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Abstract

:

To understand the drought response mechanisms of dry matter partitioning of maize, pot experiments under drought conditions were conducted during the vegetative and reproductive growth periods of maize. The aim was to calculate allometric relationships between the dry matter weight of different organs and their responses to drought. Results showed that allometric relationships between the roots, above-ground plant, and total biomass gradually increased with maize growth approaching maturity under a normal water supply. Drought during the vegetative period reinforced allometric relationships during the growth process and after rewatering and increased the size-dependence of the root shoot ratio. However, drought during the reproductive period weakened them. The ear–shoot allometric relationship was more significant during growth than at later growth under normal conditions but strengthened during later growth in those plants suffering droughts during the vegetative and reproductive stages. The ear–shoot allometric relationship and the size-dependence of harvest index at later growth were significantly enhanced by drought during the reproductive period compared to the vegetative period.
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1. Introduction


The photosynthate of plants is distributed into different organs and the allocation pattern is reflected by the adaptive strategy of plants to environmental change [1]. The dry matter partitioning (DMP) ratio of plant organs has traditionally been considered as reflecting the distribution status of biomass [2] and the DMP has been conceptualized as the process driven by the ratio [3,4]. Root shoot ratio (RSR), harvest index (HI), and reproductive effort are regarded as the vital parameters which reflect the DMP pattern of a plant and play a key role in assessing crop yield and building models [5]. In the above-mentioned ratio-based perspective, allocation patterns are size-independent, but other observations suggest otherwise [6]. Some scholars believe that DMP is allometric, regarded as a process in which the dry matter weight of different organs depends on the evolution of plant size and there is a functional relationship between growth and allocation, rather than a simple allocation ratio or proportion issue [7], and various proportion indices are also correlated with plant size [8]. This means that the change in the DMP pattern is the response of the allometric trajectory to the environment and the allometric relationship (AR) can be used to replace the allocation ratio to explain the effect of environmental or production mode change on DMP more clearly and effectively [1]. The identification of ARs between different organs such as leaf and stalk, leaf and root, vegetative and reproductive organs, and aboveground and underground biomass are important indicators for understanding the environmental response strategies of plants [9,10].



In terms of crops, biomass production and allocation are essential for yield formation and they are influenced by abiotic factors such as nutrition, temperature, light, and soil moisture [11,12]. Drought is one of the most important meteorological disasters affecting grain production [13]. As a consequence of drought, the reduction of photosynthetic products can be caused by the constrained photosynthetic process [14] and the growth of roots and leaves can be affected by the altered DMP pattern which, in turn, affects physiological processes such as nutrient absorption and photosynthesis [15]. In addition, the ripening effect of drought inhibits the redistribution of dry matter in the reproductive growth stage [16].



The current mainstream crop models do not explain the effects of drought conditions on DMP and they lack the ability to simulate the drought process [16]. Although relevant studies have been conducted [17], root biomass, or especially total root biomass is rarely considered, which severely limits the understanding of the drought response on DMP. The existing studies on DMP based on allometric theory have mostly focused on the effects of planting density [8], sowing date [10], tillage methods [18], and soil fertility [19], while those considering the effect of drought are still scarce. The application of allometric theory to the investigation of drought response of DMP can contribute to an in-depth understanding of the mechanisms involved, play a key role in refining plant disaster theory, and improve crop model parameter schemes [20]. As one of the world’s three major grains, maize has ranked first in planting area and yield in recent years and plays an increasingly key role in guaranteeing world food security and economic development [14]. Maize is also sensitive to water during its whole growth period, so drought has become the most important disaster affecting maize production [16], and it is vital to investigate the effect of drought on the DMP of maize based on allometric theory.



