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ABSTRACT 

Plant growth is constantly affected by biotic and abiotic stresses, which are especially expressed in 

plant leaves. Therefore, leaf phenotype is considered to be an important indicator of phenotypic plasticity 

in plants. The effects of various growth environmental factors on the final size of Arabidopsis thaliana 

rosette leaves and the number of leaves were analyzed in orthogonal tests using image analysis, and growth 

curves were estimated statistically. Finally, the optimum growth environment for A. thaliana Col-0 was 

determined. In this study, temperature, humidity, and light intensity were chosen as factors and studied at 

the three levels each (temperature: 22 °C, 25 °C, 28 °C; humidity: 50%, 65%, 80%; light intensity: 

92 μmol·m-2·s-1; 184 μmol·m-2·s-1; 278 μmol·m-2·s-1). The results showed that light intensity was a major 

factor in the final leaf size, whereas for the number of plant leaves the most important was temperature. 

According to the major and minor order of environmental factors, the following scheme appeared to be 

optimal for A. thaliana growth: temperature 22 °C, humidity 50%, illumination intensity 184 μmol·m-2·s-1. 
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INTRODUCTION 

 

Plant phenotype is the result of the interaction 

between genotype and growth environments. Study-

ing the phenotype of plants under various growth en-

vironments is the core of understanding plant func-

tion. Recent research indicates that in the context of 

rapid climate change, phenotypes play a key role in 

plant adaptation to various growth factors (Hu et al. 

2008; de Jong et al. 2012; Gratani et al. 2014; Scharr 

et al. 2016), and biotic and abiotic stresses lead to 

phenotypic changes in plants. Therefore, identifying 

the plant phenotypic signatures under biotic or abi-

otic stress conditions is helpful for the early detection 

of biotic or abiotic stresses, which have great eco-

nomic benefits for plant production (Pauli et al. 2016). 

Leaves are the energy factories of plants and 

play an important role in the process of plant sur-

vival and growth. Through photosynthesis, leaves 

convert solar into chemical energy, which can then 

be used for further metabolism and ultimately in the 

production of food, feed, and fuel (Xu et al. 2009; 

Rodriguez et al. 2014). Since most photosynthesis 

occurs in leaves, it is important to characterize them 

in terms of size, shape, and number, which are reg-

ulated by the growth environment and genetic fac-

tors (Gonzalez et al. 2010, 2012; Mishra et al. 2012; 

Weraduwage et al. 2015). Many functional genomic 

studies have been carried out to improve agricul-

tural and forestry crops using high-throughput ge-

nomic tools. However, there are relatively few stud-

ies on the phenotypic characteristics (e.g., the size 

and morphological structure of organs) of plants 

with specific genotypes under various growth con-

ditions (Rahaman et al. 2015). Therefore, the study 

of the relationships between phenotypes, genes, and 

environments should be expanded. It will deepen 

our understanding of the relationships between the 

observable plant phenotypes and their physiological 

status, and the effects of different growth environ-

ments on plant growth, yield, and quality (Ke 2014; 

Orgogozo et al. 2015). 
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Studying the effects of environmental factors 

on plant phenotype is helpful in understanding the 

biological functions of plant development, serving 

in breeding to develop cultivars with ideal pheno-

types. However, the majority of experiments testing 

the response of plants to changes in environmental 

conditions have focused on a single stress treatment 

applied to plants under controlled conditions (Wang 

& Zhou 2021). In contrast, in practice, a number of 

different stresses can occur simultaneously. These 

may include irradiance, temperature, humidity, or 

water availability and may alter plant metabolism in 

a novel manner that may be different from that 

caused by each of the different stresses applied in-

dividually. A. thaliana is an ideal model for study-

ing those problems and has been widely used for 

this purpose (Minervini et al. 2014). As a model or-

ganism, A. thaliana has several advantages, such as 

its small size, short life cycle, and known gene se-

quence, which make it easy to conduct experiments 

in the laboratory. By cultivating A. thaliana under 

a controllable environment, the change regulation 

of its phenotypes can be used to guide the studies of 

other plants, and provide references for outdoor ex-

periments, where the environmental conditions and 

other factors are difficult to control. Moreover, ana-

lyzing the phenotypic characteristics of A. thaliana 

under various growth environments can provide 

a theoretical framework for quantifying and under-

standing plant phenotypic differences caused by en-

vironmental stresses (Boyes et al. 2001). 

