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ABSTRACT. The peanut plant has high plasticity and great 
adaptability to adverse conditions, including drought. To mitigate the 
negative effects of drought on legumes, nitrogen-fixing 
microorganisms have been investigated in some plant species, such 
as soybeans and beans. We analyzed the role Bradyrhizobium strains 
in peanut genotypes subjected to water deficit by means of plant 
growth, physiological and gene expression analysis. The research 
was conducted under greenhouse conditions with the runner peanut 
genotypes (IAC Runner 886, 2012-33 and 2012-47) and two 
Bradyrhizobium strains (ESA 123 and SEMIA 6144). After 20 days 
of germination, the water supply was completely interrupted and gas 
exchange analysis were carried out using an infrared gas analyzer, up 
to the 10th day of stress. Leaves were collected for the analysis of 
proline content and the expression of NCED and ERF8 genes. 
Analyses of plant height (PH), shoot dry mass (SDM), root dry mass 
(RDM), number of nodules (NN) and nodule weight (NW) also were 
performed. The peanut shoots inoculated with the Bradyrhizobium 
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strains obtained the best results. The genotypes inoculated with the 
ESA 123 strain obtained superior responses compared to the non-
stressed treatment inoculated with the same bacteria and the stressed 
control without bacterial inoculation. In the ESA 123 inoculated 
treatments, the water stressed plants had higher RDM (28.5% higher, 
on average), NN (two fold higher), and gene expression 
(approximately six and three-fold higher for ERF8 and NCED genes, 
respectively). The increase in the expression of NCED and ERF8 
genes, in the three genotypes inoculated with ESA 123, suggests a 
key role of this inoculant in the activation of metabolic cascades for 
plant protection under water deficit. 
 
Key words: Biological nitrogen fixation; ERF8 and NCED genes; Arachis 
hypogaea; Drought tolerance 

INTRODUCTION 
 
Drought is one of the main factors responsible for negative effects on the 

development and quality of agricultural production worldwide Hu and Xiong (2014). Water 
deficiency affects the physiological and nutritional development of plants leading to the 
reduction of their biomass and growth and, consequently, yield. Drought induces stomatal 
closure, which limits the exchange of gases and consequently, reduces the photosynthetic 
rate (Ihuoma and Madramootoo, 2017). Its also causes severe changes in plant metabolism, 
with damage to cell membranes and to the transport chain, leading to an increase in the 
production of oxygen-reactive species (Pereira et al., 2016). In order to adapt to these 
conditions, plants have a controlled metabolic apparatus at a molecular level, by signal 
transduction cascades, where plant hormones play key roles Müller and Munné-Bosch 
(2015). 

Several genes and transcription factors associated with molecular and physiological 
changes under drought conditions have been isolated and characterized over the last few 
years (Chen et al., 2012). In Arabidopsis thaliana the expression of genes under drought 
conditions, such as AtNCED, has been associated with the synthesis of abscisic acid (ABA). 
This hormone is involved in the physiological responses to drought, being synthesized in 
the roots, culminating in the loss of the turgor of the guard cells and stomatal closure (Lata 
and Prasad, 2011; Umezawa et al., 2011). In addition, ABA triggers the activation of a 
complex network of triggered transcription factors due to abiotic stresses, especially water 
deficit (Lata and Prasad, 2011). 

Others plant hormones play important roles in stress physiology and interact in a 
network to reduce the damaging effects to plants. Ethylene is a hormone that mediates the 
response to abiotic stress in vegetables. Ethylene Responsive Factors (ERFs) represent a 
family of expressed genes at the end of the cascade of multi-genic expression for ethylene 
synthesis (Hao et al., 1998). The expression of ERFs tends to be higher in plants under 
abiotic stresses, which has been found to be related to drought tolerance and salinity in 
several species Müller and Munné-Bosch (2015). 

The use of rhizobia, bacteria that induce the development of root and/or stem 
nodules in legumes, has been an alternative to optimize agricultural production through a 
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reduced need for nitrogen fertilizers. In addition to nitrogen fixation, the rhizobium-legume 
interaction may contribute to host resistance to abiotic stresses such as drought, as has been 
demonstrated for tropical legumes such as cowpea (Oliveira et al., 2012) and peanut (Melo 
et al., 2016; Barbosa et al., 2018). 