There have been few investigations of the ARs between different organs of maize and their variation with growth stage, and it is still difficult to measure abiotic stress for the above-mentioned ARs. This study set out to solve these problems by conducting a series of field experiments and by collecting a substantial body of observational data associated with the biomass of different organs, especially, for roots. The objective of this research was to explore ARs between maize organs at different growth stages by using the allometric method and to investigate the response characteristics of ARs to drought during different growth stages of maize and following rehydration based on maize pot experiments for two consecutive years. The main structure of the article is introduced as follows. In materials and methods, experimental design, calculation of irrigation amount and soil water content, parameter expression, and allometric method are expounded. Results consist of “ARs between roots, aboveground and total biomass”, “ARs between the ear and various parts of maize”, and “size-dependence of HI and its response to drought and rewatering”. Discussion includes two parts, i.e., “ARs between maize root and shoot and total plant and their response to drought” and “ARs between the ear and different biomass and their drought responses”. The last section presents the conclusion.




2. Materials and Methods


2.1. Experimental Design


The pot experiment for maize suffering water stress was conducted at the Jinzhou Agricultural Meteorological Experimental Station in Liaoning Province using the Xianyu 335 maize variety, which is a hybrid of middle and late-ripening maize. In the study area, typical brown soil had particle size exceeding 0.05 mm, 0.002 to 0.05 mm, and less than 0.002 mm accounting for 40.73%, 41.56%, and 17.71%, respectively; a pH of 6.3 and contained soil organic matter content of 15.24 g·kg−1, nitrogen of 1.04 g·kg−1, phosphorus of 0.50 g·kg−1 and potassium of 22.62 g·kg−1 [16]. The diameter and height of the experiment PVC textured pots were 40 cm and 100 cm. In the autumn before the experiment year, surface soil up to 20 cm was evenly mixed, weighed, and loaded into the pots. The top 20 cm of soil had an average field capacity of 21.3%, a wilting point of 6.0%, and a bulk density of 1.60 g·cm−3. Three seeds were manually planted into the pots at a 5 cm soil depth, and the seedlings were thinned so that one strong plant remained when the plant had grown its fifth leaf. The experiment consisted of drought treatments (WC) during vegetative (VP) and reproductive (RP) growth periods and corresponding control treatments (CK). There were six replicates per treatment. Natural precipitation was accepted before the jointing of the maize and appropriate water was added when there was not enough precipitation to ensure the normal growth of corn plants. At the jointing stage, six sample pots were selected to observe soil moisture, and the calculated water requirements were added to the pots to reach suitable soil moisture, i.e., a soil relative water content (SRWC) of 75%. After that, a large mobile waterproof shelter was used to prevent natural precipitation and the CK treatment was maintained at suitable soil moisture by water supplementation according to weather conditions and soil situations to ensure normal growth of corn.



The VP and RP drought treatments were decreasingly irrigated from jointing to silking and from tasseling to milk ripening to form drought episodes, respectively. At the end of VP and RP drought treatments, dry matter weights (DMW) of different organs of maize were measured, and the real-time effects of drought were reflected by comparing the differences in the allometric relationships among various parts of the maize plant between CK and WC treatments. The corresponding WC and CK treatments were defined as VPWC, RPWC, and VPCK, RPCK, respectively. In addition, after the end of VPWC and RPWC, two treatments adopted the same water supply measure with the control until maturity and were respectively defined as VPAWC and RPAWC, and the CK treatment at the end of growth was named CKA. Assuming that the maximum transpiration of a single corn plant during VP and RP is approximately 2000 g/d and 1600 g/d [14], the depth of water replenishment was calculated according to the area of the pot section. The growth period of CK and the water supplement of each treatment are shown in Figure 1.



In 2019, sowing and jointing occurred on 30 April and 15 June, respectively. The VPWC was not irrigated on 27 June and was replenished with half of the water volume of CK from 2 July to 15 July, and irrigated similarly with CK after 20 July. The RPWC was not irrigated on 20 July and was irrigated with half of the water volume of CK from 22 July to 14 August, and irrigated similarly with CK after 22 August. In 2020, sowing and jointing dates were on 10 May and 20 June. The VPWC was irrigated with 33% of the water volume of CK from 9 July to 15 July, with half of the water volume of CK on 20 July, and similarly with CK from 24 July. The RPWC was irrigated with half of water volume of CK from 24 July to 11 August, and irrigated consistently with CK after 20 August. The abbreviations for the different experimental treatments and variables are summarized in Table 1.