Earlier studies did not analyze the effect of 

different growth environments (temperature, hu-

midity, light intensity) on A. thaliana phenotypes, 

which could not adequately explain the relationship 

between A. thaliana phenotypes and environments, 

and the effect of different growth environments on 

A. thaliana growth. Moreover, different environmen-

tal factors and phenotypic characteristics have rarely 

been integrated into a single model, and predicting 

and analyzing the influence of environmental factors 

on phenotypic characteristics has been challenging. 

Using image analysis to nondestructively ana-

lyze plant leaf size in greenhouses, a number of 

studies have been conducted (Fahlgren et al. 2015; 

Ge et al. 2016). Compared to destructive sampling, 

image analysis enables the measurements of leaf 

size multiple times during the plant growth cycle, 

and also allows the quantification of dynamic traits 

such as growth rate and leaf expansion rate (Liang 

et al. 2018). 

The aim of this paper was to study the effect of 

environmental factors of temperature, humidity, and 

light intensity on the phenotypic characteristics of 

A. thaliana through a multi-factor orthogonal test, 

which may be helpful in optimizing the parameters 

for phenotyping and selecting new improved geno-

types with the desired traits in cultivation under spe-

cific climatic conditions. 

 

MATERIALS AND METHODS 

 

Cultivation of A. thaliana and leaf image acquisi-

tion under various growth environments 

From November 2015 to December 2016, the area 

of individual leaves and the number of leaves of 

A. thaliana in nine different growth environments 

were measured at Nanjing Forestry University, 

China. Temperature, humidity, and light intensity 

were selected as environmental factors for the ex-

periments, and orthogonal tests of three factors at 

three levels were carried out. Seeds of A. thaliana 

Col-0 were sown into nursery substrate of peat fi-

bers: 0–10 mm, and cultured in a climate chamber 

(RXZ-500B, Ningbo Jiangnan Instrument Factory, 

Zhejiang, China). The environmental parameters 

(temperature; humidity; light intensity) could be in-

dividually configured in the chamber, so various 

combinations of these parameters could be simu-

lated. Nine sets of experiments were conducted by 

setting the environmental parameters of the climate 

chamber and 50 samples were taken in each experi-

ment (Table 1). After A. thaliana leaf emerged, the 

growth image of A. thaliana was collected every 

day by a CCD camera (JAI, model: GO-5000C-

PGE). A total of 20,200 original images were ob-

tained, which were used to extract the leaf area of 

A. thaliana. Figure 1 shows the growth images of 

A. thaliana on the 20th day after the leaf emerged in 

the 38th pot in all nine sets of experiments. 
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Table 1. Trial environment parameters of each group  

Trial 

number 

Trial factors 

Trial factors 
T H I 

temperature 

(°C) 

humidity 

(%) 

light intensity 

(μmol·m-2·s-1) 

1 22 50 278 22 °C; 50%; 278 μmol·m-2·s-1 

2 22 65 92 22 °C; 65%; 92 μmol·m-2·s-1 

3 22 80 184 22 °C; 80%; 184 μmol·m-2·s-1 

4 25 50 184 25 °C; 50%; 184 μmol·m-2·s-1 

5 25 65 278 25 °C; 65%; 278 μmol·m-2·s-1 

6 25 80 92 25 °C; 80%; 92 μmol·m-2·s-1 

7 28 50 92 28 °C; 50%; 92 μmol·m-2·s-1 

8 28 65 184 28 °C; 65%; 184 μmol·m-2·s-1 

9 28 80 278 28 °C; 80%; 278 μmol·m-2·s-1 
 

 
Trial 1: 22 °C; 50%; 278 μmol·m-2·s-1 

 
Trial 2: 22 °C; 65%; 92 μmol·m-2·s-1 

 
Trial 3: 22 °C; 80%; 184 μmol·m-2·s-1 

 
Trial 4: 25 °C; 50%; 184 μmol·m-2·s-1 

 
Trial 5: 25 °C; 65%; 278 μmol·m-2·s-1 

 
Trial 6: 25 °C; 80%; 92 μmol·m-2·s-1 

 
Trial 7: 28 °C; 50%; 92 μmol·m-2·s-1 

 
Trial 8: 28 °C; 65%; 184 μmol·m-2·s-1 

 
Trial 9: 28 °C; 80%; 278 μmol·m-2·s-1 

 
Figure 1. Example images of A. thaliana leaves at 20th day after emergence under various growth environments (temperature; 
humidity; light intensity). Note: the blue squares in each picture represent calibration plate 
 

