  0.86 ± 0.08  0.83 ± 0.17 NS  0.85 ± 0.12  1.26 ± 0.35 NS 

iPRP  45.0 ± 6.76  11.6 ± 1.73 **  39.4 ± 6.05  30.9 ± 3.43 NS 

iPNG  1.53 ± 0.18  0.83 ± 0.14 NS  1.49 ± 0.01  1.70 ± 0.38 NS 

total  82.3 ± 16.2  36.8 ± 2.41 *  78.4 ± 7.37  52.1 ± 2.02 * 

 
1 HL, high light (PPFD 200 μmol m-2 s-1); LL, low light (PPFD 14 μmol m-2 s-1); dry, the leaf 

was placed in a transparent cuvette flushed with air with a dewpoint of 12.1ºC; humid, the 

leaf was placed in a transparent cuvette flushed with air with a dewpoint of 19.3ºC. 
2 Z, zeatin; ZR, zeatin-riboside; ZRP, zeatin-riboside-monophosphate; ZNG, zeatin-N9-

glucoside; iP, isopentenyladenine; iPR, isopentenyl-adenosine; iPRP, isopentenyl-riboside-

monophosphate; iPNG, isopentenyl-riboside-N9-glucoside. No dihydrozeatin-type cytokinins 

were detected. 

 

Cytokinin concentrations are paralleled by ARR16, ARR7 and rbcS transcript levels 

Cytokinins are known to regulate the expression of a large number of genes (Schmülling et 

al., 1997; Rashotte et al., 2003), of which the type A Arabidopsis response regulators 

(ARRs) are transcriptionally up-regulated by cytokinins in a rapid and concentration 

dependent manner (D'Agostino et al., 2000; Kiba et al., 2002). We therefore expected 

reductions in active cytokinins to be reflected in reduced transcript levels of these genes. 

Indeed, transcript levels of ARR16 and ARR7 were significantly lower after 4 days in shade  
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Figure 2. Transcript levels of ARR16, ARR7, PHYA, and rbcS measured on a single leaf 

treated for 4 days with shade, humid air, or shade combined with cytokinin application on 

day 0 and day 3. The synthetic cytokinin benzyl adenine (BA) at 100 μM or the same solution 

without BA as a vehicle control (DMSO) was applied to shaded leaves. Transcript levels were 

determined by real-time RT-PCR, normalized to 18S rRNA and expressed relative to the value 

at the start, which was set arbitrarily as 1. Values represent means ± SE, n = 6. Other 

experimental details and statistical notation are as in Fig. 1. + P <0.1 (Student’s test). 

 

or in humid air, as compared to the respective controls (Fig. 2). When the synthetic 

cytokinin benzyl adenine (BA) was applied to shaded leaves, transcript levels of both genes 

were increased again to levels approximating those of leaves remaining in growth light, 

confirming the cytokinin-responsiveness of these genes in our experimental system. 
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Transcript levels of the PHYA gene encoding phytochrome A, which is negatively regulated 

by light (Canton and Quail, 1999), remained at a low level in leaves in the transparent 

cuvettes and were unaffected by humid air treatment (Fig. 2). In shaded leaves, PHYA 

transcript was elevated, whether BA was applied or not. The gene encoding the small 

subunit of Rubisco, rbcS, showed strongly reduced transcript levels in shaded leaves (Fig. 

2). Humid air also reduced rbcS transcript levels, although this effect was only marginally 

significant (P <0.1). BA application to shaded leaves increased rbcS transcript levels, thus 

partially rescuing the effect of shade. 

 

Kinetics of photosynthetic capacity as affected by shade, humid air, or BA are different 

The up-regulation of rbcS transcript by BA application to shaded leaves after 4 days most 

likely preceded a BA-induced stimulation of photosynthetic capacity. To analyze if and 

when such an effect occurred, electron transport capacity per unit area (ETRmax) was 

measured in a non-destructive manner every 3 days over a period of 12 days. ETRmax was 

found to decrease gradually through time in leaves remaining in growth light (Fig. 3).  

 
 

Figure 3. Time course of electron transport capacity (ETRmax) measured on a single leaf 

treated for 12 days with shade, humid air, or shade combined with cytokinin application on 

day 0 and every 3 days thereafter. A BA concentration of 200 μM was used. At 12 days after 

the start of treatment, leaves in humid air had mostly yellowed so no measurements were 

taken at this time-point. Values represent means ± SE, n = 6. Other experimental details are 

as in Fig. 1. 
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Shading the leaf induced a large reduction in ETRmax already after 3 days. Application of 

BA to shaded leaves on day 0 did not prevent the initial shade-induced decline in ETRmax 

within the first 3 days, but repeated BA applications substantially increased ETRmax after 

that, reaching the level of growth light controls after 12 days. Humid air reduced ETRmax 

initially more slowly than shading, but at a faster rate from day 6 onwards. Some yellowing 

of the leaves in humid air became visible after 9 days and most of the leaf area had 

yellowed after 12 days.  

 

Cytokinin delays senescence induced by humid air 

The finding that senescence was induced by the humid air treatment prompted us to 

investigate if applied BA could also counteract this effect. Indeed, yellowing was 

significantly less in BA-treated leaves in humid air after 12 days than in leaves that had not 

received BA (Fig. 4). Leaves in cuvettes flushed with control air hardly showed yellowing 

and BA application to these leaves had no visible effects. 

 

 
 

Figure 4. Fraction of remaining green leaf area of a single leaf treated for 12 days with  

humid air, or humidity treatment combined with cytokinin application on day 0 and every 3 

days thereafter. The results of two independent experiments with 3 replicates each are 

presented ± SE. Other experimental details and statistical notation are as in Fig. 1. 

 

Nitrate accumulated but sugar and starch concentrations were decreased in shade 

Nitrate (Crawford, 1995) and sugars (Sheen, 1990; Koch, 1996) have signaling functions 

and if their concentrations are affected by irradiance on leaves they might be involved in 
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light gradient perception. The nitrate concentration was much higher in shaded leaves 

(Table 2), accounting for almost 20% of total leaf N (data not shown). The concentration of 

soluble sugars was greatly reduced in shaded leaves (Table 2). Starch was also analyzed 

since together with sugars it may constitute a substantial fraction of leaf dry mass. The 

starch concentration was also reduced in shade (Table 2).  

 

Photosynthetic capacity is normally reduced in shaded leaves of various signal 

transduction mutants  

Since apart from cytokinins, the perception of light gradients by photoreceptors or leaf 

sugar status might also be involved in photosynthetic acclimation to light gradients, we 

investigated if these different signaling mechanisms are necessary in this process. To this 

end, we measured various parameters pertaining to photosynthetic acclimation in shaded 

leaves of a large number of available mutant and transgenic genotypes disrupted in 

cytokinin-, photoreceptor-, or sugar-mediated signal transduction. As expected, the 

chlorophyll a/b ratio was reduced in shaded leaves of Col-0 and Ler wild-type plants 

compared to unshaded controls (Fig. 5A). Most other genotypes also showed reductions in 

the chlorophyll a/b ratio in response to partial shade, although the difference was not 

significant for ctr1-1, due to large variation observed in the data. Leaves remaining in 

growth light of hy2 had a very high chlorophyll a/b ratio (6.22 ± 0.198), which was also 

observed in the similar hy1-1 mutant (Walters et al., 1999). Remarkably though, the 

chlorophyll a/b ratio remained at the level of growth light controls in the triple 

photoreceptor mutant phyAphyCphyD, the phyD mutant, and the ahk2-2tkahk3-3 double 

mutant carrying mutations in two cytokinin receptors (Higuchi et al., 2004). Also, only 

small reductions were observed in the single mutants ahk2-2tk and ahk3-3, relative to wild-

type controls (Fig. 5A). These results suggest that functional phytochrome D, AHK2 and 

AHK3 are required for the regulation of the chlorophyll a/b ratio in response to light 

gradients. Partial shading induced significant reductions in ETRmax per unit chlorophyll in 

all genotypes studied (data not shown). Finally, ETRmax per unit area was significantly 

reduced in response to partial shading in all tested genotypes (Fig. 5B). None of the 

investigated signaling mechanisms therefore appear to be necessary for acclimation to light 

gradients to occur. 
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Figure 5. Chlorophyll a/b ratio (A) and ETRmax (B) measured in a leaf that was shaded for 6 

days or remained in growth light, on plants of various Arabidopsis genotypes that further 

remained in growth light. For each mutant or transgenic genotype the genetic background is 

denoted in parentheses. Values represent means ± SE, n = 6. Shading induced significant (P 

<0.05) decreases in ETRmax in all genotypes tested. Other experimental details and statistical 

notation are as in Fig. 1. 
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Table 2. Nitrate, sugar and starch levels in leaves kept in high light (HL, 200 mol m-2 s-1) 

or shaded (low light, LL). Treatment time was 3 days for nitrate analysis and 8 days for 

sugars and starch. Data are means ± SE, n = 3-5. For other details see Table 1. 
  HL  LL   

concentration (mg g-1 dry mass) 

nitrate  3.29 ± 1.42  42.54 ± 8.87 ***  

soluble sugars  58.39 ± 3.07  18.17 ± 1.22 ***  

starch  57.04 ± 2.54  12.92 ± 0.54 ***  

 

Discussion 

 

Light gradients are perceived by plants, which respond by allocating more photosynthetic 

capacity per unit area to leaves in high light than to shaded leaves and adjusting chloroplast 

organization to the local light climate (Evans, 1993b; Anten et al., 2000; Kull, 2002; 

Terashima et al., 2005). This study on Arabidopsis confirmed our previous findings in 

several other species (Pons and Bergkotte, 1996; Pons and Jordi, 1998) that changes in leaf 

transpiration rates, controlled by light intensity, are involved in photosynthetic acclimation 

to light gradients. Cytokinin was identified as a likely candidate regulating this process 

(Pons et al., 2001). The following findings in the present study support this hypothesis: (i) 

concentrations of total cytokinin but especially the active cytokinins trans-Z and trans-ZR 

are reduced both in shaded leaves and in leaves treated with humid air (Table 1), (ii) 

transcript levels of the cytokinin-responsive genes ARR7 and ARR16 (D'Agostino et al., 

2000; Kiba et al., 2002) are reduced both in shaded leaves and in leaves treated with humid 

air (Fig. 2), (iii) the reduced cytokinin activity in leaves remaining in high light, but having 

reduced transpiration rates, is sufficient to reduce rbcS transcript levels (Fig. 2) and 

photosynthetic capacity in these leaves (Fig. 3), (iv) applied cytokinin partially rescues all 

studied shade effects (Fig. 3), and (v) applied cytokinin delays senescence induced by the 

humid air treatment (Fig. 4). These data are all in accordance with the notion that cytokinin 

delivery to leaves is controlled by transpiration rate and cytokinin regulates, at least in part, 

photosynthetic acclimation by stimulating the expression of photosynthetic enzymes.  