2.2. Methods


2.2.1. Calculation of Irrigation Volume


According to the current soil water content, the expected water content can be achieved through water replenishment. The formula used was as follows.


  Δ  D w  = 1000 ×   ∑   i = 1  n   [   h i  ×  ρ i  ×  (  α ×  θ  f i   −  θ i   )   ]   



(1)




where,   Δ  D w    stands for supply water quantity (mm),    h i    and    ρ i    are thickness (m) and bulk density (g·cm−3) of soil layer i,  α  is the referenced soil relative water content or 75% in this study.    θ  f i     and    θ i    are field capacity (g·g−1) and soil weight water content (g·g−1) of soil layers i and n, equal to 9 in this research, refers to the number of soil layers, which is defined with a thickness of 10 cm per layer. Based on this method, the required volume of water replenishment for experimental samples at the jointing stage was calculated according to the measured soil moisture.




2.2.2. Soil Water Content Measurement


Soil water content was expressed by SRWC and was calculated as follows:


   θ  r m   = [   ∑   i = 1  n   (     θ i     θ  f i      )  ] / n  



(2)




where    θ  r m     is SRWC and was measured at the end of different treatments each year. As shown in Figure 2, the SRWC of CK was higher than those of WC after the drought in 2019 but failed to reach the floor level of 60%, due to a deficient water supply. Even after rehydration, the SRWC of VPAWC did not reach 60% of SRWC. Conversely, the SRWC of CK in 2020 reached the appropriate level after drought and rehydration. It is worth noting that the SRWC of RPAWC was higher than that of the corresponding CK in both years. The reason was that the physiological functions of plants were disrupted due to RP drought, and the plants withered after rewatering, which decreased the water consumption of transpiration. In addition, the measured soil samples were in the outer layer of the soil column, and were drier than those in the inside of the soil column, resulting in a lower value relative to the real condition.




2.2.3. Parameter Expression and Allometric Method


RSR and HI are expressed as Equations (3) and (4):


RSR = DMr/DMs



(3)






HI = DMe/DMs



(4)




where DMr, DMe, and DMs represent the dry matter weight of root, ear, and aboveground organs. AR can be described as:


  D  M y  = β D  M x α   



(5)







To facilitate parameter fitting, the equation is logarithmically converted into a linear relationship.


  log D  M y  = log β +    α   log  D  M x   



(6)




where DMy and DMx represent the masses of organs y and x, respectively.  β  is an allometric coefficient.    α     reflects the relative growth ratio between y and x, equaling 1 when different organs are in a steady growth status, and deviation from 1 means that it is influenced by changes in the environment or developmental period [2].





2.3. Data Statistics


The observational data for each year were statistically analyzed using SPSS 26.0 software (SPSS Inc., Chicago, IL, USA, URL:https://www.ibm.com/cn-zh/spss?lnk=flatitem (accessed on 2 March 2021).





3. Results


3.1. ARs between Roots, Aboveground, and Total Biomass


Logarithmic transformation of the dry matter weight of roots, and aboveground organs i.e. the shoot and total plant were conducted and named as logDMr, logDMs, and logDMt. Their relationships were established to reflect ARs in Figure 3.