Image analysis and feature extraction 

MATLAB (version R2010, MathWorks) was used 

for image analysis. Rosette leaves of A. thaliana 

were measured at regular intervals during the whole 

life cycle using image analysis. Firstly, individual 

leaves were segmented from the plant using an in-

teractive segmentation process. Then, the total num-

ber of pixels in the region of the individual leaf area 

was extracted using the image region property 

measurement function (regionprops) in MATLAB’s 

Image Processing Toolbox. Finally, the size of the 

individual leaf was obtained by the proportional re-

lationship calculated from a blue square standard 

plate (10 mm × 10 mm) with the following equation: 

BBL PAPA /    (1), 

where A is the A. thaliana leaf area (mm2); PL is the 

number of pixels of the A. thaliana leaf area (pixel); 

AB is the area of the standard plate (mm2); and PB is 

the number of pixels of the standard plate (pixel). 
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The smallest leaf was visible when the individ-

ual leaf area was approximately 0.5 mm2 (Cookson 

et al. 2010). In this paper, the number of leaves was 

calculated every 2 days during the period from two 

visible leaves to bolting. 

Growth equation of rosette leaves of A. thaliana 

Individual leaf area and leaf numbers were analyzed 

and fitted using a logistic model and a linear regres-

sion model. The regression equations between leaf 

area, leaf number, and growth time were established 

by SPSS software (IBM SPSS statistics 19.0). The 

equations of the models were as follows (Cookson 

et al. 2010; Karadavut et al. 2010; Jiao et al. 2018): 

logistic model 
tkeb

a
Area




1   (2); 

linear regression model 21 ktkN 
 (3), 

where Area is the fitted values of leaf area (mm2); 

t is the growth time (d); k is the growth rate (mm2·d-1); 

a is the final leaf size (mm2); b is a constant scale; 

N is the number of leaves; k1 is a slope, which repre-

sents leaf emergence rate; and k2 is the intercept term. 

The final sizes of the leaf area under different 

growth environments were determined according to 

the established growth equations. Then, the effects 

of various growth environments on the final leaf 

size and the leaf number were analyzed. 
 

RESULTS AND DISCUSSION 
 

Curve fitting to the final A. thaliana leaf size and 

the number of leaves in the rosette in the various 

growth environments 

Leaf 6 (the leaf number was determined by the or-

der of the emergence) of each plant was taken as 

the target to analyze the effects of growth environ-

ments on the final leaf size of A. thaliana. Scatter 

plots of leaf 6 for each experiment under various 

growth conditions are shown in Figure 2. 
 

Trial 1: 22 °C; 50%; 278 μmol·m-2·s-1 Trial 2: 22 °C; 65%; 92 μmol·m-2·s-1 Trial 3: 22 °C; 80%; 184 μmol·m-2·s-1 

Trial 4: 25 °C; 50%; 184 μmol·m-2·s-1 Trial 5: 25 °C; 65%; 278 μmol·m-2·s-1 Trial 6: 25 °C; 80%; 92 μmol·m-2·s-1 

Trial 7: 28 °C; 50%; 92 μmol·m-2·s-1 Trial 8: 28 °C; 65%; 184 μmol·m-2·s-1 Trial 9: 28 °C; 80%; 278 μmol·m-2·s-1 
 
Figure 2. Scatter plots of leaf 6 areas for each experiment under various growth environments (temperature; humidity; light intensity) 
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It could be learned from Figure 2 that in the 

early stage, the growth and increase of leaf area 

were faster than in the maturation stage, producing 

a sigmoid curve. Moreover, the fitted values of leaf 

6 agreed well with the measured values, with no ob-

vious outliers. The results of regression analysis be-

tween leaf area and growth time (equation 2) were 

given in Table 2. The final size of leaf 6 for each 

experiment was determined by the parameter a in 

the regression equations. The minimum final size of 

leaf 6 was 84.75 mm2 under the condition of tem-

perature 28 °C, humidity 50%, and light intensity 

92 μmol·m-2·s-1. The maximum final size of leaf 6 

was 174.31 mm2 under the condition of tempera-

ture 25 °C, humidity 50%, and light intensity 

184 μmol·m-2·s-1. Therefore, the final leaf size was 

greatly affected by its growth environments. Stud-

ying the effect of growth environment factors on 

the final leaf size could provide basic data for 

breeding the ideal plant type. 