It has been shown that the transpiration rate of the whole shoot controls cytokinin 

import (Beck and Wagner, 1994; Havelange et al., 2000; Aloni et al., 2005). Besides 

delivery via the xylem, active cytokinin concentrations in leaves may be controlled by local 
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synthesis (Miyawaki et al., 2004; Nordström et al., 2004), breakdown (Werner et al., 2001; 

Werner et al., 2003), export, compartmentalization and interconversions (Brzobohatý et al., 

1994; Mok and Mok, 2001). Our data do not exclude the possibility that light intensity 

affects the concentration of active cytokinins in leaves through one of these processes. It is, 

however, likely that the lower cytokinin concentration in shaded leaves is, at least in part, 

directly the result of reduced import of xylem-carried cytokinins. In support of this view, 

we have observed that cytokinin concentrations in the xylem sap delivered to a shaded and 

a non-shaded leaf were equal (Chapter 3). Since the shaded leaf had a lower transpiration 

rate, it follows that this leaf imported less cytokinins than the leaf remaining in high light.  

Our time-course data of photosynthetic capacity (Fig. 3) showed that reduced 

cytokinin import cannot fully explain the effect of transpiration rate on photosynthetic 

acclimation. First, a reduction in transpiration rate independent of light reduced 

photosynthetic capacity, but not as strongly and several days later than partial shading did. 

The initial rapid decline in capacity induced by shade therefore does not appear to depend 

only on the reduction in transpiration rate and is probably also regulated through an 

alternative mechanism. It should be noted though that humid air treatment reduced 

transpiration rate to a lesser extent than shading (Fig. 1C), scaling with its smaller effect on 

photosynthetic capacity (Fig. 1E). Second, application of cytokinins counteracted the effect 

of partial shading on capacity but did not completely rescue it to the level of leaves 

remaining in growth light (Fig. 3). These observations suggest that besides cytokinin, other 

signal transduction pathways are involved too. 

As the primary product of photosynthesis, the sugar status of leaves depends on 

irradiance. Since high sugar levels are known to repress photosynthetic enzymes (Sheen, 

1990; Koch, 1996), a role for sugars in the regulation of photosynthetic acclimation to light 

gradients has been suggested (Ono et al., 2001; Terashima et al., 2005). However, sugar 

levels declined in shaded leaves (Table 2), implying that sugar repression cannot be 

responsible for the shade-induced reduction in photosynthetic capacity. Alternatively, sugar 

starvation (Yu, 1999) might be involved, but evidence in support of this view is lacking. 

Nitrate is carried in the xylem, stimulates its own assimilation (Crawford, 1995), and, when 

incorporated in organic compounds, can be utilized for the maintenance of a large 

photosynthetic apparatus in well-lit leaves. Nitrate accumulated in shaded leaves though 

(Table 2), whereas high levels would be expected in well-lit leaves if the distribution of 
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nitrate regulates photosynthetic capacity in this manner, so such a role for nitrate seems 

unlikely. 

Another objective of this study was to investigate to what extent various signal 

transduction mechanisms are necessary for perception and acclimation to light gradients. 

The screening of various mutants and transgenics revealed a complete absence of a change 

in the chlorophyll a/b ratio in response to partial shading in the phyAphyCphyD mutant (Fig 

5A). Also, reduced effects were observed in phyD, ahk2-2tkahk3-3, ahk2-2tk and ahk3-3. In 

a study by Walters et al. (1999), no reduction in chlorophyll a/b ratio and photosynthetic 

capacity per unit chlorophyll was observed in shaded det1 mutants, compared to light 

controls, suggesting a role for the COP/DET/FUS protein cluster in photosynthetic 

acclimation. The lower chlorophyll a/b ratio normally observed in shaded leaves reflects 

the greater abundance of light-harvesting protein-chlorophyll complexes in the antenna 

systems relative to chlorophyll associated with the core of the photosystems (Boardman, 

1977; Evans and Seemann, 1989). Our results suggest that cytokinin, phytochrome D, and 

possibly phyA and phyC, are also necessary for the regulation of this adjustment in 

chlorophyll distribution. However, photosynthetic capacity per unit chlorophyll was 

reduced in these mutants like in the wild-types, so chloroplasts showed normal shade-

acclimation in this respect.  

In all mutant and transgenic genotypes tested photosynthetic capacity per unit area 

(Fig. 5B) and per unit chlorophyll were normally reduced in shaded leaves on plants further 

remaining in growth light. Therefore, neither photoreceptors, nor sugars, nor cytokinin 

appear to be required for the adjustment of these parameters in response to a light gradient. 

Walters et al. (1999) studied photosynthetic acclimation to whole-plant shading in a limited 

number of Arabidopsis photoreceptor mutants and found that these were able to normally 

acclimate to shade. These results are in agreement with our more extensive study of 

photoreceptor mutants, which included all known members of the phytochromes, 

cryptochromes and phototropins. A likely explanation for these results is that multiple 

signal transduction pathways regulate photosynthetic acclimation in a redundant manner. 

Disturbing one particular pathway need not result in the loss of ability to acclimate to 

partial shading if signalling can still proceed through alternative, intact pathways. 

Mechanisms not considered in our mutant analysis such as redox control (Huner et al., 

1998) might also play a role. Alternatively, it is possible that the investigated genotypes 

94 • Chapter 4 



 
were to some extent leaky, meaning that some residual signalling through the pathway that 

was impaired remained intact. For example, the cytokinin receptor mutant ahk2-2tkahk3-3 

shows some cytokinin-induced callus formation and greening, although much less so than 

the wild-type (Higuchi et al., 2004).  

To conclude, we have shown that light gradients may be perceived through the 

effect of light on leaf transpiration rates, which in turn control the level of active cytokinins 

in leaves. Cytokinin in turn regulates, at least in part, the acclimation to light gradients, 

which involves transcriptional regulation of rbcS and other genes, and adjustment of 

photosynthetic capacity. Cytokinin and several photoreceptors may also be involved in 

adjusting the chlorophyll a/b ratio to light intensity. Furthermore, evidence was presented 

that that several signal transduction pathways regulate the photosynthetic acclimation to 

light gradients in a redundant manner. 
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Chapter 5 

General Discussion 

 
Plants experience a vertical light gradient over their foliage which becomes steeper with 

increased canopy density (Monsi and Saeki, 1953; Hirose et al., 1988; Pons et al., 1989; 

Schieving et al., 1992). Well known responses to high canopy density are an increase in 

stem and petiole length and upward movement of the leaves, resulting in better exposure of 

the leaves to light, collectively called the shade avoidance syndrome (Ballaré, 1999). The 

adaptive significance of shade avoidance has been demonstrated experimentally (Schmitt et 

al., 1995; Dudley and Schmitt, 1996), and the central role of phytochrome in perceiving the 

light signal which leads to shade avoidance is well established (Ballaré, 1999; Smith, 

2000). Plants also respond to the steeper light gradient in dense canopies by allocating 

relatively more nitrogen and associated photosynthetic capacity to well-illuminated upper 

leaves at the expense of shaded, lower leaves (Grindlay, 1997; Anten et al., 2000). 

Furthermore, the organization of chloroplasts is adjusted to the local light environment 

(Evans, 1993b). Shade-induced leaf senescence, and the nutrient reallocation which 

preceeds it (Thomas and Stoddart, 1980; Burkey and Wells, 1991; Pons and Pearcy, 1994; 

Hikosaka et al., 1994), plays an important role in determining the distribution of leaves and 

photosynthetic capacity over canopy height. This thesis addresses the question if such 

canopy density responses contribute to increased plant fitness (Chapter 2) and investigates 

the signaling mechanism underpinning it, focusing on the role of cytokinin (Chapters 3, 4). 

 

The functional significance of shade-induced leaf senescence 

Theoretical models predict that plants in dense stands form an optimal LAI and leaf N 

distribution which maximizes whole-plant carbon gain and fitness (Hirose, 2005; Anten, 

2005), but experimental validation of these models was lacking thus far. By manipulating a 

particular phenotype it can be directly tested whether the phenotype in question confers 

higher fitness in a particular environment (Ackerly et al., 2000). In the example of shade 

avoidance, experiments with mutant and transgenic plants having manipulated stem height 

have shown that being tall in dense canopies and short in more open canopies is adaptive: 

short plants produced less seeds than tall plants in dense canopies and the converse was true 

in more open canopies (Schmitt et al., 1995; Dudley and Schmitt, 1996). As another 
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example, mutants impaired in phototropic responses had lower fitness under field 

conditions than wild-type plants, which might have been due to reduced negative 

phototropic root growth of the former after germination (Galen et al., 2004). Similarly, it is 

necessary that we manipulate the total leaf area and leaf N distribution of plants to directly 

test the significance of these traits for plant photosynthetic performance and fitness in dense 

canopies, which is the approach taken here. 

In Chapter 2, genetically manipulated PSAG12-IPT (SAG) plants were used that have 

a strong delay in leaf senescence (Gan and Amasino, 1995). These plants, when grown 

solitarily, retain their oldest, lower leaves and have a more uniform leaf N distribution than 

normally senescing wild-type plants (Jordi et al., 2000). In dense leaf canopies, SAG plants 

are therefore expected to attain a lower carbon gain than normally senescing wild-type 

(WT) plants. We showed that SAG plants suffered a greater reduction in dry mass than WT 

plants when the density of surrounding WT plants was increased. Furthermore, SAG plants 

produced less seeds when surrounded by WT plants, whereas solitary SAG plants produced 

more seeds than the WT (Gan and Amasino, 1995; Chapter 2). We attributed these negative 

effects of competing plants on SAG plants to their lower calculated carbon gain and 

reduced leaf area in the canopy top in the stage preceding reproductive growth. These 

results suggest that shade-induced leaf senescence and its effect on LAI, leaf positioning in 

the canopy, and leaf N distribution, indeed contributes to increased carbon gain and fitness 

of plants growing in dense stands.  