Peanuts (Arachis hypogaea) are one of the world's five most important oilseeds. 
This species is currently being cropped in over 100 countries, mainly in the tropics (Fletcher 
and Shi, 2016). Despite its relative tolerance to drought, efforts have been made by plant 
breeding programs to develop cultivars with the ability to maintain yield under low rainfall 
conditions (Pereira et al., 2015). 

In addition to initiatives to generate new genotypes, research groups have focused 
on the selection of rhizobia adapted to soil and semiarid climatic conditions. These studies 
have led to the selection of efficient rhizobia strains both under greenhouse conditions as 
well as in the field (Sizenando et al., 2016; Santos et al., 2017). Rhizobia can improve 
legume tolerance to drought as already shown for peanuts (Furlan et al., 2012). The ESA 
123 strain of Bradyrhizobium sp. increased peanut yield under various different soil and 
climate conditions of northeastern Brazil (Sizenando et al., 2016). The inoculation of 
Bradyrhizobium sp. ESA 123 in upright peanut genotypes, in addition to inducing higher 
growth and yield, induces reduction of water deficit damages altering the activities of 
oxidative stress enzymes and increasing the proline concentration in tissues (Barbosa et al., 
2018). 

 Despite these biochemical evidences of drought tolerance induction by inoculation 
of Bradyrhizobium, gene expression changes in inoculated peanut under water deficit 
remain unknown. We investigated the possible benefits of the peanut-Bradyrhizobium 
interaction under drought conditions based on leaf gas exchanges, biometric and NCED and 
ERF8 gene expression analysis. 

MATERIAL AND METHODS 

Plant material and experiment set up 
 
Three runner genotypes were used: IAC Runner 886 cultivar and the 2012-33 and 

2012-47 advanced lineages. All were from Embrapa Peanut Germplasm Active Bank. 
The experiment was carried out in a greenhouse at Embrapa, in Campina Grande 

(07º13'50" S; 35º52'52" W, 551 m asl). Two Bradyrhizobium spp. strains (SEMIA 6144 and 
ESA 123) were used. The bacteria grew in YEM (Yeast-Extract Mannitol) liquid medium at 
28°C with constant stirring of 120 rpm for five days (Vincent, 1970). The seeds were 
superficially disinfected with 96° ethanol for 30 s, sodium hypochlorite 2.5% (v/v) for 5 
min, followed by 10 washes in autoclaved distilled water (Vincent, 1970) and then planted 
in pots with capacity for 32 L of soil and 0.5 m in diameter. The soil (Fluvic Neosol in 
loamy-sandy texture) was fertilized with 4 g of simple superphosphate and 1.5 g of 
potassium chloride per pot before planting, according to the technical recommendations for 
the crop (Cavalcanti, 2008). Four seeds of each genotype were planted per pot, performing 
the pruning of two plants 10 days after germination. For the inoculation, 1 mL of bacterial 
broth was inoculated onto each seed immediately after the planting and a second inoculation 
were conducted 15 days after the sowing. For the second inoculation, the bacterial strains 
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were grown as described and 1 mL of the bacterial broth was inoculated in the soil, close to 
the plant stems. 

Irrigation was performed daily in order to maintain the moisture content of the soil 
close to field capacity. Watering was suspended for 10 days after 20 days of germination 
when the plants reached 50% of the stomatal closure, a decisive moment for collecting plant 
material for biometric, biochemical and molecular analyses. 

The experimental design used was completely randomized with a factorial 
arrangement of 3 x 4 x 2, being: three peanut genotypes; 4 N sources (two Bradyrhizobium 
sp. inoculants and one source of mineral nitrogen, ammonium nitrate, 1 g per pot and an 
absolute control without nitrogen); and two water regimes (control and stress); with six 
replicates. 

Analysis of vegetative growth and physiological traits 
 
For the vegetative growth data, the following was analyzed: plant height (PH), 

shoot dry mass (SDM), root dry mass (RDM), number of nodules (NN) and nodule weight 
(NW). 

The measurements of gas exchange were carried out with an Infrared Gas Analyzer 
(IRGA) apparatus (LCpro, ADC Bio-scientific) to obtain net photosynthesis rates (A, μmol 
CO2 m

-2.s-1), stomatal conductance (gs, mol H2O m-2.s-1), transpiration (E, mmol H2O m-2.s-

1) and the ratio between the internal and external concentration of CO2 in the leaf (Ci/Ca, 
μmol CO2 mol-1 air), according to the calculation of the difference between air atmospheric 
(reference air) and air from the foliar chamber (analyzed air) (Magalhães Filho et al., 2008). 