The regression equations of the number of 

leaves per rosette with time were established using 

equation (3). The trends of the leaf number of 

A. thaliana under various growth environments 

with time are shown in Figure 3. It could be learned 

that there was a linear correlation between the leaf 

number and the growth time. The leaf emergence 

rate (the slope of the fitted line) under various 

growth conditions is shown in Table 2. The mini-

mum leaf emergence rate was 0.38 leaves per day 

under the temperature of 28 °C, humidity 50%, and 

light intensity 92 μmol·m-2·s-1, while the maximum 

leaf emergence rate was 0.71 leaves per day under 

the temperature of 28 °C, humidity 80%, and light 

intensity 278 μmol·m-2·s-1. Therefore, the leaf emer-

gence rate was also greatly affected by its growth 

environments. 

Impact of growth conditions on the final leaf size 

of A. thaliana and the number of rosette leaves 

Range analysis and variance analysis of the or-

thogonal test were conducted to evaluate the effect 

of various environmental factors (temperature, hu-

midity, and light intensity) on the individual leaf fi-

nal size and the number of rosette leaves of A. tha-

liana. The results are shown in Tables 3–5. 
 
 
 

 

Figure 3. The variation trends of the number of leaves with time 

under various growth environments (temperature; humidity; 

light intensity) 

 
 
Table 2. Regression equations of leaf number under various growth environments (temperature; humidity; light 

intensity) 
 

Trial factors Growth regression equation Trial factors Growth regression equation 

22 °C; 50%; 278 μmol·m-2·s-1 N = 0.68*t + 0.17 22 °C; 80%; 184 μmol·m-2·s-1 N = 0.65*t + 0.40 

22 °C; 65%; 92 μmol·m-2·s-1 N = 0.47*t + 0.22 25 °C; 65%; 278 μmol·m-2·s-1 N = 0.68*t + 0.80 

25 °C; 50%; 184 μmol·m-2·s-1 N = 0.67*t + 0.99 25 °C; 80%; 92 μmol·m-2·s-1 N = 0.45*t + 0.61 

28 °C; 80%; 278 μmol·m-2·s-1 N = 0.71*t + 0.74 28 °C; 65%; 184 μmol·m-2·s-1 N = 0.57*t + 0.63 

28 °C; 50%; 92 μmol·m-2·s-1 N = 0.38*t + 1.53   
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Table 3. Range analysis results of the final size and the number of the rosette leaves of A. thaliana 
 

Trial number 

Trial factors Estimated results 

T H I 
Final leaf size 

per mm2 
Leaf number temperature 

(°C) 
humidity 

(%) 
light intensity 

(μmol·m-2·s-1) 

T
ri

al
 d

es
ig

n
 

1 22 50 278 129.03 21 

2 22 65 92 102.06 16 

3 22 80 184 104.26 18 

4 25 50 184 174.31 15 

5 25 65 278 95.99 15 

6 25 80 92 85.90 14 

7 28 50 92 84.75 12 

8 28 65 184 125.30 11 

9 28 80 278 139.18 12 

F
in

al
 l

ea
f 

si
ze

 

K1 335.35 388.09 272.71   

K2 356.2 323.35 403.87   

K3 349.23 329.34 364.21   

K
—

1 111.78 129.36 90.90   

K
—

2 118.73 107.78 134.62   

K
—

3 116.41 109.78 121.40   

Range R 6.95 21.58 43.72   

L
ea

f 
n

u
m

b
er

 a
n

al
y

si
s 

K1 

K2 

55 

44 

48 

42 

42 

44 
  

K3 35 44 48   

K
—

1 18 16 14   

K
—

2 15 14 15   

K
—

3 12 15 16   

Range R 6 2 2   

 
 
Table 4. Analysis of variance for the final rosette leaf size of A. thaliana 
 

Source SS DF MS F-value Fα Sig. 