The retention of lower, shaded leaves by SAG plants was not advantageous in terms 

of increased carbon gain, because light limited photosynthesis in the lower canopy layers 

and these leaves had low photosynthetic capacities. Instead, whole-plant carbon gain was 

reduced compared to WT plants, because respiration continued in the lower SAG leaves, in 

particular under overcast conditions. Carbon gain would increase substantially if these 

lower leaves would have been shed, as a sensitivity analysis showed. This result suggests 

that the shedding of lower leaves by tobacco plants in dense stands is adaptive, because it 

reduces carbon loss in leaves no longer beneficial to the plant.  

In several tropical tree species, the lower leaves were shed when their carbon gain 

was approximately zero (Ackerly, 1999). The timing of leaf shedding may well depend 

partly on the balance between photosynthetic carbon gain versus respiratory carbon loss. In 

a study where the oldest leaves of mature tropical palm trees were removed, a subsequent 
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increase in leaf formation and seed production followed (Mendoza et al., 1987). 

Apparently, maintaining these lower leaves represented costs to the trees, perhaps because 

their carbon gain was negative. On the other hand, old leaves contain N and other nutrients 

which are costly to acquire from the soil, and part of these valuable resources are lost when 

the leaves are shed. The resorption of nutrients from senescing leaves prior to shedding 

enables the plant to invest these nutrients elsewhere, a process which might be energetically 

less costly than acquiring new nutrients from the soil, if these are available at all. Leaf area 

growth is generally believed to be strongly determined by the amount of N allocated to 

leaves, particularly when N availability from the soil is limited (Anten et al., 1995b; 

Lambers et al., 1998). Especially under limiting N availability, the formation of new leaves 

at the plant apex may therefore depend largely on N reallocation from bottom leaves. In 

SAG plants, N reallocation is impaired as a consequence of the increased N sink strength of 

bottom leaves, brought about by cytokinin (Jordi et al., 2000). Our observation that SAG 

plants formed less leaf area in the upper canopy layer, when grown under limiting N in a 

dense mixture with the WT, may thus be explained by their limited N reallocation from 

lower leaves. As most carbon gain is achieved by the leaves in the higher canopy layers and 

plants run the risk of being overtopped by neighboring individuals in a dense canopy 

(Williams, 1963; Barnes et al., 1990), it can be argued the leaf area positioned in the top of 

the canopy is a critical determinant of a plants’ competitive ability at high canopy density. 

This aspect of plant performance in canopies was further explored in a sensitivity analysis 

simulating the resorption of N from lower SAG leaves which could then be used to either 

increase the N content of top leaves, or form new leaves in the upper canopy layer. 

Interestingly, both strategies increased calculated carbon gain of SAG plants by the same, 

substantial amount, implying that N reallocation is indeed beneficial for increased carbon 

gain, but increased leaf formation lead to a greater relative advantage for SAG plants 

because this resulted in the shading of competing WT plants. We conclude that N 

reallocation from bottom leaves when soil N is limiting is important for leaf formation in 

the upper part of the canopy, which in turn allows plants to successfully compete with their 

neighbors in dense stands. 

Another conclusion that may be drawn from the sensitivity analyses is that 

apparently, the non-uniform leaf N distribution is of lesser importance for the performance 

of plants in dense stands than utilizing N for the positioning of new leaves at the top of the 
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canopy. Our results support the predictions made by numerous canopy photosynthesis 

models that carbon gain is increased with greater non-uniformity of the leaf N distribution 

(Grindlay, 1997; Anten et al., 2000): more N retained in lower leaves of SAG plants 

negatively affected carbon gain compared to the WT and greater N investment in the 

canopy top would increase their carbon gain. However, WT plants had leaf N contents per 

unit area similar to SAG plants in the upper canopy layer, whereas greater N contents and 

associated photosynthetic capacity might be expected in upper WT leaves. Instead, WT 

plants formed more leaf area in the upper canopy layer, which, the simulation showed, is 

more advantageous in the competitive interaction with neighbor plants in dense stands.  

In the reproductive growth stage, large amounts of nutrients are remobilized from 

various plant organs and allocated to flowers, seeds and fruits (Thomas and Stoddart, 

1980). In scrub oaks, the removal of a fraction of the foliage before remobilization from 

these leaves was complete resulted in a strongly reduced production of acorns (May and 

Killingbeck, 1992). This was not simply the result of reduced photosynthesis because when 

these leaves were shaded and nutrient resorption could proceed normally, acorn production 

was unaffected. SAG plants were reported to have a greater seed mass at maturity than WT 

plants when grown solitarily with non-limiting nutrient supply (Gan and Amasino, 1995). 

Under these conditions, the delayed leaf senescence is apparently advantageous because 

there is a greater total leaf area which is photosynthetically active for a longer period 

compared to the wild-type. SAG plants then flower and produce fruits for longer than WT 

plants. Nutrients required for the greater reproductive output might be mostly taken up from 

the soil under these circumstances. We showed that when SAG plants compete with 

neighbour plants, seed mass at maturity is markedly lower than that of the WT. This could 

be due to a lower nutrient availability in our experiment, meaning that reproductive growth 

would become more dependent on nutrient reallocation, which is impaired in SAG plants. It 

has been shown that also in solitary SAG plants, reproductive output is further reduced 

under nutrient limitation than in solitary WT plants (Wingler et al., 2005a). It has been 

argued that in annual plant species in which the seeds contain large amounts of N, 

reproductive yield is limited by N availability (Hirose et al., 2005), which is corroborated 

by these observations. 

A further reason for reduced reproductive output of SAG plants in our competition 

experiment could be that their carbon gain in the reproductive growth stage is lower than 
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that of WT plants, as would be predicted from the result of our experiment with vegetative 

plants. Reproductive output seems to depend more on carbon gain in the reproductive 

growth stage than on biomass achieved at the start of this phase (N.P.R. Anten; unpublished 

result). Seed production is an important fitness parameter for annual species like tobacco. It 

appears then, that the delayed leaf senescence of SAG plants negatively affects their fitness 

in this manner when grown in dense canopies.  

 

The mechanism regulating plant acclimation to canopy light gradients 

The more non-uniform distribution of leaf nitrogen and associated photosynthetic capacity 

in response to increased canopy density (Hirose et al., 1988; Schieving et al., 1992; Pons 

and Jordi, 1998; Anten et al., 1998) is interpreted as functional for whole-plant carbon gain, 

as is the case for gradients in chloroplast organization parameters (Evans, 1993a; Grindlay, 

1997; Pons and Anten, 2004; Hirose, 2005; Chapter 2). Plants must possess a mechanism 

by which they perceive the light gradient in canopies and respond accordingly. This was the 

subject of Chapters 3 and 4. Canopy density effects on the distribution of photosynthetic 

capacity per unit area and the chloroplast organization parameters Amax/Chl and Chl a/b 

were observed in tobacco plants (Chapter 3). Compared to plants grown in an open stand, 

dense stand plants had a steeper distribution of these parameters with canopy height, as has 

been found for a number of other species (Hirose et al., 1988; Schieving et al., 1992; Evans, 

1993b; Pons and Jordi, 1998; Anten et al., 1998). In Chapter 4 we showed that partial 

shading of Arabidopsis thaliana (Arabidopsis) plants results in declines in all these 

parameters in the shaded leaves, thereby mimicking the effect of increased shading of lower 

leaves at increased canopy density. In both cases, the transcript level of the gene encoding 

the small subunit of Rubisco, rbcS, was reduced by shading, and so was the transcript level 

of rbcS relative to that of a gene encoding a light-harvesting chlorophyll binding protein. 

Thus, transcriptional regulation of these photosynthetic genes preceded the differences in 

photosynthetic capacity and chloroplast organization. 

Now, various possible signal transduction pathways will be discussed that could be 

involved in the acclimation to canopy light gradients, starting with a putative role for nitrate 

and sugars.  

Nitrate is required for the synthesis of proteins and is known to stimulate its own 

assimilation (Crawford, 1995). Nitrate reduction in leaves in high light leaves utilizes 
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reducing power in the form of NADPH, derived from the light reactions of photosynthesis. 

It is taken up by the roots and transported through the xylem. Leaves in high light which 

transpire faster than shaded leaves are therefore likely to receive more xylem-carried 

compounds, including nitrate (Pons and Bergkotte, 1996). Nitrate might stimulate nitrate 

assimilation in well-illuminated leaves and thus contribute to the higher rate of protein 

synthesis in these leaves. However, nitrate accumulated strongly in lower, shaded leaves in 

the dense tobacco canopy (Fig. 1A), where it comprised as much as 65% of total leaf N 

(data not shown), an observation not consistent with such a role for nitrate. Also in shaded 

Arabidopsis leaves nitrate accumulated (Chapter 4). Most of the nitrate in shaded leaves is 

compartmentalized to the vacuole where it is metabolically inactive (Aslam et al., 1976; 

Granstedt and Huffaker, 1982; Blom-Zandstra et al., 1998), so it is possible that 

cytoplasmic nitrate levels are in fact higher in well-illuminated leaves than in shaded 

leaves, but this possibility has not been explored. The high nitrate concentrations in shaded 

leaves also indicate that their lower photosynthetic capacity is probably not the result of N 

limitation for the synthesis of photosynthetic enzymes in these leaves. 

As the primary product of photosynthesis, the sugar status of leaves depends on 

irradiance. Since high sugar levels are known to repress photosynthetic enzymes (Sheen, 

1990; Koch, 1996), a role for sugars in the regulation of photosynthetic acclimation has 

been suggested (Ono et al., 2001; Terashima et al., 2005). Furthermore, a role for sugar 

repression in the developmental senescence of Arabidopsis leaves has been suggested 

(Wingler et al., 2005b). However, sugar concentrations are reduced in shaded, lower leaves 

in dense canopies (Fig. 1B), in shaded leaves of Arabidopsis (Chapter 4) and sunflower 

(Ono et al., 2001), so sugar repression cannot be the cause of the shade-induced decline in 

rbcS expression and photosynthetic capacity. A small decline in sugar content of the lower 

leaves of open stand tobacco plants was observed (Fig. 1B), and lower sugar levels have 

also been reported before in lower tobacco leaves that were grown solitarily (Masclaux et 

al., 2000). Instead of sugar repression, sugar starvation (Yu, 1999; Fujiki et al., 2000; van 

Doorn, 2004) might be involved, but there is currently no evidence in support of this 

hypothesis. Shading also reduced the foliar starch content both in lower leaves in the dense 

tobacco canopy (Fig. 1C) and in shaded Arabidopsis leaves (Chapter 4). Starch is immobile  
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Figure 1. Distribution over canopy height of nitrate (A), soluble sugars (B) and starch (C) in 

open (3.6 plants m-2) and dense (35 plants m-2) tobacco canopies, determined 70 days after 

sowing. Data points represent means ± SE, n = 6-12. Note log-scale on y-axis.  