NCED and ERF8 gene expression 
 
For the gene expression analysis, leaves were collected after 10 days of stress in 

liquid nitrogen and stored at -80°C. For the extraction of total RNA, 0.1 g of leaves were 
macerated in liquid N2 and used with the Invisorb Kit (Invitek) following the 
manufacturer’s recommendations. Next, 1 μg of total RNA in each sample was treated with 
1 U/μL of DNAse I (BioLab). Purity and concentration were estimated on agarose gel 
(0.8%) and by spectrophotometry. The cDNA synthesis was performed using the ImProm-
II

TM
 Reverse Transcription System kit (Promega) from 1 μg of total RNA. The 

oligonucleotides specific for each gene were: NCED (F-ATGATCCACGATTTCGCCAT and 
R-TCCCAAGCATTCCAAAGATG) and ERF8 (F-GTTTCGGCGGCGGAGCTTCA and R-
TGCGTTGGCCGAAGGTGTCC). For each RT-qPCR reaction, 6 µL do qPCR-SYBR-green 
mix/Rox (Ludwig), 0.36 µL of each primer (10 µM), 3.5 µL of cDNA (diluted 1:3) and 
water for a final volume of 12 µL were used. Amplification conditions were: 95°C for 10 
min and 40 cycles of 95°C for 15 s, 60°C for 1 min and finally, 72°C for 15 s. The charts, 
Melt curve and Cqs were automatically generated by the Eco™ Real-Time PCR System 
thermal cycler (Illumina) based on the normalization method with reference genes, ΔΔCq 
(Livak and Schmittgen, 2001) and the for analysis of the generated pattern relative 
quantification was used. The PP2A (F-GATCCTTGTGGAGGAGTGGA and R-
GCGAAACAGTTCGACGAGAT) and Ubiquitina (F-CAACGCTCCATCTTGTCCTT and R-
TGATCGTCTTTCCCGTAAGC) (Ártico et al., 2014) genes were used as endogenous control. 
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 Aiming to determine the variations in the gene expression was used as control of 
the reaction a pool of non-stressed treatments. 

Proline content determination 
 
In order to determine the free proline content, the methodology described by (Bates 

et al., 1973) was used. Initially, it was prepared with heat: 1.25 g of acid ninhydrin, 30 mL 
of glacial acetic acid and 20 mL of 6 M phosphoric acid, under stirring until it dissolved. 
The solution was stored at 4°C for up to approximately 24 h. A leaf sample (0.5 g) was 
homogenized and 3 mL of 3% sulfosalicylic acid was added, then the mixture was 
centrifuged at 2000 x g at room temperature. An aliquot of 500 μL of the supernatant was 
used to react with 500 μL of acid ninhydrin and 500 μL of glacial acetic acid in a 
hermetically closed test tube and heated during 1 h at 100°C, and then cooled in ice. The 
reading was performed by adding 1 mL of toluene to suspend the organic material, which 
was evaluated in a spectrophotometer at 520 nm. 

Statistical analysis 
 
The data were analyzed using the Sisvar statistical package (v 5.6) applying the 

variance analysis by the F test and the comparison of averages by the Tukey Test (P < 0.05). 

RESULTS AND DISCUSSION 
 
Peanut genotypes inoculated with Bradyrhizobium was positively influenced for 

most of the analyzed variables. There was a decrease in plant height in treatments under 
water restriction; however, treatments with rhizobia did not differ statistically from the 
treatment with mineral N source under the same conditions. For the SDM, there was no 
statistical difference between the control and stress treatments (Table 1); apparently, the 
water deficit did not inhibit the development of the plants. We highlight the genotypes 
inoculated with the ESA 123 strain that showed minimal decrease of the shoot dry mass 
under water deficit, suggesting that it is a beneficial indication of the symbiosis between 
plant and bacteria. As to the root dry mass relationship under stress conditions, there was an 
increase in all genotypes inoculated with the ESA 123 strain, indicating possible benefits of 
this symbiosis for the genotypes, since the root increase provides a greater depth of the 
water absorption surface. 

Water deficit was not a limiting factor for the increase in the number of nodules in 
the IAC Runner 886 and 2012-33 genotypes inoculated with the ESA 123 strain, as well as 
in the 2012-47 genotype with the SEMIA 6144 strain, probably because when the plants 
were subjected to the water restriction, the nodules were already formed. As to the nodule 
weight, there was an increase of the same stress conditions in the IAC Runner 886 and 
2012-47 genotypes inoculated with the ESA 123 strain.  

