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The present study combined evaluations of agronomic parameters such as roots morpho-
metry (using the WinRhizo program) and leaf gas exchange, in order to detect features in the 
root system which allow the maintenance of photosynthetic rates and productivity in four 
maize genotypes contrasting for tolerance to water deficit (WD), two tolerant (DKB 390 and 
BRS1055) and two sensitive (BRS 1010 and 2B710). The genotypes showed similar toler-
ance to dehydration of leaf tissue, but the tolerant genotypes DKB 390 and BRS1055 pre-
sented higher photosynthetic rate and yield compared to the sensitive BRS 1010 and 2B710. 
Nevertheless, divergent strategies of adaptation to drought among tolerant genotypes were 
observed. The genotype DKB 390 presented physiological mechanisms in shoots responsi-
ble for minimizing water loss, which decreases the dependence of root adjustments to 
increase the absorption of water. In turn, the BRS 1055 genotype showed a drought avoid-
ance strategy by producing fine roots associated with a higher leaf area.
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Introduction

The threat of global climate changes has caused concern in agriculture, since climatic 
factors essential for the development of crops will be severely affected, reducing the pro-
duction and quality of food (IPCC 2007). Since most of the crops are produced in tropical 
regions, characterized by low water availability and the occurrence of more frequent and 
severe dry seasons (Easterling et al. 2007; Tubiello and Fischer 2007), researches are 
needed to identify the adaptive priority for investment in agriculture (Lobell et al. 2008), 
because in these regions live many families who depend on agriculture as the only means 
of survival (Haile 2005). These adjustments will reduce the severity of the predicted im-
pacts on crop production in tropical regions, among which maize (Zea mays L.).

Maize is an important cereal for human and animal feed, and the severe water deficit 
observed in Brazil has reduced the production and supply of this grain, affecting mainly 
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rural farmers and small agro-industries in the Northeast that use maize in animal feeding 
(Gutierrez et al. 2014). The main objectives of selection for increasing productivity in 
maize include stay green, anthesis-silking interval and the number of ears per plant, ad-
vantageous characteristics under water deficit (WD). Thus, studies for phenotypic charac-
terization and on productivity of maize genotypes under WD are the initial steps to eluci-
date the possible mechanisms involved in the physiological differential behavior of some 
maize genotypes under this stress condition, and to provide subsidies for selection to 
drought tolerance. In this context, the search for new descriptors that reflect productivity, 
such as the characterization of roots via the “WinRhizo” software (Magalhães et al. 2011) 
is very important.

According to the theory of functional balance (Brouwer 1962) plants increase the al-
location of biomass to shoots if the carbon gain is affected by limiting resources above 
ground, as light and CO2. Similarly, the plants increase the biomass allocation to the roots 
when subjected to low levels of underground resources, i.e. water and nutrients (Poorter 
and Nagel 2000). Although the flexibility of biomass allocation to this organ of capture 
and storage of resources constitute a key point in the determination of physiological 
changes in plants in environments with low water availability in the soil (Davies and 
Zhang 1991), little is known about this relationship (Fort et al. 2012). The relationship 
between the carbon allocation and water economy has been studied mainly in organs lo-
cated above ground, with particular emphasis on the leaves.

As under WD the adaptive strategies in organs located below ground overlap those above 
ground (Fort et al. 2012), and there is variation in the different traits of the same species  
(Liu et al. 2010), more investment in root system possibly increase the absorption of water 
in the soil, maintaining photosynthetic activity and productivity. This study combined eval-
uation of agronomic traits with root morphometry using the program WinRhizo and leaf gas 
exchange in order to identify the root system characteristics allowing the maintenance of 
photosynthetic rate and the productivity of four maize genotypes under WD.

Materials and Methods

Cultivation, plant material and experimental design

The experiment was conducted in a greenhouse at National Maize and Sorghum Research 
Center (19°28 ‘S, 44°15’08’ ‘W, 732 m altitude), and the plant material consisted of four 
maize hybrids contrasting for drought tolerance, two tolerant (DKB 390 and BRS1055) 
and two sensitive (BRS 1010 and 2B710).