 

and probably does not perform any direct signalling function, but sugars can be derived 

from starch and then provide a signal. Also in that respect, the lower starch levels in shaded 

leaves argue against any involvement of sugar repression in plant acclimation to canopy 
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light gradients. In Chapter 4, it was further shown that various partially shaded Arabidopsis 

mutants with increased or decreased sensitivity to sugars retained the ability to reduce their 

photosynthetic capacity in shaded leaves. This result suggests that sugar sensing does not 

play an important part in regulating the acclimation to light gradients. This analysis, which 

also included other genotypes, is further discussed below.  

Previous work (Pons and Bergkotte, 1996; Pons et al., 2001) has identified leaf 

transpiration rates as an important factor in controlling leaf photosynthetic capacity and 

chloroplast organization, and indicated that the xylem-carried hormone cytokinin plays a 

role. The further investigation of this hypothesis is the subject of the next section. 

 

The role of cytokinin in canopy density perception 

Stomata respond to light, so in a dense canopy where lower leaves are shaded, stomatal 

conductance is reduced, and so are leaf transpiration rates. This was shown for tobacco in 

Chapter 3. Partial shading of a plant also reduces the transpiration rate of the shaded leaves. 

Because independent manipulation of the transpiration rate can induce photosynthetic 

acclimation of leaves similar to the effects of shading, the transpiration rate plays an 

important role in the regulation of this response to light gradients (Pons and Bergkotte, 

1996; Pons et al., 2001; Chapters 3, 4). In this thesis, evidence has been presented that it is 

cytokinin, delivered by the transpiration stream to leaves depending on their received 

irradiance, which is involved in the regulation of photosynthetic acclimation to light 

gradients. Known cytokinin actions, such as the stimulation of N sink strength (Mothes and 

Engelbrecht, 1963; Jordi et al., 2000), expression of photosynthetic enzymes and 

development of sun-type chloroplasts (Flores and Tobin, 1988; Chory et al., 1994; 

Kusnetsov et al., 1998), and the inhibition of senescence (Gan and Amasino, 1995), are all 

consistent with a role in acclimation to light gradients.  

In tobacco, the distribution of the active cytokinin iPR significantly responded to 

canopy density, by a much stronger reduction from upper to intermediate leaves in the 

dense canopy as compared to the open canopy (Chapter 3). Xylem sap collected from 

intact, transpiring plants contained iP-type cytokinins in similar concentrations whether the 

receiving leaf was shaded or not. With a reduced import rate of xylem sap due to the lower 

transpiration rate of the shaded leaf, the delivery of these cytokinins is therefore also 

reduced. This result is in accordance with the observed distribution of iPR in tobacco 
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canopies. These data support the view that cytokinin import is regulated by leaf 

transpiration rates. There is evidence that translocated cytokinins are modified along their 

transport pathway, for example by movement from the xylem to the cortex or by metabolic 

inactivation (Jameson et al., 1987; Singh et al., 1992). If such modifications are influenced 

for example by leaf position, then cytokinin delivery need not be a simple consequence of 

leaf transpiration rates. However, we sampled xylem sap from the midrib of two leaves 

simultaneously, in other words after cytokinins had already entered the leaves, and found 

no quantitative or qualitative difference in cytokinin contents of the sap. Other factors 

besides import regulate foliar cytokinin concentrations too. Young tobacco leaves 

synthesize Z-type cytokinins, whereas older, lower leaves do not or at a much lower level 

(Singh et al., 1992; Nordström et al., 2004). The distribution of Z-type cytokinins over plant 

height might therefore be the result of different rates of biosynthesis. Possible gradients in 

iPRP biosynthesis rates over canopy height have never been studied to our knowledge, but 

part of the iPRP and other cytokinins derived from it, such as iPR, might also originate 

from local synthesis. Another level of control of active cytokinin levels in leaves is 

provided by cytokinin oxidases that control the irreversible breakdown of cytokinins 

(Werner et al., 2001; Werner et al., 2003). Further control is provided by conjugation, 

compartmentalization and export through the phloem (Brzobohatý et al., 1994; Mok and 

Mok, 2001; Kieber, 2002). To what extent any of these processes could be regulated by 

PPFD gradients in leaf canopies, is currently unknown.  

Further evidence for the involvement of cytokinin comes from measurements of 

cytokinin concentrations in leaves with manipulated transpiration rates in Arabidopsis, 

showing that a reduction of transpiration rate of a leaf remaining in high light is sufficient 

to reduce cytokinin concentrations and transcript levels of cytokinin-responsive genes 

(Chapter 4). This reduction in cytokinin content in a leaf remaining in high light was in turn 

sufficient to reduce its rbcS transcript level and photosynthetic capacity per unit area. 

Conversely, increasing cytokinin levels, either by exogenous application or local induction 

of a cytokinin biosynthesis gene, rescued the effects of reduced transpiration rate of a leaf 

(Chapters 3, 4). These data are clearly in favor of a role for cytokinin in the acclimation of 

plants to light gradients. 

Our data described in Chapter 4 also suggest that besides cytokinin, other factors 

must also be involved in the perception of and acclimation to light gradients in canopies. 
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Applied cytokinin was only effective after several days and could not completely rescue 

shade effects. The possibility that reduced sugar levels in shaded leaves play a role has been 

proposed above. Photoreceptors are traditionally seen as most important for perceiving 

changes in light spectral quality and light quantity. The central role of phytochrome in 

shade avoidance as a classical example (Ballaré, 1999; Smith, 2000) was already 

mentioned. Possibly, photoreceptors are also important for regulating the distribution of 

photosynthetic capacity over canopy height, and chloroplast organization. Indeed, 

phytochromes mediate in part the induction of senescence of lower leaves by the low red: 

far-red ratio of light typically observed in lower canopy layers (Rousseaux et al., 2000). 

Using various mutant and transgenic genotypes of Arabidopsis, we addressed the question 

if signalling through sugars, photoreceptors or cytokinins is required for light gradient 

perception. We found that in a wide range of partially shaded mutants and transgenics, 

disturbed in these signal transduction pathways, a reduction of photosynthetic capacity in 

shaded leaves always occurred. This result was interpreted as evidence for the existence of 

multiple, redundantly operating pathways. For example, in genotypes with a reduced ability 

to react to changes in sugar or cytokinin levels, normal acclimation to low light still 

occurred because photoreceptors, or some other mechanism, can “take over”. If any of the 

investigated mechanisms would be absolutely required, photosynthetic acclimation should 

no longer be possible, it may be argued. Furthermore, it is also possible that the 

investigated genotypes were to some extent leaky, meaning that some residual signalling 

through the pathway that was impaired remained intact. A likely scenario is that multiple 

signalling pathways involving cytokinins, sugars and photoreceptors, and possibly other 

mechanisms as well, play a role in perception and acclimation to canopy light gradients in 

an integrated manner.  

 

Conclusions 

In the first part of this thesis the functional significance of shade-induced leaf senescence 

for plant fitness in leaf canopies was investigated. Using a manipulation of a phenotype 

which is thought to maximize whole-plant carbon gain in a dense stand it could be shown 

that shade-induced leaf senescence reduces the costs of respiration in lower, shaded leaves, 

and N reallocation serves to increase the leaf area in the top of the canopy, which is 

critically important in the competition with neighbour plants. Various signalling 
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mechanisms are probably involved in the perception and acclimation to light gradients in 

leaf canopies. Cytokinin measurements in the xylem sap and leaves of tobacco plants and in 

Arabidopsis leaves with manipulated transpiration rates all supported the notion that the 

light gradient determines cytokinin import rates by controlling leaf transpiration rates. 

Cytokinin subsequently regulates leaf photosynthetic capacities by affecting gene 

transcription. 

 

General Discussion • 107 



 
 

108 



 

References 
 

Ackerly D (1999) Self-shading, carbon gain and leaf dynamics: a test of alternative 
optimality models. Oecologia 119, 300-310 

Ackerly DD, Dudley SA, Sultan SE, et al. (2000) The evolution of plant ecophysiological 
traits: recent advances and future directions. Bioscience 50, 979-995 

Ahmad M, Jarillo JA, Smirnova O, Cashmore AR (1998) Cryptochrome blue-light 
photoreceptors of Arabidopsis implicated in phototropism. Nature 392, 720-723 

Aloni R, Langhans M, Aloni E, Dreieicher E, Ullrich CI (2005) Root-synthesized 
cytokinin in Arabidopsis is distributed in the shoot by the transpiration stream. J 
Exp Bot 56, 1535-1544 

Anderson JM, Chow WS, Park Y-I (1995) The grand design of photosynthesis: 
acclimation of the photosynthetic apparatus to environmental cues. Photosynth Res 
46, 129-139 

Anten NPR (2002) Evolutionary stable leaf area production in plant populations. J Theor 
Biol 217, 15-32 

Anten NPR (2005) Optimal photosynthetic characteristics of individual plants in 
vegetation stands and implications for species coexistence. Ann Bot 95, 495-506 

Anten NPR, Hikosaka K, Hirose T (2000) Nitrogen utilisation and the photosynthetic 
system. In Leaf development and canopy growth, eds, B Marshall, JA Roberts, 
Sheffield Academic Press, Sheffield, pp 171-203 

Anten NPR, Hirose T (2001) Limitations on photosynthesis of competing individuals in 
stands and the consequences for canopy structure. Oecologia 129, 186-196 

Anten NPR, Miyazawa K, Hikosaka K, Nagashima H, Hirose T (1998) Leaf nitrogen 
distribution in relation to leaf age and photon flux density in dominant and 
subordinate plants in dense stands of a dicotyledonous herb. Oecologia 113, 314-
324 

Anten NPR, Schieving F, Medina E, Werger MJA, Schuffelen P (1995a) Optimal leaf 
area indices in C3 and C4 mono- and dicotyledonous species at low and high 
nitrogen availability. Physiol Plant 95, 541-550 

Anten NPR, Schieving F, Werger MJA (1995b) Patterns of light and nitrogen distribution 
in relation to whole canopy carbon gain in C3 and C4 mono- and dicotyledonous 
species. Oecologia 101, 504-513 

Aslam M, Oaks A, Huffaker RC (1976) Effect of light and glucose on the induction of 
nitrate reductase and on the distribution of nitrate in etiolated barley leaves. Plant 
Physiol 58, 588-591 

Atkin OK, Westbeek MHM, Cambridge ML, Lambers H, Pons TL (1997) Leaf 
respiration in light and darkness (a comparison of slow- and fast-growing Poa 
species). Plant Physiol 113, 961-965 

Aukerman MJ, Hirschfeld M, Wester L, Weaver M, Clack T, Amasino RM, Sharrock 
RA (1997) A deletion in the PHYD gene of the Arabidopsis Wassilewskija 
ecotype defines a role for phytochrome D in red/far-red light sensing. Plant Cell 9, 
1317-1326 

Ballaré CL (1999) Keeping up with the neighbours: phytochrome sensing and other 
signalling mechanisms. Trends Plant Sci 4, 97-102 

109 



 
Barnes PW, Beyschlag W, Ryel R, Flint SD, Caldwell MM (1990) Plant competition for 

light analyzed with a multispecies canopy model. Oecologia 82, 560-566 
Beck E, Wagner BM (1994) Quantification of the daily cytokinin transport from the root 

to the shoot of Urtica dioica. Bot Acta 107, 342-348 
Bieleski RL (1964) The problem of halting enzyme action when extracting plant tissues. 

