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Abstract

In order to explore whether leaf area of developing leaves was regulated by systemic irradiance signal from mature leaves, 
we investigated the leaf area, leaf anatomy, photosynthesis, auxin, gibberellin, and cytokinin contents of new developing 
leaves in soybean growing under conditions of shaded mature leaves (MS), shaded whole plants (WS), and under full 
sunlight (NS). The results showed that developing leaves under MS exhibited the higher leaf area and leaf mass than that 
of WS. Blade thickness, palisade tissue thickness, sponge tissue thickness, cell size, cell numbers, net photosynthetic 
rate, stomatal conductance, transpiration rate, and cytokinin content of developing leaves under MS were lower, while 
auxin and gibberellin contents were higher than that of NS. These results indicate that the leaf area, leaf anatomy, and 
photosynthesis of developing leaves were regulated by the shading environment of mature leaves. Growth hormones may 
possibly act as candidate signal substances to systemic regulation of leaf area development.
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Introduction 

When plants are exposed to high or low light levels, they 
develop sun or shade leaves, respectively (Casal 2012, 
Gong et al. 2014, Rodríguez-López et al. 2014, Wu et al. 
2017). Previous studies mainly focused on leaf structure 
and function in plants grown fully under high or low light. 
However, recent research has shown that plant leaves do 
not only sense and respond to their own environment but 
also to the environment of other leaves within the same 
plant (Murakami et al. 2014, Li et al. 2015). This long 
distance signaling from mature leaves to developing 
leaves is defined as a systemic irradiance signal (Karpinski 
et al. 1999, Lake et al. 2001). First study about systemic 
irradiance signal was done in cowpea; it was found 
that shading the expanded mature leaves decreased the 
stomatal index in developing young leaves of cowpea 
(Schoch et al. 1980). Some studies have since reported 
that stomatal development, leaf thickness, chloroplast 
development, and high light tolerance in newly developed 
leaves are independent of their local light in Arabidopsis 

thaliana (Lake et al. 2001, 2002), Sorghum bicolor 
(Jiang et al. 2011, Li et al. 2015), Populus trichocarpa × 
P. deltoides (Miyazawa et al. 2006), Nicotiana tabaccum 
(Thomas et al. 2004), and Chenopodium album (Yano 
and Terashima 2001). Instead these leaves were shown to 
be dependent on the light environment of mature leaves. 
However, all these studies were conducted to observe 
the stomatal development and leaf anatomy, but to our 
knowledge, no attention has been paid to whether leaf area 
was regulated by systemic irradiance signal. 

Soybean is the fourth most widely cultivated crop 
throughout the world, and it is usually planted in inter
cropping systems (Yang et al. 2015, 2017; Liu et al. 2017). 
When intercropped with taller crops, soybean suffered 
from the shade environment, while then it was exposed 
to full sunlight after the harvest of the taller crop. We 
have found that during the shade period, soybean showed 
smaller leaf area; hormones might be involved in this 
inhibition process (Gong et al. 2014, Wu et al. 2015, Wu 
et al. 2017). After the taller crop was harvested, the newly 
developing leaves of soybean grew under full sunlight 
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while the existing mature leaves were grown in the shade 
environment. Therefore we want to know whether the 
leaf area of newly developing leaves is regulated by the 
shade environment of existing mature leaves. In this study, 
we analyzed the leaf area, leaf anatomy, photosynthesis, 
auxin, gibberellin, cytokinin, and brassinolide content of 
soybean plants grown under the conditions of full sunlight 
(NS), shading of mature leaves (MS), and shading of the 
whole plants (WS) to address the following questions: (1) 
whether photosynthesis and leaf area of newly developing 
leaves were regulated by shading of mature leaves, and 
(2) whether plant hormones regulates the leaf area under 
systemic irradiance signals. The results of this study 
can give a new perspective for understanding systemic 
regulation of leaf area. 