Plants were grown in plastic pots with 20 liter capacity, containing typical dystrophic 
Red Latosol soil. The water content in the soil was daily monitored between 09:00 a.m. 
and 03:00 p.m., with moisture sensors model GB Reader N1535 (Measurement Engineer-
ing, Australia) installed in the center of each pot with the aid of a screw auger, to a depth 
of 20 cm. These sensors detect the water supply in the soil based on electrical resistance 
and are coupled to digital meters. Water replacement by irrigation was based on the data 
obtained with the sensor and water was added up to field capacity during the period pre-
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ceding the imposition of the treatments. The water replacement calculations were per-
formed with the aid of a spreadsheet, based on soil water retention curve. In parallel, all 
cultural and phytosanitary treatments required were performed.

At the pre-flowering stage, half of each initial treatment was subjected to water deficit 
(WD); the other half continued to receive daily irrigation in order to maintain soil mois-
ture close to field capacity (FC), with soil water tension of –18 kPa. Water deficit occurred 
by daily providing 50% of the total available water until soil water tension reaches at least 
–138 kPa. After twelve days under this condition, the leaf water potential was determined 
with a pressure pump type Scholander at noon (Ψmd). Leaf gas exchange and the fluores-
cence of chlorophyll a were measured with an infrared gas analyzer (IRGA – Infrared Gas 
Analyzer) Model 6400 LI (LI-COR, Lincoln, NE, USA) equipped with a fluorometer 
(LI-6400-40, LI-COR Inc.), in leaves corresponding to the ear insertion. Then, the water 
supply was restored and maintained at optimum levels by the end of the cycle. At harvest, 
the agronomic parameters associated with productivity were analyzed according to the 
methodology detailed in the “agronomic parameters” section. The experimental unit was 
the pot containing two plants, with six replications per treatment.

Preliminary statistical tests were applied to adjust or not the results of analysis of vari-
ance (ANOVA). The Scott-Knott test at 5% probability was used to test any contrast.

Agronomic parameters

Leaf number, ear number, leaf area, plant height, ear insertion height (measured using a 
graduated ruler and/or packimeter), diameter and length of the ear were quantified. Leaf 
area was measured with an area meter (Li-Cor Inc.). Then the plants were partitioned into 
root, stem, leaves, tassel, ears (cob, straw and grains), and dried in an oven with forced air 
circulation at 70 °C for 72 h. Based on the dry weight value obtained for each of the dif-
ferent parts, the harvest index was estimated. In addition, number of grains per ear and 
weight of 100 grains were estimated.

Additionally, a group of 50 grains was subjected to morphometric characterization, 
measuring the dimensions of the grains (length, width and thickness) using a digital 
packimeter, with three replications per treatment. Subsequently, these grains were soaked 
overnight in ethylenediamine (10%, w/v) and longitudinally cut by a knife to evaluate 
possible changes in embryo size, depending on the treatment. Photographs were obtained 
using a stereoscopic microscope and the ImageJ program was used to calculate the ratio 
between the areas of the endosperm and the embryo.

For the evaluation of the root system the computerized system WinRhizo Pro 2007a 
(Regent Inc. Instr.) was used, measuring length, diameter, volume and surface area  
of roots by diameter class, as follows: very fine roots (∅ less than 0.5 mm), fine roots 
(> 0.5 ∅ < 2.0 mm) and thick roots (∅ > 2.0 mm) (Magalhães et al. 2011). For this analy-
sis, roots were collected in three replications per treatment.
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Results

At the end of the water stress period, all maize genotypes under water deficit (WD) 
showed negative values of leaf water potential at midday (Ψmd) compared to the plants 
maintained in soil moisture at field capacity (FC); however, it was not possible to distin-
guish sensitive and tolerant genotypes based on this variable (data not shown).