In 2019, at the end of VPWC, the logDMr of CK showed a positive correlation with the logDMs and logDMt with a relative growth ratio larger than 1 for the former, meaning that the growth rate of roots was greater than that of shoot. There was a negative correlation between logDMr and logDMs for WC, indicating that they had opposite growth trends and the growth rate of the roots was higher than that of the shoot, but there was a positive correlation between logDMr and logDMt. In 2020, the logDMr and logDMt all showed a positive correlation for CK and WC, and the relationship for WC was more significant (p < 0.01) with a relative growth rate greater than 1, indicating that the root growth was faster than that of the total plant, while the growth rate of the roots was lower than that of total plant for CK. The relationship between logDMr and logDMs was not obvious for CK and significant for WC (p < 0.05). The DMt of VPCK in 2019 and 2020 was 213.3 ± 10.6 and 284.3 ± 57.7 g∙plant−1, respectively, indicating that the VPCK in 2019 was also affected by drought. The ARs for CK between roots and shoot and total plant in 2019 were stronger than those in 2020, indicating that drought promoted AR in this period. At the end of RPWC, there was a slight positive correlation between logDMr and logDMt for CK, and AR was more obvious for WC, but there was no reliable positive correlation between logDMr and logDMs for WC and CK in 2019, while only logDMr and logDMt for CK in 2020 had slightly positive correlativity.



At the end of the growth in 2019, DMs of 257.4 ± 40.8 g∙plant−1 was smaller than that in 2020 of 303.0 ± 65.9 g∙plant−1, reflecting that after effect of VPCK in 2019 was persistent. Specifically, in 2019, the ARs between roots and shoot and total plant were significant for CKA and the root-total plant AR was more significant (p < 0.05). There was no AR between root and shoot and positive AR between root and total plant was slight with a large variability for VPAWC. Inversely, the ARs of root-total plant and root-shoot both were obvious and the former (p < 0.05) was more significant than the latter for RPAWC. In 2020, the ARs between root, shoot and total plant both showed slightly positive correlativity for CKA and were strengthened by the previous VPWC with the AR of the root-total plant being more significant than that of root-shoot (p < 0.05), while the ARs were weakened by the previous RPWC.




3.2. ARs between Ear and Various Parts of Maize


The ARs between the ear and various parts including total plant, shoot, total plant minus ear (DMv0) and shoot minus ear (DMv1) were shown in Figure 4. At the end of RPWC, the log-transformed ear (logDMe) was positively correlated with logDMs and logDMt in 2019 and 2020, and the relationships between logDMe and logDMs were very significant with p < 0.1 and p < 0.01 in 2019 and 2020, respectively. But logDMe was negatively correlated with log-transformed DMv0 and DMv1 for CK in 2019 and 2020, and the correlations were more significant in 2020 than in 2019. Under the impact of RPWC, the ear had significant ARs with the shoot (p < 0.05) and total plant (p < 0.1) and had no ARs with DMv0 and DMv1 in 2019, and had no ARs with four parts in 2020. In general, the AR between the ear and shoot was the most significant, but the AR between the ear and the vegetative organ was not significant.



At the end of growth, there were no obvious ARs between the ear and four parts in 2019 and 2020 for CK. Under the effects of VPWC and RPWC, the ear showed positive ARs with all four parts, and the ARs between the ear and shoot and total plant were the most significant in 2019 (p < 0.001 and p < 0.001 ) and 2020 (p < 0.001 and p < 0.05) for RPAWC, and were less significant for VPAWC than for RPAWC.




3.3. Size-Dependence of HI and Its Response to Drought and Rewatering


Figure 5 shows the relationships between HI and the size of maize plants under different water treatments. In terms of the condition at the end of the RPWC, the correlation between HI and DMs was not obvious for CK but positively significant for WC (p < 0.1) in 2019. The situation in 2020 was the opposite with the correlation for CK significantly positive (p < 0.05) and negative for WC (p < 0.1). In general, HI was not a constant and was related to plant size under different soil water situations and drought made HI smaller than the control value.



From rewatering after drought to the end of the growth period in the two years, the HI of plants experiencing RPWC was slightly smaller than that of CK and was larger than that affected by VPWC. The correlations between HI and DMs for CK were negative and significant in 2019 (p < 0.05) and they were significantly positive in 2019 (p < 0.05) and in 2020 (p < 0.1) for RPAWC and not significant for VPAWC.