Materials and methods

Plant growth: Soybean was employed in this study. The 
experiment was conducted at a greenhouse. The light period 
was maintained around 12-h/12-h day/night irradiance by 
artificial light source of 400 µmol(photon) m–2 s–1 at sunrise 
and sunset, a day/night temperature of 35/2oC and relative 
humidity was 40–80% at Sichuan Agricultural University, 
Yaan, Sichuan province, China (29◦59’N, 103◦00’E). Sixty 
plastic pots (30 cm in diameter, 20 cm in height) were 
used in this experiment. Five soybean seeds were sown in 
each pot and after germination were thinned to one plant 
per pot; every pot was seen as a replicate. Next, the pots 
were divided into two groups for the different shading 
treatments: 20 pots under full sunlight conditions (FS) and 
40 pots for shading of the whole plants. Shaded conditions 
were provided by green filters (Q-MAX 122, USA). 
Compared to FS conditions, the green filters reduced the 
light intensity (30% of full sunlight) and red to far-red 
light ratio (0.5–0.6). After growing for further 40 d, the 
plants developed four fully expanded compound leaves, 
and one of developing leaves (one day after it emerged) 
(as shown in Fig.1). Then WS treatment was divided into 
two sub-groups: shading whole plants (20 pots, WS) and 
shading mature leaves (20 pots, MS) (Fig.1). After one 
week, when newly developing leaves were fully expanded 
and matured, leaf area, leaf anatomy, photosynthesis, 
internode stem diameter were measured.

Leaf area and leaf mass: The soybean plants were 
sampled, with six plants from six pots used to measure 
node length, node diameter, and leaf area. All leaves were 
scanned using a flatbed scanner (CanoScan LiDE 200, 
Canon Inc., Japan), and leaf area was measured by Image 
J 1.45s. Afterwards, the leaves were exposed to 105°C 
for 0.5 h and then dried to a constant mass at 80°C to 
determine their dry mass (DM).

Leaf anatomical structure: Three plants were sampled, 
three middle segments of middle leaflet from three new 
developing leaves (5 × 5 mm) were cut avoiding midrib 
and fixed in FAA solution used for paraffin. After the 
capture of microphotographs (Digital Sight DS-U1, Nikon 
Instruments Inc., Japan), total leaf thickness, palisade 
tissue thickness, cell length, and cell width were measured 
by Image J 1.45s. The cell size and density of palisade cells 
per unit area in the subepidermal layer were determined. 
Density was multiplied by the leaf area to calculate the 
total palisade cell number of leaf. This determination was 
repeated on six individuals. 

Photosynthesis was measured following the method of 
Gong et al. (2015) using an infrared gas analysis instrument 
(LI-6400, Li-COR Inc., Lincoln, NE, USA) from 10:00 to 
14:00 h on a sunny day. Conditions in the chamber were: 
PAR of 1,000 µmol(photon) m–2 s–1, leaf temperature of 
25°C for, relative humidity of 60–75%, CO2 concentration 
of 380 µmol mol–1. Photosynthetic rate (PN), transpiration 
rate (E), stomatal conductance (gs), and intercellular CO2 
concentration (Ci) were automatically recorded by the 
instrument. Three newly developing leaves from three 
plants were chosen to measure photosynthesis; at least 
three replicates for each newly developing leaves were 
measured under each treatment.

Plant hormone contents: When newly developing leaves 
reached after emergence 3 d (young age), three leaves 
were collected from three plants, wrapped in foil, and 
immediately frozen in liquid nitrogen. Hormone contents 
were determined by enzyme-linked immunosorbent assay 
(ELISA) according to Yang et al. (2002). Briefly, samples 
(1 g of fresh mass, FM) were used for an extraction of plant 
hormones. Antibodies against indole-3-acetic acid (IAA), 

Fig. 1. Design of shading treatments.
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gibberellins (GAs), cytokinin (CTK), and brassinosteroids 
(BRs) were used to determine hormone contents using an 
ELISA reader (I8020, G8040, X8040, SB8360; Solarbio, 
China). ELISA kit was purchased from China Agricultural 
University, Beijing, China. Determination was conducted 
according to the manufacturer’s protocol. Three biological 
replications were performed.

