
Introduction

Recent studies have demonstrated that many 
ecosystems are vulnerable to extreme climatic events 
that will likely lead to profound ecological and social 

impacts on local to global scales [1]. Extreme drought 
occurs more frequently and strongly due to changes 
of atmospheric circulation and the hydrologic process, 
which has become a great threat to agricultural 
production with poor risk resistance [2]. By analyzing 
spatial-temporal distribution of drought events in China 
in the past five decades, southwest extreme droughts 
occur frequently in southwest China and have a large 
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Abstract

Variation laws of growth conditions and root cortical aerenchyma (RCA) of 15 common maize hybrids 
(Zea mays L.) in Yunnan Province under simulated rare extreme drought and rehydration conditions 
were tested in this paper. The relationship between functions of root tissues in extreme drought process 
and resilience after rehydration was discussed. Results demonstrated: 1) in middle drought period, RCA 
area is closely related with drought resistance of varieties and 2) Varieties with large or small RCA area 
under drought stress have poor resilience after rehydration, while varieties with middle RCA area present 
strong resilience. We concluded that RCA area formed under drought stress will significantly influence 
recovery of root functions during rehydration. Large RCA area brings corn strong drought resistance, 
but it goes against recovery of root functions after rehydration. Small RCA area causes poor drought 
resistance of corn plants, which will induce serious damage to plants and make it difficult to recover root 
functions after rehydration. Moderate RCA area helps corn variety to develop certain drought resistance 
and recover functions of root tissues through further formation of RCA area by parenchymal cells in root 
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scope of influence [3]. Therefore, improving drought 
resistance of crops becomes one of the key agricultural 
bottlenecks that must be solved in southwestern China.

Extreme drought will cause low nutrient availability 
and inhibit microbial activity, thus influencing nutrient 
cycling. However, nutrient availability increases quickly 
during rehydration [4]. Recovery of nutrient uptake and 
recovery degree of plant root system from water are one 
of the important functions that determines resilience 
and further reproduction at the end of drought stress. 
Nevertheless, there has been no thorough study on the 
role of plant root system in resilience after rehydration 
has been reported. RCA formation in corn plant during 
drought stress is an irreversible process. RCA area and 
quantity not only affect root functions under drought 
stress [5], but exert important impacts on recovery of 
root functions after rehydration. Existing research on 
RCA mainly concentrates on RCA content under stress 
conditions as well as its effects on water and nutrient 
use efficiency [6-7]. Effects of RCA on root function 
recovery and resilience of plants after rehydration have 
not been studied.

In this paper, changes of RCA in root system of corn 
plants in extreme drought and rehydration processes 
were discussed, and resilience of corn plants after 
rehydration was analyzed, aiming to provide theoretical 
references to make field management measures of corn 
plants with reference to extreme conditions. Several 
scientific hypothesis were made: RCA area in root 
system of different hybrid corn varieties, which is 
formed during extreme drought stress, will influence 
maize resilience after rehydration. Although hybrid  
corn plants with larger RCA area in root system will 
develop stronger drought resistance of hybrid corn 
plants, it may not achieve resilience after rehydration. 
Hybrid corn plants with moderate RCA area can form 
new RCA area from parenchymal cells in root cortical 
tissues, which will further improve maize resilience 
after rehydration.

Experimental  

Test Materials

Common 15 hybrid corn varieties in Yunnan 
Province were chosen as test materials (Table 1).

Experiment

Based on observation data in five meteorological 
stations (Yuxi, Chuxiong, Qujing, Dali, and Kunming) 
in the center of Yunnan Province, China, a rare extreme 
drought event (once in 50 years) was set [4]. Data  
were collected from the China Meteorological  
Data Sharing Service System. Drought condition was 
realized by transparent agricultural film. Height of 
rain shelter was set at 250 cm to ensure near-surface 
ventilation. Moreover, average precipitation was set  
as the reference level of precipitation, which was  
realized by artificial rainfall in a rain shelter. Rainfall 
capacity applied every week was the mean of the 
corresponding period in 50 years (1964-2013). Duration 
of typical drought event during the vegetative period 
(April-June) of corn plants were selected from source 
data as simulation days of drought period. Average 
precipitation in the corresponding period was used as  
the rainfall capacity during rehydration. In this 
experiment, the extreme drought events started from 
April 17 to June 17, 1986. According to the results, 
an extreme drought event is 60 consecutive days with 
precipitation of less than 0.1 mm in the study. Thus,  
a drought period of 60 days was applied by intercepting 
precipitation from 29 July to 16 August, 2015.  
The average precipitation from June 18 to September  
30 in 50 years (1964-2013) was used as the rainfall 
capacity during rehydration (from June 18 to September 
30, 2015; Fig. 1).

Fig. 1. Daily mean precipitation from April 1 to September 30, 1964-2013.