Anal Biochem 9, 431-442 
Bleecker AB, Estelle MA, Somerville C, Kende H (1988) Insensitivity to ethylene 

conferred by a dominant mutation in Arabidopsis thaliana. Science 241, 1086-
1089 

Bligh EJ, Dyer WJ (1959) A rapid method of total lipid extraction and purification. Can J 
Biochem Physiol 37, 911-917 

Blom-Zandstra M, Lampe JEM, Ammerlaan FHM (1998) C and N utilization in two 
lettuce genotypes during growth under non-varying light conditions and after 
changing the light intensity. Physiol Plant 74, 147-153 

Boardman NK (1977) Comparative photosynthesis of sun and shade plants. Annu Rev 
Plant Physiol 28, 355-377 

Böhner S, Gatz C (2001) Characterisation of novel target promoters for the 
dexamethasone-inducible/tetracycline-repressable regulator TGV using luciferase 
and isopentenyl transferase as sensitive reporter genes. Mol Gen Genet 264, 860-
870 

Böhner S, Lenk I, Rieping M, Herold M, Gatz C (1999) Transcriptional activator TGV 
mediates dexamethasone-inducible and tetracycline-inactivatable gene expression. 
Plant J 19, 87-95 

Brzobohatý B, Moore I, Palme K (1994) Cytokinin metabolism: implications for 
regulation of plant growth and development. Plant Mol Biol 26, 1483-1497 

Burkey KO, Wells R (1991) Response of soybean photosynthesis and chloroplast 
membrane function to canopy development and mutual shading. Plant Physiol 97, 
245-252 

Canton FR, Quail PH (1999) Both phyA and phyB mediate light-imposed repression of 
PHYA gene expression in Arabidopsis. Plant Physiol 121, 1207-1215 

Cataldo DA, Haroon M, Schrader LE, Youngs VL (1975) Rapid colorimetric 
determination of nitrate in plant tissue by nitration of salicylic acid. Comm Soil Sci 
Plant Anal 6, 71-80 

Chapin III FS (1980) The mineral nutrition of wild plants. Annu Rev Ecol System 11, 233-
260 

Chaudhury AM, Letham DS, Craig S, Dennis ES (1993) amp1 - a mutant with high 
cytokinin levels and altered embryonic pattern, faster vegetative growth, 
constitutive photomorphogenesis and precocious flowering. Plant J 4, 907-916 

Chory J, Reinecke D, Sim S, Washburn T, Brenner M (1994) A role for cytokinins in 
de-etiolation in Arabidopsis (det mutants have an altered response to cytokinins). 
Plant Physiol 104, 339-347 

Corbesier L, Prinsen E, Jacqmard A, Lejeune P, Van Onckelen H, Périlleux C, 
Bernier G (2003) Cytokinin levels in leaves, leaf exudate and shoot apical 
meristem of Arabidopsis thaliana during floral transition. J Exp Bot 54, 2511-2517 

Crawford NM (1995) Nitrate: Nutrient and signal. Plant Cell 7, 859-868 
D'Agostino IB, Deruère J, Kieber JJ (2000) Characterization of the response of the 

Arabidopsis response regulator gene family to cytokinin. Plant Physiol 124, 1706-
1717 

110 



 
Dieleman JA, Verstappen FWA, Nicander B, Kuiper D, Tillberg E, Tromp J (1997) 

Cytokinins in Rosa hybrida in relation to bud break. Physiol Plant 99, 456-464 
Dudley SA, Schmitt J (1996) Testing the adaptive plasticity hypothesis: density-dependent 

selection on manipulated stem length in Impatiens capensis. Amer Nat 147, 445-
465 

Emery RJ, Ma Q, Atkins CA (2000) The forms and sources of cytokinins in developing 
white lupine seeds and fruits. Plant Physiol 123, 1593-1604 

Evans JR (1989) Photosynthesis and nitrogen relationships in leaves of C3 plants. 
Oecologia 78, 9-19 

Evans JR (1993a) Photosynthetic acclimation and nitrogen partitioning within a lucerne 
canopy. II Stability through time and comparison with a theoretical optimum. 
Austral J Plant Physiol 20, 69-82 

Evans JR (1993b) Photosynthetic acclimation and nitrogen partitioning within a lucerne 
canopy. I Canopy characteristics. Austral J Plant Physiol 20, 55-67 

Evans JR, Seemann JR (1989) The allocation of protein nitrogen in the photosynthetic 
apparatus: costs, consequences, and control. In Photosynthesis, ed, WR Briggs, 
Liss, New York, pp 183-205 

Field C (1983) Allocating leaf nitrogen for the maximisation of carbon gain: leaf age as a 
control on the allocation program. Oecologia 56, 341-347 

Field C, Mooney HA (1986) The photosynthesis-nitrogen relationship in wild plants. In 
On the economy of form and function, ed, TJ Givnish, Cambridge University 
Press, Cambridge, pp 25-55 

Flores S, Tobin EM (1988) Cytokinin modulation of LHCP mRNA levels: the 
involvement of post-transcriptional regulation. Plant Mol Biol 11, 409-415 

Franklin KA, Davis SJ, Stoddart WM, Vierstra RD, Whitelam GC (2003a) Mutant 
analyses define multiple roles for phytochrome C in Arabidopsis 
photomorphogenesis. Plant Cell 15, 1981-1989 

Franklin KA, Praekelt U, Stoddart WM, Billingham OE, Halliday KJ, Whitelam GC 
(2003b) Phytochromes B, D, and E act redundantly to control multiple 
physiological responses in Arabidopsis. Plant Physiol 131, 1340-1346 

Fujiki Y, Ito M, Nishida I, Watanabe A (2000) Multiple signaling pathways in gene 
expression during sugar starvation. Pharmacological analysis of din gene 
expression in suspension-cultured cells of Arabidopsis. Plant Physiol 124, 1139-
1148 

Galen C, Huddle G, Liscum E (2004) An experimental test of the adaptive evolution of 
phototropins: blue-light photoreceptors controlling phototropism in Arabidopsis 
thaliana. Evolution 58, 515-523 

Gan S, Amasino RM (1995) Inhibition of leaf senescence by autoregulated production of 
cytokinin. Science 270, 1986-1988 

Genty B, Briantais JM, Baker NR (1989) The relationship between the quantum yield of 
photosynthetic electron-transport and quenching of chlorophyll fluorescence. 
Biochim Biophys Acta 990, 87-92 

Goudriaan J (1977) Crop micrometeorology: a simulation study. Simulation monographs. 
Pudoc, Wageningen 

Granstedt RC, Huffaker RC (1982) Identification of the leaf vacuole as a major nitrate 
storage pool. Plant Physiol 70, 410-413 

Grindlay DJC (1997) Towards an explanation of crop nitrogen demand based on the 
optimization of leaf nitrogen per unit area. J Agric Sc 128, 377-396 

References ● 111 



 
Havelange A, Lejeune P, Bernier G (2000) Sucrose/cytokinin interaction in Synapis alba 

at floral induction: a shoot-to-root-to-shoot physiological loop. Physiol Plant 109, 
343-350 

Herdel K, Schmidt P, Feil R, Mohr A, Schurr U (2001) Dynamics of concentrations and 
nutrient fluxes in the xylem of Ricinus communis - diurnal course, impact of 
nutrient availability and nutrient uptake. Plant Cell Environ 24, 41-52 

Higuchi M, Pischke MS, Mähönen AP, et al. (2004) In planta functions of the 
Arabidopsis cytokinin receptor family. Proc Natl Acad Sci USA 101, 8821-8826 

Hikosaka K (2003) A model of dynamics of leaves and nitrogen in a plant canopy: an 
integration of canopy photosynthesis, leaf life span, and nitrogen use efficiency. 
Amer Nat 162, 149-164 

Hikosaka K (2005) Leaf canopy as a dynamic system: Ecophysiology and optimality in 
leaf turnover. Ann Bot 95, 521-533 

Hikosaka K, Terashima I, Katoh S (1994) Effects of leaf age, nitrogen nutrition and 
photon flux density on the distribution of nitrogen among leaves of a vine 
(Ipomoea tricolor Cav.) grown horizontally to avoid mutual shading of leaves. 
Oecologia 97, 451-457 

Hikosaka K (1996) Effects of leaf age, nitrogen nutrition and photon flux density on the 
organization of the photosynthetic apparatus in leaves of a vine (Ipomoea tricolor 
Cav.) grown horizontally to avoid mutual shading of leaves. Planta 198, 144-150 

Hirose T (2005) Development of the Monsi-Saeki theory on canopy structure and function. 
Ann Bot 95, 483-494 

Hirose T, Ackerly D, Traw MB, Ramseier D, Bazzaz FA (1997) CO2 elevation, canopy 
photosynthesis and optimal leaf area index. Ecology 78, 2339-2350 

Hirose T, Kinugasa T, Shitaka Y (2005) Time of flowering, costs of reproduction, and 
reproductive output in annuals. In Reproductive Allocation in Plants, eds, E Reeki, 
FA Bazzaz, Academic Press, pp 159-188 