Statistical analysis: Analysis of variance (ANOVA) in 
SPSS software 19.0 (SPSS, Chicago, USA) was used 
to analyse the differences between WS, MS, and NS 
treatments. All measured and calculated features were 
analysed as dependent variables. SigmaPlot 12.5 was used 
for all mapping.

Results
Leaf area, internode length and internode diameter in 
shading conditions: Leaf area (1–4) and internode diameter 
(1–4) in WS and MS were significantly lower than the 
corresponding leaves and internodes in NS, respectively. 
Stem length in WS and in MS were significantly higher 
than that of NS. There was no difference between WS and 
MS (Table 1).

Length and diameter of newly developing internode 
in MS was significantly lower than that of WS and 
significantly higher than that of NS. On the contrary, 
a diameter of newly developing internode in MS was 
significantly higher than that of WS and lower than that 
of NS (Table 2).

Leaf area and leaf mass of newly developing leaves: 
In this study, when newly developing leaves in three 
treatments fully expanded and reached maturity, we 
measured leaf area and leaf mass. Compared to NS, WS 
and MS showed a marked reduction in the leaf area and 
leaf mass. Leaf area and leaf mass of MS were higher than 
that of WS (Table 2).

Leaf anatomy of newly developing leaves: The effects 
of shading treatments on cross sections of the newly 
developed leaves are shown in Fig. 2. Blade thickness, 
palisade tissue thickness, sponge tissue thickness, and cell 
length in MS were significantly higher than that of WS and 
significantly lower than that of NS (Fig. 3).

We examined the cell size and number of cells at the 
subepidermal layer of newly developing leaves (Fig. 4). 
Compared to NS, WS and MS exhibited a significant 
decrease in the cell size and number of cells. The value of 
cell size and number were significantly higher in MS than 
those of WS.

Photosynthesis of newly developing leaves: PN, gs, 
and E in newly developing leaves under MS treatment 
showed significantly higher values than that of WS 
and showed significantly lower values than that of NS  
(Fig. 5). However, the value of Ci exhibited a contrary 
trend in newly developing leaves.

Plant hormones of newly developing leaves: Compared to 
NS, WS and MS showed significantly increased content of 
auxin and gibberellins, and significantly decreased content 
of cytokinins in soybean leaves (Fig. 6), while there was 
no difference in contents of brassinolides between shaded 
plants (WS and MS) and FS plants (Fig. 6 D). Compared 
to the value of WS, the content of auxins and gibberellins 
significantly decreased and content of cytokinins signifi-
cantly increased.

Discussion

Leaf area and anatomy generally shows a strong response 
to irradiance (Corre 1983). Under low irradiance, leaves 
tend to be smaller, then they increase in size with increasing 
irradiance until they reach a certain level (dependent on 
environment and species) after which the leaf area declines 
with further increases in irradiance. The results presented 

Table 1. Leaf area, internode diameter, and stem length at 40 days after sowing. Values are means ± SD (n = 6). Statistical significance 
assessed by Duncan’s t-test. Different lowercase letters mean significant difference at 0.05 level.

Treatment Trifoliolate leaf area [cm2] Internode diameter [mm] Stem length [cm]
First Second Third Fourth First Second Third Fourth

NS 228.32 ± 3.5a 250.16 ± 4.2a 268.44 ± 2.7a 273.55 ± 1.9a 6.32 ± 0.3a 7.02 ± 0.2a 6.97 ± 0.1a 6.72 ± 0.2a 26.44 ± 4.3b

MS 117.02 ± 3.1b 125.82 ± 3.6b 130.53 ± 4.2b 149.98 ± 2.8b 3.07 ± 0.3b 2.46 ± 0.3b 2.67 ± 0.4b 2.70 ± 0.5b 57.00 ± 3.7a

WS 120.79 ± 2.9b 129.72 ± 2.3b 136.28 ± 3.6b 146.21 ± 2.6b 2.51 ± 0.3b 1.90 ±0.2b 1.72 ± 0.5b 1.74 ± 0.5b 58.01 ± 4.0a

Table 2. Leaf area, leaf mass, internode length, and internode diameter in newly developed leaves and internodes during treatments. 
Values are means ± SD (n = 6). Statistical significance assessed by Duncan’s t-test. Different lowercase letters mean significant difference 
at 0.05 level.