4. Discussion


4.1. ARs between Maize Root and Shoot and Total Plant and Their Response to Drought


Some studies have argued that the correlation between vegetative organs and the total plant is incorrect because the latter includes the former [21] and some scholars believe that vegetative organs, reproductive organs, and the total plant are all related to each other. This study further clarified the above relationships by analyzing the ARs of root and shoot and total plant and their responses to drought. The AR of the root-total plant was stronger than that of the root-shoot in different treatments and periods, which was closely related to the fact that the root was included in the total plant.



Further analyzing showed that the ARs of root and shoot and total plant for VPCK and RPCK were weaker than those for CKA, reflecting that the ARs gradually strengthened as the growth process approached the end. The VP drought promoted the AR between roots and total plant, and the AR between roots and shoot for VPWC was negatively correlated in 2019, suggesting that a certain degree of drought promoted root growth while inhibiting shoots. In addition, the ARs for CKA in 2019 were stronger than those in 2020 because VPCK for 2019 suffered drought and the ARs for VPAWC in 2020 were more significant than those in 2019, which corresponded to the fact that drought was more severe in 2019 than in 2020, showing that severe drought can weaken the AR, but the drought in a certain range can increase AR. The AR for RPAWC was stronger in 2019 than in 2020, reflecting that the more severe previous drought played a more vital role in strengthening the ARs at the end of the growth period, which is also related to the occurrence time of drought during growth [14]. The root-shoot ARs showed that the growth rates of roots for most treatments were larger than those of shoot, which is different from the conclusion of Zhang et al. [10] for two reasons. The first is related to the differences in varieties and cultivation zones, and the second is that roots were only observed above the depth of 30 cm in the study without considering total roots.



Root-shoot ratio (RSR) is an important indicator of crop yield. Variation characteristics of RSR can be reflected by analyzing the AR between roots and shoot. The obvious ARs for VPWC and VPAWC in 2020 and for RPVWC and CKA in 2019 reflected that RSR was not constant under these conditions, but closely related to individual size. The shifting ARs for VPWC and RPAWC varied the size-dependence of RSR. These results indicated that the functional relationship between the dry matter weight of each part and plant size under drought was related to the difference in organ growth rate in response to drought [8], so plant growth and size should be considered to explain the dry matter distribution process relative to fixed allocation rates [10]. Specifically, differences in environmental conditions can be combined with biomass allocation patterns related to total mass to understand how plants allocate biomass in response to changes in individual size and environment [22].




4.2. ARs between Ear and Different Biomass and Their Drought Responses


Regardless of CK and WC at the end of drought treatment, the ARs between ear and DMv0 and DMv1 were significantly less than those between the ear and DMs and DMt, and the AR of ear–DMs was the most significant. Under normal water supply, the ARs were more significant during the growing process than at the end of growth, and ears and vegetative organs had negative ARs, reflecting that the two parts competed for photosynthate. However, drought enhanced ARs between the ear and DMs, DMt, and even vegetative organs, which reflected the contribution of dry matter redistribution of vegetative organs to the ear biomass accumulation [1]. At the end of growth, the ear biomass for CK showed negligible change with different parts’ biomasses and was not size-dependent, indicating that the ear was sufficiently supplied with photosynthate and the excess photosynthate was allocated to the vegetative organs, increasing the individual difference. Under the effect of the previous drought, the ARs were strengthened relative to those for CK, indicating that the limited photosynthate was supplied for vegetative organs according to a certain proportion after the accumulation of ear dry matter was ensured, showing that drought in different developmental periods can promote ARs. The significant ARs between ear and vegetative organs further reflected the contribution of dry matter redistribution from vegetative organs to ear at the late growth stage.