T 75.11 2 37.56 0.026 

F0.05(2,2) = 19.0 

F0.1(2,2) = 9.0 

 

H 853.19 2 426.60 0.30  

I 3018.77 2 1509.39 1.06  

Error 2860.54 2 1430.27   

Total 6807.61 8    

 
 

Table 5. Analysis of variance for the number of rosette leaves of A. thaliana 
 

Source SS DF MS F-value Fα Sig. 

T 66.89 2 33.45 42.88 

F0.05(2,2) = 19.0 

F0.1(2,2) = 9.0 

** 

H 6.22 2 3.11 3.99  

I 6.22 2 3.11 3.99  

Error 1.56 2 0.78   

Total 80.89 8    
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The increase in the individual leaf area resulted 

in the increase in the rosette area, which intensified 

the interception and utilization of light energy and 

provided higher above-ground biomass. It could be 

concluded by range analysis (Table 3) that the order 

of environmental factors affecting the final size of 

A. thaliana leaves was: light intensity (I) > humidity 

(H) > temperature (T). So the light intensity was the 

main factor affecting the final size of the individual 

leaf. Compared with the light intensity of 

184 μmol·m-2·s-1, the final size of leaf 6 decreased by 

32.84% and 9.82% at 92 and 278 μmol·m-2·s-1, re-

spectively. This was consistent with the study results 

of Cookson et al. (2005), where low light condition 

caused a significant reduction in the final leaf area. 

Under the light intensity of 92 and 278 μmol·m-2·s-1, 

the duration of leaf 6 expansion increased by 2 days 

and by 1 day, respectively, compared with that under 

the condition of 184 μmol·m-2·s-1. Under the condi-

tion of 92 μmol·m-2·s-1 light intensity, the leaf 6 ex-

pansion rate decreased by 5.99 mm2·d-1 compared 

with that under 184 μmol·m-2·s-1 light intensity. 

These indicated that the reduction in individual leaf 

area was associated with a reduction in leaf expan-

sion rate and an increase in the duration of leaf ex-

pansion (Cookson & Granier 2006). However, under 

the condition of 278 μmol·m-2·s-1 light intensity, the 

leaf 6 expansion rate increased by 0.21 mm2·d-1 com-

pared with that under 184 μmol·m-2·s-1 light intensity. 

This may be caused by temperature and humidity, 

which need to be further studied. Light intensity also 

significantly affected the leaf emergence rate of 

A. thaliana. Compared with 278 μmol·m-2·s-1, the 

A. thaliana leaf emergence rates were reduced by 

0.26 and 0.06 leaves per day under the condition of 

92 and 184 μmol·m-2·s-1 light intensity, respectively. 

Analysis of variance (Table 4) showed that the effect 

of light intensity (I) on the final leaf size was greater. 

However, the effect of temperature, humidity, and 

light intensity was not significant, which was quite 

different from the growth image in Figure 1, mainly 

because it represents the image on day 20, and the 

emergence time and growth rate of leaves under dif-

ferent conditions was different, moreover, the analy-

sis concern the final size of the leaf. It could be con-

cluded, that the order of environmental factors affect-

ing the final size of A. thaliana leaves was: light in-

tensity (I) > humidity (H) > temperature (T), which 

was consistent with that obtained by range analysis. 

The increase in the leaf number caused an in-

crease in the rosette area. It could be concluded by 

range analysis that the order of environmental factors 

affecting the leaf number of A. thaliana was: temper-

ature (T) > humidity (H) = light intensity (I). Com-

pared with 22 °C, the number of rosette leaves was 

reduced by 19.97% and 38.19% under the conditions 

of 25 °C and 28 °C, respectively. This was consistent 

with the study results of Crawford et al. (2012), 

where the leaf number of A. thaliana grown at high 

temperature (28 °C) was lower than that at low tem-

perature (22 °C). Compared with 22 °C and 25 °C, 

A. thaliana had the shortest growth cycle at 28 °C, in-

dicating that as the temperature increased, the life cy-

cle of A. thaliana was shortened. Moreover, the re-

duction in the duration of the phase of leaf initiation 

could result in a reduction in leaf number (Cookson 

& Granier 2006). Therefore, as the temperature in-

creased, the leaf number had a declining trend. 