Treatment Leaf area [cm2] Leaf mass [g] Internode length [cm] Internode diameter [mm]

NS 303.63 ± 5.78a 1.01 ± 0.05a 4.32 ± 0.71c 4.81 ± 0.24a

MS 166.32 ± 4.02b 0.59 ± 0.03b 7.72 ± 0.72b 3.03 ± 0.22b

WS 151.70 ± 3.91c 0.32 ± 0.03c 12.75 ± 0.80a 1.63 ± 0.23c



306

Y.S. WU et al.

here indicate that the leaf area of newly developing leaves 
was strongly influenced by the shade environment of 
mature leaves, as shown by the significant decrease in leaf 
area and in leaf mass of the newly developed leaves in 
MS. It resulted in a decrease in blade thickness, palisade 
tissue thickness, sponge tissue thickness, and cell length, 
although the newly developing leaves were exposed to 
full sunlight, the leaf anatomy showed still shade leaves 
with characteristics similar to those kept in a shade 
environment. This is consistent with previous studies that 
the thickness of newly developed leaves is determined by 
the light environment of mature leaves (Jiang et al. 2011). 
Besides, cell size and cell numbers of newly developing 
leaves in MS were lower than that of NS, which indicated 

that the cell size and cell numbers of the developing leaves 
might be affected by the shade environment of the mature 
leaves. In addition, shading of the whole plants reduced PN 
of newly developing leaves. But under the MS treatment, 
plants were grown in the shade from the beginning and 
the newly developing leaves actually experienced the 
increase of light intensity; they showed photosynthetic 
light acclimation along with the increased PN. As 
reported in some previous studies, many plants increase 
photosynthetic capacity of leaves when they are transferred 
from low light to high light (Azevedo and Marenco 2012, 
Avalos and Mulkey 2014). Photosynthesis is determined 
by stomatal or nonstomatal limitations, and only when the 
Ci and gs decrease simultaneously, it is supposed that the 

Fig. 2. Cross-sections and microscope views of new developing leaves during shading treatments. Bars – 50 µm.

Fig. 3. Leaf blade thickness (A), palisade tissue thickness (B), sponge tissue thickness (C), and cell length (D) of newly developing 
leaves during shading treatments. Values are means ± SD (n = 3). Statistical significance assessed by Duncan’s t-test. Different lowercase 
letters mean significant difference at 0.05 level.
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decline in PN was mainly caused by stomatal limitation 
(Farquhar and Sharkey 1982). As shown in Fig. 5, the 
change of Ci was nearly opposite to that of gs under all 
three treatments. Therefore, this study suggested that the 
decrease in PN under shading conditions was caused by 
nonstomatal rather than stomatal limitations. Additionally, 
we found that the value of PN of newly developing leaves 
under MS were still significantly lower than that under 

NS. It was possibly due to a systemic irradiance signal 
from the mature leaves. Based on the above analysis, 
we demonstrated that in soybean plants, it is the light 
environment of the mature leaves which regulates the leaf 
area and photosynthesis in the newly developing leaves. 
Therefore, we believe that there is a systemic irradiance 
signal from the mature leaves to developing leaves in 
soybean plants, as it has been suggested for other species 

Fig. 4. Cell size (A) and number of cells per leaflet (B) of newly developing leaves during shading treatments. Values are means ± SD  
(n = 3). Statistical significance assessed by Duncan’s t-test. Different lowercase letters mean significant difference at 0.05 level.