Under field capacity, the value of photosynthetic rate (A) and stomatal conductance to 
water vapor (gs) were different among genotypes, with higher values for BRS 1055, inter-
mediate for 2B710 and DKB 390, and lower for BRS1010. Even in this condition, the 
transpiration rate values (E) were higher for genotype 2B710 intermediate for BRS 1055, 
and smaller in BRS 1010 and DKB 390, and the internal concentration of carbon (Ci) 
unchanged (Table S1*).

In turn, irrespective of genotype, a significant reduction existed of A, FvFm and gs in 
plants exposed to the stress caused by WD compared to those who had the soil moisture 
maintained close to FC, along with an increase in Ci values (Table S1). Plants of the toler-
ant genotypes (DKB390 and BRS1055) showed on average values of A and gs 70.33% 
and 64.66% higher under WD, respectively, compared to the susceptible genotypes 
(2B710 and BRS1010) grown in the same condition. In addition, sensitive genotypes 
presented lower transpiration rates (E) compared to tolerant. However, as the A values for 
BRS 1010 under WD was very low, water use efficiency ratio (A/E) was also low. In the 
genotype 2B710 water deficit decreased the gradient required to ensure adequate diffu-
sion of CO2 from the atmosphere to the carboxylation site at the chloroplast in lower 
level than BRS1010 and A/E did not reduce, maintaining values similar to those observed 
in tolerant genotypes, besides a lower volume of water in the soil.

In plants from the BRS 1055 under WD high values of A did not produce higher grain 
yield. Plants from genotypes 2B710 and DKB 390, with the soil moisture kept close to FC 
throughout the phenological cycle showed higher grain biomass (GB) and ear diameter 
(ED) compared to BRS 1010 and BRS 1055, without change in plant height (PH), ear 
insertion height (EIH), specific leaf area (SLA), individual leaf area (ILA), leaf number 
(LN), and total biomass (TB). As a result, the harvest index (HI) was on average 14.2% 
higher in genotypes 2B710 and DKB 390 compared to BRS 1010 and BRS 1055 (Table 
S2). DKB 390 plants under FC had lower ear length (EL) without change in the number 
of grains per row (NGR), and yet, the weight of 100 grains (W100G) was higher than in 
the other genotypes. In turn, in 2B710 plants under FC the higher GB was associated with 
a greater number of grains per ear (NGE), with values similar to those observed in BRS 
1055 plants (Table S2).

Under water deficit the DKB 390 maintained HI significantly higher compared to the 
other genotypes, which is associated with higher NGE and EL. Plants of genotype 2B710 
under WD presented HI highly reduced compared to the plants maintained at field capac-
ity, with values similar to the observed for BRS 1010 and BRS 1055 (Table S2), corrobo-
rating the decrease in grain size and NGE, without alteration in P100 under WD.

 
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Regardless of the water content in the soil, plants of BRS 1055 genotype presented GB 
superior to the DKB 390, BRS 1010 and 2B710, which explains the lower HI compared 
to the DKB 390. However, significant decrease was not observed for HI and LA for this 
genotype exposed to water stress.

Only plants of BRS 1010 and 2B710 showed values considerably reduced for LA un-
der WD causing lower values of GB, ED and HI. In fact, only the susceptible plants from 
BRS1010 and 2B710 presented area of embryo in relation to the endosperm (EM:E) re-
duced under WD and a decrease in GB compared to FC indicating the occurrence of a low 
photoassimilate flow to the grain in these two maize genotypes under WD, compared to 
genotypes DKB 390 and BRS 1055. In turn, the values of EM:E in plants of tolerant 
genotypes DKB 390 and BRS 1055 under WD did not vary in relation to these plants at 
FC, confirming the continuity of the flow of photoassimilates to embryo nourishment.