Hirose T, Werger MJA (1987a) Maximizing daily canopy photosynthesis with respect to 
the leaf nitrogen allocation pattern in the canopy. Oecologia 72, 520-526 

Hirose T, Werger MJA (1987b) Nitrogen use efficiency in instantaneous and daily 
photosynthesis of leaves in the canopy of a Solidago altissima stand. Physiol Plant 
70, 215-222 

Hirose T, Werger MJA, Pons TL, Van Rheenen JWA (1988) Canopy structure and leaf 
nitrogen distribution in a stand of Lysimachia vulgaris L. as influenced by stand 
density. Oecologia 77, 145-150 

Huner NPA, Oquist G, Sarhan F (1998) Energy balance and acclimation to light and 
cold. Trends Plant Sci 3, 224-230 

Hwang I, Sheen J (2001) Two-component circuitry in Arabidopsis cytokinin signal 
transduction. Nature 413, 383-389 

Inoue T, Higuchi M, Hashimoto Y, Seki M, Kobayashi M, Kato T, Tabata S, 
Shinozaki K, Kakimoto T (2001) Identification of CRE1 as a cytokinin receptor 
from Arabidopsis. Nature 409, 1060-1063 

Inskeep WP, Bloom PR (1985) Extinction coefficients of chlorophyll a and b in N,N-
dimethylformamide and 80% acetone. Plant Physiol 77, 483-485 

Jameson PE, Letham DS, Zhang R, Parker CW, Badenoch-Jones J (1987) Cytokinin 
translocation and metabolism in lupin species. I. Zeatin riboside introduced into 
the xylem at the base of Lupinus angustifolius stems. Austral J Plant Physiol 14, 
695-718 

112 



 
Jang JC, Leon P, Zhou L, Sheen J (1997) Hexokinase as a sugar sensor in higher plants. 

Plant Cell 9, 5-19 
Jordi W, Schapendonk A, Davelaar E, Stoopen GM, Pot CS, De Visser R, Van Rhijn 

JA, Gan S, Amasino RM (2000) Increased cytokinin levels in transgenic PSAG12-
IPT tobacco plants have large direct and indirect effects on leaf senescence, 
photosynthesis and N partitioning. Plant Cell Environ 23, 279-289 

Kakimoto T (2004) Perception and signal transduction of cytokinins. Annu Rev Plant Biol 
54, 605-627 

Kiba T, Yamada H, Mizuno T (2002) Characterization of the ARR15 and ARR16 
response regulators with special reference to the cytokinin signaling pathway 
mediated by the AHK4 histidine kinase in roots of Arabidopsis thaliana. Plant 
Cell Physiol 43, 1059-1066 

Kieber JJ (2002) Cytokinins. In The Arabidopsis Book, eds, CR Somerville, EM 
Meyerowitz, American Society of Plant Biologists, Rockville, MD, pp 1-25 

Kieber JJ, Rothenberg M, Roman G, Feldmann KA, Ecker JR (1993) CTR1, a 
negative regulator of the ethylene response pathway in Arabidopsis, encodes a 
member of the Raf family of protein kinases. Cell 72, 427-441 

Kinoshita T, Doi M, Suetsugu N, Kagawa T, Wada M, Shimazaki Ki (2001) phot1 and 
phot2 mediate blue light regulation of stomatal opening. Nature 414, 656-660 

Koch KE (1996) Carbohydrate-modulated gene expression in plants. Annu Rev Plant 
Physiol Plant Mol Biol 47, 509-540 

Koornneef M, Rolff E, Spruit CJP (1980) Genetic control of light-inhibited hypocotyl 
elongation in Arabidopsis thaliana L. Heynh. Z Pflanzenfysiol 100, 147-160 

Kull O (2002) Acclimation of photosynthesis in canopies: models and limitations. 
Oecologia 133, 267-279 

Kusnetsov V, Herrman RG, Kulaeva ON, Oelmüller R (1998) Cytokinin stimulates and 
abscisic acid inhibits greening of etiolated Lupinus luteus cotyledons by affecting 
the expression of the light-sensitive protochlorophyllide oxidoreductase. Mol Gen 
Genet 259, 21-28 

Lambers H, Chapin III FS, Pons TL (1998) Plant Physiological Ecology. Springer, New 
York 

Leon P, Sheen J (2003) Sugar and hormone connections. Trends Plant Sci 8, 110-116 
Letham DS (1994) Cytokinins as phytohormones: sites of biosynthesis, translocation and 

function of translocated cytokinin. In Cytokinins: Chemistry, Activity and 
Function, eds, DWS Mok, MC Mok, CRC Press, Boca Raton, FL, pp 57-80 

Letham DS, Parker CW, Zhang R, Singh S, Upadhyaya MN, Dart PJ, Palni LMS 
(1990) Xylem-translocated cytokinin: metabolism and function. In Plant Growth 
Substances 1988, eds, RP Pharis, SB Rood, Springer Verlag, Berlin, pp 275-281 

Li Q, Bettany AJE, Donnison I, Griffiths CM, Thomas H, Scott IM (2000) 
Characterisation of a cysteine protease cDNA from Lolium multiflorum leaves and 
its expression during senescence and cytokinin treatment. Biochim Biophys Acta 
1492, 233-236 

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time 
quantitative PCR and the 2-ΔΔCT Method. Methods 25, 402-408 

Masclaux C, Valadier MH, Brugière N, Morot-Gaudry JF, Hirel B (2000) 
Characterization of the sink/source transition in tobacco (Nicotiana tabacum L.) 
shoots to nitrogen management and leaf senescence. Planta 211, 510-518 

References ● 113 



 
May JD, Killingbeck KT (1992) Effects of preventing nutrient resorption on plant fitness 

and foliar nutrient dynamics. Ecology 73, 1868-1878 
Mendoza A, Piñero D, Sarukhán J (1987) Effects of experimental defoliation on growth, 

reproduction and survival of Astrocaryum mexicanum. J Ecol 75, 554 
Miyawaki K, Matsumoto-Kitano M, Kakimoto T (2004) Expression of cytokinin 

biosynthetic isopentenyltransferase genes in Arabidopsis: tissue specificity and 
regulation by auxin, cytokinin, and nitrate. Plant J 37, 128-138 

Mok DWS, Mok MC (2001) Cytokinin metabolism and action. Annu Rev Plant Physiol 
Plant Mol Biol 52, 89-118 

Monsi M, Saeki T (1953) Über den Lichtfaktor in den Pflanzengesellschaften und seine 
Bedeutung für die Stoffproduktion. Jpn J Bot 14, 22-52 

Mooney HA, Gulmon GL (1979) Environmental and evolutionary constraints on the 
photosynthetic characteristics of higher plants. In Topics in plants population 
biology, eds, OT Solbrig, S Jain, GB Johnson, PH Raven, Columbia University 
Press, New York, pp 316-337 

Mothes K, Engelbrecht L (1963) On the activity of a kinetin-like root factor. Life Sci 2, 
852-857 

Nordström A, Tarkowski P, Tarkowská D, Norbaek R, Åstot C, Doležal K, Sandberg 
G (2004) Auxin regulation of cytokinin biosynthesis in Arabidopsis thaliana: A 
factor of potential importance for auxin-cytokinin-regulated development. Proc 
Natl Acad Sci USA 101, 8039-8044 

Ono K, Nishi Y, Watanabe A, Terashima I (2001) Possible mechanisms of adaptive leaf 
senescence. Plant Biol 3, 234-243 

Parks BM, Quail PH (1991) Phytochrome-deficient hy1 and hy2 long hypocotyl mutants 
of Arabidopsis are defective in phytochrome chromophore biosynthesis. Plant Cell 
3, 1177-1186 

Pärnik T, Keerberg O (1995) Decarboxylation of primary and end products of 
photosynthesis at different oxygen concentrations. J Exp Bot 46, 1439-1447 

Pons TL, Anten NPR (2004) Is plasticity in partitioning of photosynthetic resources 
between and within leaves important for whole-plant carbon gain in canopies? 
Funct Ecol 18, 802-811 

Pons TL, Bergkotte M (1996) Nitrogen reallocation in response to partial shading of a 
plant: Possible mechanisms. Physiol Plant 98, 571-577 

Pons TL, de Jong-van Berkel Y (2004) Species-specific variation in the importance of the 
spectral quality gradient in canopies as a signal for photosynthetic resource 
partitioning. Ann Bot 94, 725-732 

Pons TL, Jordi W (1998) Induction of leaf senescence and shade acclimation in leaf 
canopies - variation with leaf longevity. In Inherent variation in plant growth. 
Physiological mechanisms and ecological consequences, eds, H Lambers, H 
Poorter, MMI Van Vuuren, Backhuys Publishers, Leiden, pp 121-137 

Pons TL, Jordi W, Kuiper D (2001) Acclimation of plants to light gradients in leaf 
canopies; evidence for a possible role for cytokinins transported in the 
transpiration stream. J Exp Bot 52, 1-12 

Pons TL, Pearcy RW (1994) Nitrogen reallocation and photosynthetic acclimation in 
response to partial shading in soybean plants. Physiol Plant 92, 636-644 

Pons TL, Schieving F, Hirose T, Werger MJA (1989) Optimization of leaf nitrogen 
allocation for canopy photosynthesis in Lysimachia vulgaris. In Causes and 
consequences of variation in growth rate and productivity of higher plants, eds, H 

114 



 
Lambers, ML Cambridge, H Konings, TL Pons, SPB Academic Publishing, The 
Hague, pp 175-186 

Pons TL, Welschen RAM (2002) Overestimation of respiration rates in commercially 
available clamp-on leaf chambers. Complications with measurement of net 
photosynthesis. Plant Cell Environ 25, 1367-1372 

Prinsen E, Van Dongen W, Esmans EL, van Onckelen HA (1998) Micro and capillary 
liquid chromatography-tandem mass spectrometry: a new dimension in 
phytohormone research. J Chromatogr A 826, 25-37 

Rashotte AM, Carson SDB, To JPC, Kieber JJ (2003) Expression profiling of cytokinin 
action in Arabidopsis. Plant Physiol 132, 1998-2011 

Redig P, Schmülling T, van Onckelen HA (1996) Analysis of cytokinin metabolism in ipt 
transgenic tobacco by liquid chromatography-tandem mass spectrometry. Plant 
Physiol 112, 141-148 