Analysis of the variance (Table 5) showed that the 

effect of temperature on the leaf number was highly 

significant. This was because low light intensity in-

hibited growth and development, especially when 

the humidity was too high. It could be concluded, 

by F-value, that the order of environmental factors 

affecting the leaf number of A. thaliana was: tem-

perature > humidity = light intensity, which was 

consistent with that obtained by the range analysis. 

In order to intuitively analyze the rules and 

trends of the effect of environmental factors on the 

individual leaf size of A. thaliana and the leaf num-

ber, the environmental factor level was taken as the 

abscissa and the average value K
—

 of the final size 

of the individual leaf, and leaf number at each envi-

ronmental factor level was taken as the ordinate. In 

this way, the environmental factors and the test re-

sults were obtained, as shown in Figure 4. 

In Figure 4, the final size of leaf 6 reached its 

maximum value at 25 °C, and increased by 5.85%, and 

1.95% compared with that at 22 °C and 28 °C, re-

spectively. With the increase in temperature, the final 

leaf size exhibited little difference. This means that 

the effect of temperature on the final leaf size was not 

significant. When the relative humidity increased 

from 50% to 65%, the final size of leaf 6 decreased 

by 16.68%, and when the relative humidity increased 

from 65% to 80%, the final size of this leaf increased 

by 1.82%. Therefore, a low humidity (50%) was 

beneficial to the growth and development of leaf 6, 
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and high humidity (80%) inhibited the growth. 

Compared with 184 μmol·m-2·s-1, the final size of 

leaf 6 was reduced by 32.84% and 9.82% at 92 and 

278 μmol·m-2·s-1, respectively, which indicated that 

the final size of this leaf decreased significantly un-

der low-light conditions. 

In Figure 4, the number of leaves was reduced by 

19.97% and 38.19% at 25 °C and 28 °C, respectively, 

compared with 22 °C. At the relative humidity of 65%, 

the number of leaves increased by 12.5% and 6.67% 

compared with 50%, and 80%, respectively. When 

the light intensity increased from 92 μmol·m-2·s-1 to 

184 μmol·m-2·s-1 and 278 μmol·m-2·s-1, the number 

of leaves increased by 6.67% and 6.25%, respectively. 

The analysis of the number of leaves under the influ-

ence of various environmental factors showed that the 

influence of temperature was significant, while the 

influence of humidity and light intensity was small. 

The optimum combination of environmental 

factors could be determined by analyzing the above 

test results, as shown in Table 6. The optimization 

conditions of the final leaf size and leaf number ob-

tained by individual leaf analysis were inconsistent. 

Therefore, the optimum environmental parameters 

for the growth of A. thaliana rosette leaves must be 

determined according to the major and minor order 

of environmental factors. 

The temperature was the major factor influenc-

ing the leaf number, but for the final leaf size, it was 

a secondary factor. Therefore, the temperature of 

22 °C was selected as the optimum growth temper-

ature according to the test result of leaf number. The 

effects of humidity on the final leaf size and leaf 

number were both the secondary factor, and the 

value of 50% was selected as the optimum growth 

humidity. Light intensity was the major factor affect-

ing the final leaf size, but for the leaf number, it was 

a secondary factor. Therefore, the light intensity 

184 μmol·m-2·s-1 was selected as the optimum growth 

according to the test result of the final leaf size.  

Finally, the optimum growth environments for the 

rosette leaves growth of A. thaliana were deter-

mined, which were temperature 22 °C, relative hu-

midity 50%, and light intensity 184 μmol·m-2·s-1. 

 

 

Figure 4. Trend charts of environmental factors level  

 

Table 6. Optimization table for the environmental factors 

 

Characteristic Combination of optimal growth conditions 

Final leaf size 25 °C, 50% humidity, 184 μmol·m-2·s-1 

Leaf number 22 °C, 50% humidity, 278 μmol·m-2·s-1 
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CONCLUSIONS 

 

The main motivation for the present experi-

ments was to study how the temperature, relative 

humidity, and light intensity affected the final leaf 

size and leaf number of A. thaliana, which was a no-

table advantage of our research analyzing the effects 

of multi environmental factors on the phenotypes of 

A. thaliana, since previous studies had mostly fo-

cused on the impact of single environmental factors 

on the plant growth. The effects of various environ-

mental factors on the final size and the number of 

leaves of A. thaliana were determined, the cognitive 

scope of its physiological function was expanded, as 

well as the optimum growth environment for spe-

cific genotype A. thaliana was validated. 