1416 Wang Z., et al.

Temperature and Humidity Monitoring 
in Soil Environment

Soil water content and temperature were monitored 
by a HOBO weather station. Test depth was set 10 cm 
below the earth surface. Humidity and temperature were 
tested every 30 min.

Plant Biomass Test

Above- and underground standing crop biomasses  
of different corn varieties were tested by harvest and 
root washing method in middle period of extreme 
drought (May 17, 2015, 1st sample time), late period 
of extreme drought (June 17, 2015, 2nd sample time), 
and middle period of rehydration (July 25, 2015, 3rd 
sample time). Samples were dried to constant weight 
in a constant-temperature drying oven (65ºC) and then 
weighed.

RCA Area Test

RCA area was expressed by percentage of cortex 
that is aerenchyma in root section. RCA of corn root 
system was sampled for three times in the study period. 
Sample time was the same with the test time of biomass. 
The root section (8 cm) that can represent the average 
RCA area of the whole root, that is, the middle position 
at first and second-whorl crown roots, was cut [8].  
The root section was fixed in FAA stationary liquid for 
24 h and then stored in 70% ethyl alcohol after gradient 
dehydration by ethyl alcohol. Next, it was cut into sheets 
by a double-edge blade under 110 magnifications of a 
stereoscopic microscope (Olympus-16, Tokyo, Japan) 
and then observed and shot under LCD (Olympus-DP7, 
Tokyo, Japan) optical microscope (Olympus- BX51, 
Tokyo, Japan). Finally, RCA area in the root section 

was calculated by Rootscan software (Version 2.0, Penn 
State University, PA, USA).

Calculating Crop Stability

Crop stability was evaluated by way of the 
McNaughton method [9]. It includes drought resistance 
and resilience. The index between extreme drought 
group and historical control group in the extreme 
drought process was used as drought resistance, while 
the index between two groups after rehydration was 
used as resilience. The numerical difference between 
two groups in the same sample period was used as 
crop stability, i.e.: Resistance = % change from control  
= (treatment-control /control) × 100%. 

Statistical Analysis

Biomass differences of different varieties under 
extreme drought and historical control conditions were 
tested by T-test. RCA area difference was tested by  
one-way analysis of variance. SAS9.0 was used for 
statistical analysis. Statistical analysis on overall 
stability and RCA area of different hybrid corn varieties 
was implemented by Canoco 4.50, and principal 
component analysis (PCA) in linear model of non-
constraint scheduling was used as the analysis model.

Results

Effects of Extreme Drought and Rehydration 
on Soil Water and Temperature

Extreme drought group can reduce volumetric water 
content in soil significantly. The volumetric water 
content in soil was decreased by 82.28% at the end of 

Fig. 2. Daily soil water content and temperature (0–10 cm) under simulated treatments.
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drought stress compared to the initial value. The average 
reduction of volumetric water content in soil during the 
extreme drought process was 43.79%. In the middle 
and late period of extreme drought, soil temperature 
was slightly higher than that in the control group. In 
the rehydration period, volumetric water content in soil 
didn’t increase to the level of historical control group, 
and soil temperature was little higher than that of  
the control group (Fig. 2).

Effects of Extreme Drought and Rehydration 
on Aboveground Biomass as well as Aboveground 

Drought Resistance and Resilience

Moderate water stress caused certain aboveground 
biomass reductions in the 1st sample time, and was 
particularly more significant in the 2nd sample time 
under severe water deficit. Such changes varied among 
different hybrid corn varieties. All hybrid varieties 
achieved resilience to different extents in the 3rd sample 
time (Table 1). Most of them can recover to the level of 
control.

Effects of Extreme Drought and Rehydration 
on Underground Biomass as Well as Underground 
Drought Resistance and Root Function Recovery

Dry weight of underground biomass changed 
slightly in the 1st sample time compared to dry weight 

of aboveground biomass, but it changed significantly in 
the 2nd sample time. Such change was different among 
different hybrid corn varieties. All hybrid varieties 
achieved resilience to different extents in the 3rd 
sample time (Table 2). Some varieties can recover to  
the level of the control group.

Effects of Extreme Drought and Rehydration 
on Overall Biomass as well as Overall Drought 

Resistance and Resilience

Table 3 shows that the overall biomass in the 2nd 
sample time was slightly lower than that in the 1st 
sample time. The resilience of all hybrid corn varieties 
enhanced in the 3rd sample time and all varieties can 
recover to the level of the control group.