Fig. 5. Net photosynthetic rate (PN) (A), stomatal conductance (gs) (B), carbon dioxide concentration (Ci) (C), and transpiration rate (E) 
(D) of newly developing leaves during shading treatments. Values are means ± SD (n = 3). Statistical significance assessed by Duncan’s 
t-test. Different lowercase letters mean significant difference at 0.05 level. 
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(Yano and Terashima 2001, Lake et al. 2002, Thomas et al. 
2004, Coupe et al. 2006, Jiang et al. 2011, Murakami et al. 
2014, Li et al. 2015).

Several signals have been considered as candidates 
involved in systemic irradiance regulation, including 
phytohormones, sugars, redox signaling, microRNAs, 
and other compounds (fatty acids, abscisic acid) (Kim 
et al. 2005, Coupe et al. 2006, Guo et al. 2016, Matsuda 
and Murakami 2016). Among them, phytohormones, 
such as auxins (Ikeuchi 2011), cytokinins (Kurakawa et 
al. 2007, Gordon et al. 2009), or gibberellins (Fleet and 
Sun 2005, Achard et al. 2009) have been long known to 
play important roles in leaf development. Our previous 
study has found that shade inhibited leaf area, and auxins, 
cytokinins, and gibberellins may be involved in leaf 
development under shade (Gong et al. 2014, Wu et al. 
2017). Auxins can regulate leaf development, expansion, 
and longevity (Keller 2007, Ok et al. 2010, Scarpella et al. 
2010), higher concentrations of auxins result in inhibition 
of cell expansion and in smaller leaves (Keller 2007). 
Some previous studies proved that shade can increase 
auxin content in leaves (Vandenbussche et al. 2003, 
Kurepin et al. 2007). In this study, the auxin content was 
significantly higher in the newly developing leaves under 
MS than that of NS and lower than that of WS. This is 
consistent with previous result that auxin-related genes 
are involved in systemic irradiance regulation (Coupe et 
al. 2006). Cytokinins are involved in leaf initiation, shoot 

apical meristem (SAM) maintenance, and leaf senescence 
(Werner et al. 2001, Boonman et al. 2006, Kurakawa et al. 
2007, Gordon et al. 2009). In this study, we found that the 
cytokinin content of newly developing leaves decreased in 
WS. The lower cytokinin contents might induce reduced 
cell proliferation, which was demonstrated by declined 
cell numbers. Other previous study also supported this 
result; shading caused a parallel reduction in the cytokinin 
concentration (Pons et al. 2001). Although the cytokinin 
content of newly developing leaves in MS was significantly 
higher than that of WS, it was still lower than that of NS. 
This phenomenon indicated that plants can sense the 
gradual change in the light environment (Pons et al. 2001), 
and cytokinins are involved in the regulation of whole-plant 
photosynthetic acclimation to light gradients (Boonman 
et al. 2007). Thus, we speculate that cytokinins may be 
involved in leaf development as a systemic irradiance 
signal. In this study, the smaller leaves in WS showed the 
significantly higher GA content than the leaves under NS. 
This is consistent with a suggestion that the shade very 
likely induced an overall increase in GA biosynthesis 
in leaves and internodes (Kurepin et al. 2006). The GA 
content of newly developing leaves in MS was also higher 
than that of in NS. Combined with its smaller leaves, we 
speculate that gibberellin may be an important factor to 
regulate new developing leaf area. In addition, GA and 
light mainly interact in regulating hypocotyl elongation 
and stem elongation (Alabadí et al. 2004). Under MS 

Fig. 6. Auxins (A), gibberellins (B), cytokinins (C), and brassinolides (D) of newly developing leaves during shading treatments. Values 
are means ± SD (n = 3). Statistical significance assessed by Duncan’s t-test. Different lowercase letters mean significant difference at 
0.05 level.
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treatment, the length of newly developing internode was 
still higher and internode diameter still lower than that of 
NS, respectively. This characteristic may also affect the 
energy transfer from mature leaves to newly developing 
leaves. Taken together, we suspect that auxins, cytokinins, 
and gibberellins may be involved in leaf development as  a 
systemic irradiance signal, but we still do not know which 
hormone plays the most important role and whether they 
interact with each other. It requires further study in the 
future.
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