The dynamics of individual leaf area and leaf 

number as a function of time were analyzed and fitted 

by the statistical analysis method. 

In this paper, an effective method of phenotypic 

assessment was developed, which can be helpful in 

optimizing phenotyping procedures applicable for 

breeding new cultivars adapted to given climatic con-

ditions, or to select genotypes with the desired traits 

suitable for cultivation under specific conditions. 

 

Acknowledgments 

The research was funded by grants from the Natural Sci-

ence Research Project of Higher Education Institution in 

Jiangsu Province (No. 20KJB520022), National Natural 

Science Foundation of China (No. 31371963), Six Talent 

Peaks project in Jiangsu Province (No. NY-058), Jiangsu 

Province “333” project, China Scholarship Council, Scien-

tific research subject of Wuxi Institute of Technology (No. 

BT2018-02), Postgraduate research and Practice Innova-

tion Program of Jiangsu Province (No. KYZZ16_0316), 

and Qing Lan Project of Jiangsu Province. 

 

REFERENCES 

 

Boyes D.C., Zayed A.M., Ascenzi R., McCaskill A.J., 

Hoffman N.E., Davis K.R., Görlach J. 2001. Growth 

stage-based phenotypic analysis of Arabidopsis: 

a model for high throughput functional genomics 

in plants. Plant Cell 13(7): 1499–1510. DOI: 

10.1105/tpc.010011. 

Cookson S.J., Van Lijsebettens M., Granier C. 2005. Cor-

relation between leaf growth variables suggest in-

trinsic and early controls of leaf size in Arabidopsis 

thaliana. Plant, Cell and Environment 28(11): 1355–

1366. DOI: 10.1111/j.1365-3040.2005.01368.x. 

Cookson S.J., Granier C. 2006. A dynamic analysis of the 

shade-induced plasticity in Arabidopsis thaliana 

rosette leaf development reveals new components 

of the shade-adaptative response. Annals of Botany 

97(3): 443–452. DOI: 10.1093/aob/mcj047. 

Cookson S.J., Turc O., Massonnet C., Granier C. 2010. Phe-

notyping the development of leaf area in Arabidopsis 

thaliana. In: Hennig L., Köhler C. (Eds.), Plant De-

velopmental Biology. Methods in Molecular Biology 

655: 89–103. DOI: 10.1007/978-1-60761-765-5_7. 

Crawford A.J., McLachlan D.H., Hetherington A.M., 

Franklin K.A. 2012. High temperature exposure in-

creases plant cooling capacity. Current Biology 

22(10): 396–397. DOI: 10.1016/j.cub.2012.03.044. 

Fahlgren N., Feldman M., Gehan M.A., Wilson M.S., 

Shyu C., Bryant D.W. et al. 2015. A versatile phe-

notyping system and analytics platform reveals di-

verse temporal responses to water availability in 

Seteria. Molecular Plant 8(10): 1520–1535. DOI: 

10.1016/j.molp.2015.06.005. 

Ge Y., Bai G., Stoerger V., Schnable J.C. 2016. Temporal 

dynamics of maize plant growth, water use, and leaf 

water content using automated high throughput 

RGB and hyperspectral imaging. Computers and 

Electronics in Agriculture 127: 625–632. DOI: 

10.1016/j.compag.2016.07.028. 

Gonzalez N., de Bodt S., Sulpice R., Jikumaru Y., 

Chae E., Dhondt S. et al. 2010. Increased leaf size: 

Different means to an end. Plant Physiology 153(3): 

1261–1279. DOI: 10.1104/pp.110.156018. 

Gonzalez N., Vanhaeren H., Inzé D. 2012. Leaf size con-

trol: complex coordination of cell division and ex-

pansion. Trends in Plant Science 17(6): 332–340. 

DOI: 10.1016/j.tplants.2012.02.003. 

Gratani L. 2014. Plant phenotypic plasticity in response 

to environmental factors. Advances in Botany 

2014; 208747; 17 p. DOI: 10.1155/2014/208747. 

Hu Q., Guo Z., Li C., Ma L. 2008. Advance at pheno-

typic plasticity in plant responses to abiotic factors. 

Scientia Silvae Sinicae 44(5): 135–142. DOI: 

10.11707/j.1001-7488.20080525. [in Chinese 

with English abstract] 



96............................................................................................................................. ..........................................................X. Jiao et al. 