Morphometric analysis of images of roots previously scanned using the program Win-
Rhizo showed no difference between genotypes at field capacity regarding length, surface 
area and volume in the different classes of diameter (Table S3). However, under the water 
deficit the BRS1055 genotype showed higher fine root length (FRL), surface area of fine 
roots (SAFR), total surface area of roots (TSAR) and volume of fine roots (VFR) com-
pared with other genotypes (Table S3). In addition, plants from this genotype under WD 
had FRL, surface area of very fine roots (SAVFR), SAFR, total root surface area (TRSA) 
and FRV greatly increased compared to those kept under field capacity, while in the gen-
otypes BRS 1010 and DKB 390 these variables did not change. For the sensitive geno-
type 2B710 under water deficit SAVFR, SAFR and TSAR decreased compared to the 
plants of the same genotype under FC (Table S3).

Discussion

In conditions of low soil water availability, a decrease occurs in Ψmd leading to water 
deficit (Souza et al. 2013). One of the earliest responses to WD is stomatal closure, which 
limits the leaf gas exchange and therefore productivity (Mutava et al. 2011). Assessing 
the Ψmd at the end of the drought imposition period in maize genotypes grown under WD, 
Vitale et al. (2007) and Souza et al. (2013) found a reduced Ψmd compared to their respec-
tive controls under FC. Souza et al. (2013) also observed a differential maintenance of 
water status under WD, depending on the degree of tolerance of the genotype to WD, with 
higher values in tolerant genotypes than in sensitive ones. In this study, all genotypes 
showed similar tolerance to leaf dehydration, with reduced Ψmd values under WD. How-
ever, the genotypes BRS DKB 390 and 1055 under WD presented greater values of A and 
gs compared to BRS 1010 and 2B710, and also larger values of E.

Notably, under water deficit the BRS 1010 genotype scarcely lost latent heat via E, and 
thus probably the leaf temperature was increased, causing damage in the photochemical 
step of photosynthesis. With photochemical damage, NADPH and ATP to be used by the 
enzymes of reduction and phosphorylation of carbon in the biochemical step was im-
paired, thereby explaining the increase in Ci and the very low values of A compared to the 
plants of this genotype under FC. The low values of A, associated with low values of E 
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resulted in lower A/E. Note that the BRS1010 genotype presented under WD, A values 
7.81 times lower compared to 2B710 while E was only 2.18 times lower, which explains 
the values of A/E in 2B710 similar to those in DKB 390 and BRS 1055. According to 
Mutava et al. (2011), the genotypes tolerant to WD remain productive by increasing E 
which, in turn, occurs at the expense of increased water consumption. By releasing more 
water via the stomata opening, there would be a leaf cooling, which would prevent pho-
tochemical damage. However, all genotypes had FvFm decreased under WD compared to 
their respective controls, in FC, and the BRS 1055 showed larger values of this variable 
under WD, compared to the other.

The genotype BRS 1055 under field capacity presented an increase of 21% in A, con-
sequently increasing 7.6% the TDB and decreasing 9.8% DGB compared to the DKB 390 
genotype in the same condition. Considering that these two genotypes showed similar 
tolerance to WD, it was expected that higher A values would result in higher grain pro-
ductivity. Long et al. (2006) found that higher productivity is not Always associated to 
higher values of A and there is a great contribution of characteristics genetically con-
trolled. In fact, Magalhães and Jones (1990) observed that the grain size and the potential 
to accumulate photoassimilates in maize are probably determined by the number and size 
of the endosperm cells. Thus, it is possible that in the BRS 1055 under FC the largest A 
do not result in greater DGB because the cells that accumulate photoassimilates were al-
ready completely filled. In addition, the metabolic costs associated with the highest DRB 
in BRS 1055 compared to the other genotypes overlapped the gains coming from A, thus 
impairing productivity.