Reed JW, Nagatani A, Elich TD, Fagan M, Chory J (1994) Phytochrome A and 
phytochrome B have overlapping but distinct functions in Arabidopsis 
development. Plant Physiol 104, 1139-1149 

Roman G, Lubarsky B, Kieber JJ, Rothenberg M, Ecker JR (1995) Genetic analysis of 
ethylene signal transduction in Arabidopsis thaliana: five novel mutant loci 
integrated into a stress response pathway. Genetics 139, 1393-1409 

Rousseaux MC, Ballaré CL, Jordan M, Vierstra RD (1997) Directed overexpression of 
PHYA locally suppresses stem elongation and leaf senescence responses to far-red 
irradiation. Plant Cell Environ 20, 1551-1558 

Rousseaux MC, Hall AJ, Sánchez RA (1996) Far-red enrichment and photosynthetically 
active radiation level influence leaf senescence in field-grown sunflower. Physiol 
Plant 96, 217-224 

Rousseaux MC, Hall AJ, Sánchez RA (2000) Basal leaf senescence in a sunflower 
(Helianthus annuus) canopy: responses to increased R/FR ratio. Physiol Plant 110, 
477-482 

Schieving F, Pons TL, Werger MJA, Hirose T (1992) The vertical distribution of 
nitrogen and photosynthetic activity at different plant densities in Carex 
acutiformis. Plant Soil 14, 9-17 

Schieving F, Poorter H (1999) Carbon gain in a multispecies canopy: the role of specific 
leaf area and photosynthetic nitrogen-use efficiency in the tragedy of the 
commons. New Phytol 143, 201-211 

Schmitt J, McCormac AC, Smith H (1995) A test of the adaptive plasticity hypothesis 
using transgenic and mutant plants disabled in phytochrome-mediated elongation 
responses to neighbors. Amer Nat 146, 937-953 

Schmülling T, Schäfer S, Romanov G (1997) Cytokinins as regulators of gene 
expression. Physiol Plant 100, 505-519 

Schurr U, Schulze ED (1995) The concentration of xylem sap constituents in root exudate, 
and in sap from intact, transpiring castor bean plants (Ricinus communis L.). Plant 
Cell Environ 18, 409-420 

Sheen J (1990) Metabolic repression of transcription in higher plants. Plant Cell 2, 1027-
1038 

Singh S, Letham DS, Palni LMS (1992) Cytokinin biochemistry in relation to leaf 
senescence. VIII. Translocation, metabolism and biosynthesis of cytokinins in 
relation to sequential leaf senescence in tobacco. Physiol Plant 86, 398-406 

References ● 115 



 
Smart CM, Scofield SR, Bevan MW, Dyer TA (1991) Delayed leaf senescence in 

tobacco plants transformed with tmr, a gene for cytokinin production in 
Agrobacterium. Plant Cell 3, 647-656 

Smith H (2000) Plant architecture and light signals. In Leaf development and canopy 
growth, eds, B Marshall, JA Roberts, Sheffield Academic Press, Sheffield, pp 118-
144 

Sullivan JA, Deng XW (2003) From seed to seed: the role of photoreceptors in 
Arabidopsis development. Dev Biol 260, 289-297 

Takei K, Sakakibara H, Sugiyama T (2001) Identification of genes encoding adenylate 
isopentenyltransferase, a cytokinin biosynthesis enzyme, in Arabidopsis thaliana. 
J Biol Chem 276, 26405-26410 

Terashima I, Araya T, Miyaza SI, Sone K, Yano S (2005) Construction and maintenance 
of the optimal photosynthetic systems of the leaf, herbaceous plant and tree: an 
eco-developmental treatise. Ann Bot 95, 507-519 

Thomas H, Stoddart JL (1980) Leaf senescence. Annu Rev Plant Physiol 31, 83-111 
van Doorn WG (2004) Is petal senescence due to sugar starvation? Plant Physiol 134, 35-

42 
von Caemmerer S, Farquhar GD (1981) Some relationships between the biochemistry of 

photosynthesis and the gas exchange of leaves. Planta 153, 376-387 
Walters RG, Rogers JJM, Shephard F, Horton P (1999) Acclimation of Arabidopsis 

thaliana to the light environment: the role of photoreceptors. Planta 209, 517-527 
Weaver LM, Amasino RM (2001) Senescence is induced in individually darkened 

Arabidopsis leaves, but inhibited in whole darkened plants. Plant Physiol 127, 
876-886 

Werner T, Motyka V, Strnad M, Schmülling T (2001) Regulation of plant growth by 
cytokinin. Proc Natl Acad Sci USA 98, 10487-10492 

Werner T, Motyka V, Laucou V, Smets R, Van Onckelen H, Schmülling T (2003) 
Cytokinin-deficient transgenic Arabidopsis plants show multiple developmental 
alterations indicating opposite functions of cytokinins in the regulation of shoot 
and root meristem activity. Plant Cell 15, 2532-2550 

Weston E, Thorogood K, Vinti G, López-Juez E (2000) Light quantity controls leaf-cell 
and chloroplast development in Arabidopsis thaliana wild type and blue-light 
perception mutants. Planta 211, 807-815 

Williams WA (1963) Competition for light between annual species of Trifolium during the 
vegetative phase. Ecology 44, 475-485 

Wingler A, von Schwaenen A, Leegood RC, Lea PJ, Quick WP (1998) Regulation of 
leaf senescence by cytokinin, sugars, and light. Plant Physiol 116, 329-335 

Wingler A, Brownhill E, Pourtau N (2005a) Mechanisms of the light-dependent 
induction of cell death in tobacco plants with delayed senescence. J Exp Bot 56, 
2897-2905 

Wingler A, Purdy S, MacLean JA, Pourtau N (2005b) The role of sugars in integrating 
environmental signals during the regulation of leaf senescence. J Exp Bot in press, 

Wright IJ, Reich PB, Westoby M, et al. (2004) The worldwide leaf economics spectrum. 
Nature 428, 821-827 

Yano S, Terashima I (2002) Separate localization of light signal perception for sun and 
shade type chloroplast and palisade tissue differentiation in Chenopodium album. 
Plant Cell Physiol 42, 1303-1310 

116 



 
Yemm EW, Willis AJ (1954) The estimation of carbohydrates in plant extracts by 

anthrone. Biochem J 57, 508-514 
Yong JWH, Wong SC, Letham DS, Hocart CH, Farquhar GD (2000) Effects of 

elevated [CO2] and nitrogen nutrition on cytokinins in the xylem sap and leaves of 
cotton. Plant Physiol 124, 767-779 

Yu SM (1999) Cellular and genetic responses of plants to sugar starvation. Plant Physiol 
121, 687-693 

 

References ● 117 



 

118 



 

Samenvatting 

 
In het fotosynthese-proces wordt zonlicht benut voor het fixeren van koolstofdioxide, 

waarbij energie wordt opgeslagen in de vorm van suikers. Die suikers kunnen vervolgens 

worden benut als energiebron en bouwstenen voor groei. Er wordt verondersteld dat het 

maximaliseren van de netto dagelijkse fotosynthese daarom belangrijk is voor de groei, 

concurrentiekracht en voortplantingssucces van een plant.  

Planten die dicht bij elkaar staan, worden blootgesteld aan een verticale 

lichtgradiënt. De bovenste bladeren ontvangen het meeste licht maar naar beneden toe 

worden de bladeren in toenemende mate beschaduwd door het bladerdek erboven. 

Aangezien de bladeren de belangrijkste fotosynthetiserende organen zijn, bepaalt de 

hoeveelheid en positie van de bladeren in grote mate hoeveel koolstofdioxide kan worden 

gefixeerd door een plant. Modellen voorspellen dat er een optimale hoeveelheid 

bladoppervlak per eenheid grondoppervlak (LAI, leaf area index) bestaat, waarbij de netto 

fotosynthese van een plant maximaal is. Tevens speelt de verdeling van stikstof over de 

bladeren hierbij een rol, omdat een groot deel van de stikstof in het blad, geïncorporeerd in 

enzymen, deel uit maakt van het fotosynthese-apparaat. De stikstofconcentratie vertoont 

daarom over het algemeen een sterke positieve correlatie met de fotosynthese-capaciteit van 

een blad. Modelstudies voorspellen dat planten hun dagelijkse netto fotosynthese 

maximaliseren wanneer stikstof parallel aan de lichtgradiënt over het bladoppervlak wordt 

verdeeld. In een dichte begroeiing, waar de lichtgradiënt steil is, zou het bovenste blad 

volgens die voorspellingen een hoger stikstofgehalte en daarmee ook een hogere 

fotosynthese-capaciteit per eenheid oppervlak moeten hebben dan lager gepositioneerde, 

beschaduwde bladeren. In een meer open bladerdek is de lichtgradiënt minder steil en zou 

de stikstofverdeling navenant minder steil moeten zijn voor een maximale koolstofwinst. 

Metingen aan natuurlijke vegetaties stemmen redelijk overeen met voorspelde optimale 

LAIs en stikstofverdelingen, wat algemeen wordt geïnterpreteerd als sterke aanwijzingen 

dat planten hun LAI en bladstikstofverdeling zo aanpassen dat hun dagelijkse netto 

fotosynthese wordt gemaximaliseerd. Echter, experimenteel bewijs hiervoor ontbrak tot nu 

toe. Hoe planten de lichtgradiënt waarnemen en hoe dit signaal uiteindelijk leidt tot een 

bepaalde verdeling van fotosynthese-capaciteit (en chloroplast organisatie) was eveneens 
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nog grotendeels onbekend. Dit proefschrift heeft als doel de genoemde modeluitkomsten 

experimenteel te toetsen en om het signalerings-mechanisme waarmee planten de 

lichtgradiënt in bladerdekken waarnemen te onderzoeken.  

De LAI en stikstofverdeling van een plant worden beïnvloed door de veroudering 

van bladeren. Voordat bladeren afvallen wordt een substantieel deel van de stikstof en 

andere voedingsstoffen eruit teruggetrokken en elders in de plant geïnvesteerd. Met name 

wanneer de stikstofbeschikbaarheid in de bodem laag is, zou op deze manier hergebruikte 

stikstof in belangrijke mate de vorming van nieuw blad mogelijk kunnen maken. Met de 

vorming van nieuw blad en het afvallen van oud blad wordt de LAI van een plant bepaald. 