Effects of Extreme Drought and Rehydration 
on RCA Area

YR999 and YR167 formed the smallest RCA area  
in the 1st sample time, and maintained a small RCA 
area in the 2nd and 3rd sample times. On the contrary, 
DD5, YR88, YR6, and YR10 formed large RCA area  
in the early period of extreme drought, but maintained 
the same or smaller RCA area in the late period of 
extreme drought and rehydration period (Table 4). Rest 
varieties formed moderate RCA area in the middle 
part of the extreme period, but larger RCA area in the 

Fig. 3. Root sections of hybrid corn with various degrees of RCA area under the simulated event.
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late period of extreme drought and rehydration period  
(Fig. 3).

Analysis of Overall Stability and RCA Area 
of Different Hybrid Corn Varieties

Based on PCA (Fig. 4), the proportion of 
interpretable principal component axes in the first and 
second ordination axes reached 98.1%. RCA formation 
in the middle period of extreme drought can enhance 

drought resistance of underground parts. Besides, 
drought resistance of underground and aboveground 
parts make basically equal contributions to the 
overall drought resistance of the plant in this period. 
Tables 1 and 2 revealed that the drought resistance of 
underground parts is stronger than that of aboveground 
parts during the middle period of extreme drought.

According to the PCA results (Fig. 5), the proportion 
of interpretable principal component axes in the first 
and second ordination axes reached 98.7%. RCA 

Fig. 4. Principal component analysis of the stability and RCA area of different hybrid corn varieties in middle period of extreme drought.

Fig. 5. Principal component analysis of the stability and RCA area of different hybrid corn varieties in late period of extreme drought.
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area influences drought resistance of crops slightly in  
the late period of extreme drought. Based on Tables 1 
and 2, we found that drought resistance of aboveground 
parts makes greater contributions to the overall  
drought resistance of crops in the late period of extreme 
drought.

The PCA reported (Fig. 6) that the proportion of 
interpretable principal component axes in the first and 
second ordination axes reached 99.7%. RCA formation 
after rehydration can enhance recovery of root functions. 
By combining Table 4, hybrid corn varieties with large 
or small RCA area in the middle period of extreme 
drought have weaker resilience after rehydration, while 
hybrid corn varieties with moderate RCA area gain 
certain resilience.

Growth period of corn will encounter different 
degrees of drought stress. The compensatory effect 
after the drought is a positive regulatory mechanism  
of crops, which is significant for their stress resistance 
[10]. Drought stress decreases plant growth rate 
significantly and can lead to the inhibition of plant 
growth and biomass reduction [11]. Plants can recover 
growth quickly under rehydration conditions and 
eliminate growth inhibition immediately. Sometimes, 
it will generate super compensation effect and offset 
plant loss caused by drought [12-13]. Therefore, drought 
resistance and resilience are of equal importance 
to plant growth under drought environment. Quick 
resilience after rehydration might be more important 
to crop production and it also can minimize the effect 
of drought stress on growth. The super compensatory 
effect can offset losses of crop output caused by  
previous drought stress and even can increase crop 
output [14].

Some researchers have proven that drought resistance 
and resilience can be measured by plant biomass under 
drought stress [4]. Drought resistance is the final 
consequence of the influence of drought stress on crops. 
It reflects sensitivity of crop varieties to drought stress 
and is a reliable index for drought resistance assessment. 
Resilience is an important evaluation index of growth 
recovery after drought stress is eliminated. In this paper, 
drought resistance and resilience of different hybrid 
corn varieties were evaluated by biomass coefficient.

Under extreme drought conditions, root cortex will 
make great changes. Crops can resist drought stress by 
reducing material consumption based on the formation 
of RCA. In addition, crops can develop drought 
resistance by dehydration-induced deformation of 
cortex parenchyma cells, which shrink cell volume and 
change resistance against radial water transportation 
[15]. However, such drought resistance can easily 
cause damage to the root system by inhibiting plant 
growth [16]. In this paper, hybrid corn varieties with 
large RCA area didn’t show strong resilience, but 
those with moderate RCA achieved certain resilience. 
This indicates that the RCA area formed in the root 
system under drought stress plays an important role in 
recovery of crops. These hybrid varieties with moderate 
RCA under drought stress can also form a certain 
RCA area after rehydration. The RCA area formed 
under drought stress is mainly for reducing material 
consumption of plant roots and promoting root growth 
to increase drought resistance of the plant [17]. The 
RCA area formed under rehydration conditions can 
further promote growth of root system and soil nutrient 
absorption and use efficiency, thus improving resilience 
of plants [7, 18].

Fig. 6. Principal component analysis of the stability and RCA area of different hybrid corn varieties in middle period of rehydration.
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Conclusions

In conclusion, different corn varieties show different 
drought resistance and resilience after rehydration. 
Previous researchers have pointed out that RCA 
can enhance resistance to both drought stress and 
waterlogging stress. However, whether RCA can 
promote late resilience has not yet been studied. Our 
results show the important role of RCA in both drought 
resistance during extreme drought and resilience after 
rehydration. 
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