Under WD, the genotypes DKB 390 and BRS 1055 showed similar values of A and 
TDB, but the DGB was 28% higher in the DKB 390, resulting in higher HI in relation to 
BRS 1055. The lower HI values in BRS 1055 would be interpreted as a low tolerance for 
WD. However, when compared to the control (under FC) a decrease of only 9.3% oc-
curred in HI for BRS 1055 under WD. The sensitive genotypes BRS 1010 and 2B710 
under WD presented reductions of 22 and 24% respectively at the end of the drought 
imposition period. The plants from the BRS 1055 genotype have a constitutively higher 
capacity of the source per se, associated with a root system specialized in water absorp-
tion, thus large reductions in A had little effect on the availability of photoassimilates in 
the source under WD, and thus the flow of photoassimilates from source organs to drain 
organs (such as grain filling) was similar to the plants under FC.

Souza et al. (2013) reported that the largest HI of DKB 390 genotype under WD was 
not correlated only to shoot features, but also to increases in the formation of aerenchyma 
in the cortex and in the thickness of exoderm of roots. In addition, a higher number of 
metaxylem elements with a smaller diameter, which in turn may indicate a high hydraulic 
conductivity of root, increasing the water transport capacity of the vessel in the phloem 
(Li et al. 2009). According to Zhu et al. (2010) increases in the formation of aerenchyma 
in the root cortex help the axial growth of roots, through the decrease of cells in respira-
tion in this tissue. In contrast, under WD no significant variations were observed in ad-
justments of growth, surface area and volume in root plants of DKB 390 from all the 
different classes of diameter evaluated. Thus, the increase in the amount of aerenchyma 
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was used only for the maintenance of the physiological processes in the root, which al-
though beneficial, does not improve the water capture in this genotype. In this case, as the 
DKB 390 genotype under WD did not use mechanisms to increase the absorption of wa-
ter, each leaf area unit had less non-photosynthetic tissue to sustain, which allowed the 
maintenance of productivity even under stress.

Few studies have examined how the root traits are related to the photosynthetic rate 
and yield in plants grown under WD (Souza et al. 2013; Uga et al. 2013; Horta et al. 
2014). Uga et al. (2013) showed that by altering its structure to increase the angle of root 
growth, plants using drought avoidance strategy could exploit water into deeper layers of 
the soil, allowing significant improvement in the photosynthetic rate and the grain yield 
by maintaining influx pressure of sucrose through the plasmodesmata in the phloem into 
sink cells (Edmeades et al. 2000). Only BRS 1055 plants presented increases in FRL un-
der WD, without significant changes in the DRB. Note that the largest amount of water 
absorbed by the root system comes from fine and very fine roots, and only plants with 
conservative characteristics of arid environments present improvement in water absorp-
tion efficiency for producing very fine roots (Liu et al. 2010).

Roots of the genotype 2B710 under WD presented a substantial reduction in SAVFR, 
SAFR and TSAR. Considering that the root cap acts on the geotropism and protects the 
root meristem from damages due to a mucilage secretion at the edge of the cells (Iijima et 
al. 2004), it is possible that under WD the area of these roots have been reduced leaving 
the meristem unprotected. As a result, there was a smaller replacement of the damaged 
cells of the root cap by the quiescent center, which led to a restriction in the surface area 
of the roots of this genotype, without affecting the RDB.

BRS 1055 under FC, unlike DKB 390, BRS 1010 and 2B710, showed no positive 
linear response for the relationship between A and productivity. Possibly, the cell for ac-
cumulation of photoassimilates are controlled by genetic factors, and thus the saturation 
of the grain capacity does not require so high A values; in addition, increased investment 
in non-photosynthetic structures (roots), may have diverted resources that would be used 
by filling grains on that particular genotype.

DKB 390 and BRS1055 genotypes are more tolerant to WD than BRS 1010 and 
2B710. However, the results showed that these two tolerant genotypes have different 
mechanisms to overcome the stress generated by the WD. DKB 390 uses mainly physi-
ological mechanisms at shoot level for the maintenance of productivity, by minimizing 
water loss, which decreases the dependence of adjustments in the root system to increase 
the absorption of water, while BRS 1055 present a strategy for avoiding drought produc-
ing fine roots, in parallel to a higher LA.
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