In Hoofdstuk 2 zijn genetisch gemodificeerde PSAG12-IPT tabaksplanten (SAG) gebruikt 

die een sterk vertraagde veroudering vertonen. SAG planten hebben vanwege hun 

vertraagde veroudering een hogere LAI en een minder steile bladstikstofverdeling dan 

normaal verouderende wild-type tabaksplanten (WT). Dat maakt dit genotype bij uitstek 

geschikt om de modelvoorspellingen aangaande optimale LAI en bladstikstofverdeling voor 

de dagelijkse koolstofwinst te toetsen. SAG en WT planten werden opgekweekt bij een 

hoge dichtheid in zowel monocultures als in gemengde cultures. Zoals verwacht lieten WT 

planten tijdens de ontwikkeling hun oudste bladeren in het sterk beschaduwde, onderste 

deel van het bladerdek vallen, terwijl SAG planten geen enkele veroudering vertoonden. 

Metingen toonden aan dat deze onderste SAG bladeren bleven respireren, maar nauwelijks 

fotosynthetiseerden en daarmee een verliespost voor koolstof vormden. De netto dagelijkse 

fotosynthese, berekend voor individuele dominante planten in de mix was dientengevolge 

beduidend lager voor het SAG genotype. SAG planten bleken ook minder bladoppervlak 

bovenin het bladerdek te vormen dan WT planten, wat waarschijnlijk het gevolg was van 

hun verminderde capaciteit om stikstof te remobiliseren uit de oudere bladeren. In een 

dichte begroeiing is de hoeveelheid bladoppervlak in de bovenste lagen van het meeste 

belang voor fotosynthese, aangezien de lichtbeschikbaarheid daar het hoogst is. 

Veroudering van beschaduwde bladeren in een dichte begroeiing blijkt dus inderdaad 

functioneel te zijn omdat hiermee de dagelijkse netto fotosynthese verhoogd wordt en 

stikstof beschikbaar komt om meer blad bovenin het bladerdek te vormen. 

Gevoeligheidsanalyses lieten verder zien dat SAG planten hun netto dagelijkse 

fotosynthese zouden kunnen verhogen wanneer zij hun onderste bladeren zouden laten 

vallen en stikstof uit dat blad zouden remobilizeren en investeren bovenin het bladerdek. 
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Wanneer die stikstof gebruikt wordt voor het vormen van nieuw SAG blad aldaar is het 

voordeel ten opzichte van WT planten het hoogst omdat die laatste daarmee beschaduwd 

zouden worden. Dit effect treedt niet op wanneer enkel het stikstofgehalte en dus de 

fotosynthese-capaciteit in de bovenste bladeren wordt verhoogd. WT planten vormden 

inderdaad meer bladoppervlak dan SAG planten bovenin het bladerdek en deze bladeren 

verschilden niet in stikstofgehalte, wat er op duidt dat remobilizatie van stikstof niet zozeer 

leidt tot een optimale stikstofverdeling voor netto fotosynthese, maar het vormen van meer 

bladoppervlak bovenin het bladerdek mogelijk maakt. Dat is waarschijnlijk van belang bij 

het succesvol concurreren om licht met buurplanten. 

In de Hoofdstukken 3 en 4 werd onderzocht hoe planten de lichtgradiënt in 

bladerdekken waarnemen en hoe dat vervolgens leidt tot de aanpassingen aan die gradiënt 

in termen van de verdeling van fotosynthese-capaciteit en structuur van de chloroplasten. In 

Hoofdstuk 3 werden tabaksplanten beschreven die waren opgekweekt in een dichte 

begroeiing danwel alleenstaand. Alleenstaande planten ontvingen meer licht op hun lager 

gepositioneerde bladeren dan dicht op elkaar staande planten. Deze steilere lichtgradiënt in 

de dichte begroeiing leidde tot een steilere verdeling over planthoogte van de fotosynthese-

capaciteit per eenheid bladoppervlak in vergelijking met de alleenstaande planten, hetgeen 

ook gold voor parameters die de structuur van chloroplasten beschrijven, nl. fotosynthese-

capaciteit per eenheid chlorofyl en de chlorofyl a/b ratio. De transcriptie van het rbcS gen, 

dat codeert voor de ‘small subunit’ van Rubisco, vertoonde hetzelfde patroon als de 

fotosynthese-capaciteit. Door deze aanpassingen kunnen bladeren die het meeste licht 

ontvangen ook de hoogste fotosynthese-snelheden behalen en wordt licht efficiënt benut 

door de plant. Eerder werk heeft reeds aangetoond dat de verdampings-snelheid van een 

blad een belangrijke rol speelt in het reguleren van deze aanpassingen aan de lichtgradiënt. 

Bladeren die veel licht ontvangen hebben hun huidmondjes verder open staan en 

verdampen daardoor meer water dan beschaduwde bladeren. In de tabaksplanten bleken de 

stomataire geleidbaarheid en de verdamping inderdaad redelijk te schalen met de verdeling 

van licht-intensiteit, met dus wederom steilere verdelingen bij hoge kweekdichtheid dan bij 

lage dichtheid.  

Het plantenhormoon cytokinine wordt voor een belangrijk deel in de wortels 

geproduceerd en met de verdampingsstroom vervoerd door de plant. Hierom en vanwege de 

al bekende effecten van dit hormoon, waaronder het stimuleren van de expressie van 
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fotosynthese-eiwitten, is cytokinine een goede kandidaat voor het signaal dat met de 

verdamping meegedragen kan worden. Gedetaileerde metingen van verschillende vormen 

van cytokinines wezen uit dat bladeren die veel licht ontvangen ook meer cytokinines 

bevatten dan beschaduwde bladeren. De verdeling van één van de actieve cytokinine-

verbindingen, isopentenyl-adenosine (iPR), bleek overeen te stemmen met de verdeling van 

de verdamping en licht-intensiteit, zowel in  alleenstaande planten als in planten die dicht 

op elkaar stonden. In een ander experiment werden cytokinines gemeten in xyleemsap dat 

tegelijkertijd werd opgevangen van een beschaduwd en een onbeschaduwd blad aan 

dezelfde plant. In het sap werden alleen iP-type cytokinines gedetecteerd, waaronder iPR. 

De concentratie van deze verbindingen bleek niet beïnvloed te worden door beschaduwing 

van het ontvangende blad. Omdat een beschaduwd blad minder verdampt en dus minder 

xyleemsap importeert dan een blad in het licht, zal bij gelijke concentratie in het sap minder 

iPR worden geïmporteerd per tijdseenheid in het beschaduwde blad. Dit resultaat stemt 

overeen met de observaties in het bladerdek van tabak en samengenomen wijzen zij erop 

dat in tabak de verdampingssnelheid van een blad de import van iPR reguleert.  

Het verlagen van de verdamping van een tabaksblad, zonder daarbij de licht-

intensiteit te veranderen, bleek gedeeltelijk dezelfde effecten te induceren als 

beschaduwing, zoals een afname van de fotosynthese-capaciteit per oppervlakte. Hiertoe 

werd het blad omgeven door vochtige lucht in een transparante cuvet. In Hoofdstuk 4 

wordt hetzelfde resultaat gemeld voor de soort Arabidopsis thaliana (Arabidopsis). Deze 

experimenten tonen aan dat verdamping een belangrijke rol speelt in de aanpassingen aan 

veranderingen in lichtintensiteit. De metingen in tabak duiden erop dat de verminderde 

import van actief cytokinine daarbij een belangrijke rol speelt. In Arabidopsis werd verder 

gevonden dat zowel beschaduwing van een blad als het verminderen van de verdamping bij 

gelijkblijvende lichtintensiteit leiden tot een verlaging van de concentratie van actieve 

cytokinines. Ook werd de transcriptie van cytokinine-gereguleerde genen en van rbcS door 

beide behandelingen verlaagd. In zowel tabak als Arabidopsis kon toediening van 

cytokinine de effecten van beschaduwing op de fotosynthese-capaciteit en rbcS transcriptie 

deels weer teniet doen. In tabak werden ook de effecten van beschaduwing op de structuur 

van de chloroplasten teniet gedaan door cytokinines. Hieruit kan geconcludeerd worden dat 

het gehalte actief cytokinine in bladeren voor een deel de aanpassingen aan de lichtgradiënt 

stuurt.  
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Er zijn aanwijzingen dat ook andere mechanismen betrokken zijn bij het waarnemen 

van de lichtgradiënt door planten. Met name suikers en fotoreceptoren worden geacht een 

rol te spelen. In experimenten met mutante en transgene Arabidopsis planten verstoort in de 

signalering via suikers, fotoreceptoren en cytokinines werd het belang van deze 

mechanismen onderzocht. Uit deze experimenten bleek dat verlaging van de fotosynthese-

capaciteit ten gevolge van de beschaduwing van een blad in al deze genotypes optrad en 

geen van deze mechanismen dus essentieel lijken te zijn voor het optreden van deze 

response. Deze uitkomst wijst erop dat meerdere mechanismen betrokken zijn bij het 

waarnemen van en aanpassen aan de lichtgradiënt. 
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	Regulation of photosynthetic acclimation to light gradients, which plants encounter in dense canopies, was investigated in partially shaded Arabidopsis thaliana (Arabidopsis) plants. Partial shading of plants to simulate light gradients resulted in a reduction in photosynthetic capacity per unit area in the shaded leaves. Humid air treatment of an attached leaf, which reduced transpiration rate independent of light, also resulted in a lower photosynthetic capacity, and both treatments reduced the concentration of total cytokinins and of active trans-Z and trans-ZR. Moreover, humid air treatment reduced transcript levels of rbcS, encoding the small subunit of Rubisco, and of the cytokinin-responsive genes ARR7 and ARR16; thereby mimicking the effects of shading the leaf. Application of the synthetic cytokinin benzyl adenine to shaded leaves increased again the photosynthetic capacity and expression of rbcS, ARR7 and ARR16, thus rescuing the shade effects. These data support the notion that light intensity affects cytokinin concentrations in leaves by controlling cytokinin import via the transpiration stream, and that stimulation of the expression of photosynthetic enzymes by cytokinin is part of the mechanism contributing to efficient photosynthetic acclimation to light gradients. In addition, we show that a large number of partially shaded mutants and transgenics all reduced photosynthetic capacity in their shaded leaves like wild-types. These plants are disturbed in signal transduction mediated by cytokinins, sugars or photoreceptors, the latter two of which might also be involved in the acclimation to light gradients. This result suggests that multiple, redundantly operating pathways might control this process. 
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