The constant HI is often used to estimate yield by multiplying it with aboveground dry matter weight and it is an important parameter to measure crop productivity [23]. However, it changed with the developmental stage [24]. In this study, under normal conditions, the AR between ear and DMs was significant during the growing process, reflecting the source–sink relationship of dry matter allocation of different organs [24], while it was nonexistent at the end of growth, meaning that source–sink relationship weakened, also indicating that the correlations between reproductive output and individual size varied with growth stages [24]. Compared with the conclusion in the literature [10], the ear–shoot ARs in this research are credible as a whole except for the smaller sample size, which further confirmed the size-dependence of the ear on maize plants. Under the effect of drought occurring at different growth periods, reproductive output was correlated with plant size, and its size-dependence was enhanced, reflecting that HI varied with individual size, which further proved that drought affected biomass allocation patterns [2,18].



Compared with the allocation ratio, the biomass allocation pattern can be better understood by considering growth and individual size [10] and AR will give a more reasonable explanation for the change of HI [8]. Under normal conditions, the relationships between HI and DMs were positively correlated during the growth process, meaning that the whole plant provided an important material basis for ear dry matter accumulation, while was negatively correlated at the later stage of growth, illustrating that the ratio of dry matter transformed from vegetative organs to reproductive organs decreased with increasing plant size and the greater the aboveground biomass, the smaller the HI. Drought varied the relationships between HI and plant size. Under RP drought during the growing process, the relationship obviously varied relative to CK, and HI decreased with the increase of DMs. At a later growth stage, under the effect of the previous drought during VP and RP, HIs were positively correlated with individual size and the relationship was more significant under RP drought than under VP drought, indicating that RP drought reinforced the role of size in increasing HI and an aftereffect was induced by the previous drought. Increasing plant size is beneficial to obtain higher yields under environmental stress [24,25].





5. Conclusions


The present study indicated that the root had a more significant AR with the total plant than with the shoot of maize. Under normal conditions, the ARs of root-total plant and root-shoot gradually increased with the growth process approaching an endpoint. The droughts at different growth stages exerted a stimulatory effect on the above ARs during the growth process and induced different aftereffects on the ARs at the end of growth after rewatering. The VP drought within a certain range intensified the ARs during the growth process and at the end of growth and increased the size-dependence of RSR, while severe drought broke the AR at the end of growth. The RP drought inhibited the above ARs and the size-dependence of RSR at the end of growth. The AR of the ear–shoot during the growth process was more significant than that at the end of growth under normal conditions. Drought strengthened the ear–shoot AR at the two periods and varied the size-dependence of HI. The RP drought played a more evident role in promoting this AR and the relationship between HI and aboveground biomass relative to VP drought at the end of growth.
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Figure 1. Dates (month/day) of maize growth periods and irrigation regimes for the different experimental treatments in 2019 and 2020. The light and deep yellows stand for the periods of VPWC and RPWC, respectively. 
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Figure 2. Soil moisture of WC and CK for different treatments in 2019 (a) and 2020 (b). 
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Figure 3. The ARs between root and shoot and total plant in 2019 and 2020. 
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Figure 4. The ARs between ear and various parts of maize in 2019 and 2020. 
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Figure 5. Relationships between HI and shoot during growth (a,b) and at the end of growth (c,d) in 2019 and 2020. 
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Table 1. Abbreviations used to denote each parameter and treatment.
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	Abbreviation
	Description





	AR
	Allometric relationship



	DMP
	Dry matter partitioning



	DMW
	Dry matter weight



	RSR
	Root-shoot ratio



	HI
	Harvest index



	SRWC
	Soil relative water content



	CK
	The control treatment



	WC
	Water control treatment



	VP
	Vegetative period of maize



	RP
	Reproductive period of maize



	VPWC, VPCK
	WC during VP and its CK



	RPWC, RPCK
	WC during RP and its CK



	VPAWC, RPAWC
	VPWC and RPWC irrigated until maturity



	CKA
	The CK for VPAWC and RPAWC



	DMr, DMe, DMs, and DMt
	DMWs of root, ear, aboveground organ, and total plant



	DMv0, DMv1
	DMWs of total plant minus ear and shoot minus ear
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