 

 

Jiao X., Zhang H., Zheng J., Yin Y., Wang G., Chen Y. et 

al. 2018. Comparative analysis of nonlinear growth 

curve models for Arabidopsis thaliana rosette 

leaves. Acta Physiologiae Plantarum 40(6); 114; 

8 p. DOI: 10.1007/s11738-018-2686-8. 

de Jong M., Leyser O. 2012. Developmental plasticity in 

plants. Cold Spring Harbor Symposia on Quantitative 

Biology 77: 63–73. DOI: 10.1101/sqb.2012.77.014720. 

Karadavut U., Palta Ç., Kökten K., Bakoğlu A. 2010. Com-

parative study on some non-linear growth models 

for describing leaf growth of maize. International 

Journal of Agriculture and Biology 12(2): 227–230. 

Ke Q.H. 2014. Arabidopsis phenotype detection based on 

computer vision system. M.Sc. Thesis, Beijing For-

estry University. [in Chinese] 

Liang Z., Pandey P., Stoerger V., Xu Y., Qiu Y., Ge Y., 

Schnable J.C. 2018. Conventional and hyperspec-

tral time-series imaging of maize lines widely used 

in field trials. GigaScience 7(2); gix117; 11 p. DOI: 

10.1093/gigascience/gix117. 

Minervini M., Abdelsamea M.M., Tsaftaris S.A. 2014. 

Image-based plant phenotyping with incremental 

learning and active contours. Ecological Informat-

ics 23: 35–48. DOI: 10.1016/j.ecoinf.2013.07.004. 

Mishra Y., Jänkänpää H.J., Kiss A.Z., Funk C., Schröder W.P., 

Jansson S. 2012. Arabidopsis plants grown in the field 

and climate chambers significantly differ in leaf mor-

phology and photosystem components. BMC Plant 

Biology 12; 6; 18 p. DOI: 10.1186/1471-2229-12-6. 

Orgogozo V., Morizot B., Martin A. 2015. The dif-

ferential view of genotype–phenotype relation-

ships. Frontiers in Genetics 6; 179; 14 p. DOI: 

10.3389/fgene.2015.00179. 

 

 

 

 

 

 

 

 

 

 

 

 

Pauli D., Chapman S.C., Bart R., Topp C.N., Lawrence-

Dill C.J., Poland J., Gore M.A. 2016. The quest for 

understanding phenotypic variation via integrated 

approaches in the field environment. Plant Physiol-

ogy 172(2): 622–634. DOI: 10.1104/pp.16.00592. 

Rahaman M.M., Chen D., Gillani Z., Klukas C., Chen M. 

2015. Advanced phenotyping and phenotype data 

analysis for the study of plant growth and develop-

ment. Frontiers in Plant Science 6; 619; 15 p. DOI: 

10.3389/fpls.2015.00619. 

Rodriguez R.E., Debernardi J.M., Palatnik J.F. 2014. 

Morphogenesis of simple leaves: regulation of leaf 

size and shape. WIREs Developmental Biology 

3(1): 41–57. DOI: 10.1002/wdev.115. 

Scharr H., Minervini M., French A.P., Klukas C., Kra-

mer D.M., Liu X. et al. 2016. Leaf segmentation in 

plant phenotyping: a collation study. Machine Vi-

sion and Applications 27(4): 585–606. DOI: 

10.1007/s00138-015-0737-3. 

Wang S., Zhou D.-W.. 2021. Developmental stability, 

canalization and phenotypic plasticity in annual 

herbaceous species under different biotic and abi-

otic conditions. DOI: 10.21203/rs.3.rs-277009/v1. 

Weraduwage S.M., Chen J., Anozie F.C., Morales A., 

Weise S.E., Sharkey T.D. 2015. The relationship 

between leaf area growth and biomass accumula-

tion in Arabidopsis thaliana. Frontiers in Plant Sci-

ence 6; 167; 21 p. DOI: 10.3389/fpls.2015.00167. 

Xu F., Guo W., Xu W., Wei Y., Wang R. 2009. Leaf mor-

phology correlates with water and light availability: 

What consequences for simple and compound 

leaves? Progress in Natural Science 19(12): 1789–

1798. DOI: 10.1016/j.pnsc.2009.10.001. 