Plant-growth-promoting rhizobacteria, such as rhizobia, can stimulate root growth, 
which in addition to the Biological Nitrogen Fixation (BNF) by several other mechanisms. 
The growth promotion of peanut roots by ESA 123 was already observed (Santos et al., 
2017), even under water stress (Barbosa et al., 2018), indicating a beneficial feature of this 
strain, in addition to BNF. 
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Plant inoculation with selected rhizobia can allow plants to overcome drought 
conditions (Dakora, 2003; Barbosa et al., 2018), as observed for the plants inoculated with 
ESA 123 in our study, since water stress was not a limiting factor for the nodules 
maintenance in the genotypes inoculated with the ESA 123 strain, and although some 
treatments did not promote an increase in the number of nodules under conditions of water 
deficit, red nodules were observed in the roots, indicating full activity of N-fixation 
(Cardoso et al., 2009). Although it did not increase plant height and shoot dry mass in the 
inoculated genotypes, there was no significant difference between control and stress, or 
severe reductions under stress conditions, once again demonstrating the importance of this 
symbiosis. 

 
 

Table 1. Plant height (PH), shoot dry mass (SDM), root dry mass (RDM), number of nodules (NN) and 
nodule weight (NW), for three peanut genotypes inoculated with Bradyrhizobium spp. under water deficit 
conditions. 
 

IAC RUNNER 886 
Source of N PH (cm plant-1) SDM (g plant-1) RDM (g plant-1) NN (nodules plant-1) NW (mg plant-1) 
  NS WS NS WS NS WS NS WS NS WS 
SEMIA 6144 14.90Aa 06.83Bb 1.21Aa 1.02Aa 0.36Ab 0.35Bb 22.00Aa 04.66Bb 014.0Aa 04.3Bb 
ESA 123 12.33Aa 12.16Ba 1.28Aa 1.23Aa 0.34Ab 0.45Ba 04.66Ab 14.33Ba 003.6Bb 07.0Ba 
WN 13.46Aa 11.20Ba 1.25Aa 1.23Aa 0.26Ab 0.35Bb - - - - 
NN 13.46Aa 09.93Bab 0.82Ab 1.04Aa 0.65Aa 0.32Bc - - - - 

2012-33 
SEMIA 6144 12.23Aab  10.23Bab 1.24Aa 0.95Aa 0.31Aa 0.31Bc 19.33Aa 18.00Aa 016.0Aa 12.0Ba 
ESA 123 15.23Aa 12.76Ba 1.17Aa 1.16Aa 0.36Aa 0.47Ba 12.66Ab 20.66Aa 170.0Aa 14.0Ba 
WN 12.66Aab 11.63Ba 1.02Aa 1.13Aa 0.36Aa 0.33Bc - - - - 
NN 10.90Ab 07.96Bb 1.04Aa 0.91Aa 0.30Aa 0.41Bb - - - - 

2012-47 
SEMIA 6144 11.63Ab   06.83Bb 1.14Aa 1.07Aa 0.34Aa 0.50Ba 15.66Aa 32.33Ba 018.0Aa 10.0Bb 
ESA 123 12.10Aab   10.20Bab 1.09Aa 0.99Aa 0.40Aa 0.49Ba 18.33Aa 13.66Bb 016.0Ab 18.0Ba 
WN 10.40Ab 10.33Ba 1.12Aa 1.01Aa 0.38Aa 0.49Ba - - - - 
NN 15.46Aa 07.43Bab 1.06Aa 1.08Aa 0.36Aa 0.40Ba - - - - 
NS = No Stress, WS = Water Stress. Upper case letters in the column for genotype within the water regime (Tukey, P < 
0.05) and lower case letters in the column comparing averages in the line of treatments with nitrogen source within the 
water regime (Tukey, P < 0.05). 

 
The ESA 123 strain probably mitigated the effects of water deficit, especially in the 

IAC Runner 886 and 2012-33 genotypes, since it provided an increase in root dry mass and 
lower reduction parameters in the plant height and shoot dry mass variables under stress 
conditions. Similar results (for shoots and roots) were observed to the inoculation of ESA 
123 to upright peanut genotypes under drought (Barbosa et al., 2018), highlighting the 
efficiency of ESA 123 in such divergent peanut genotypes under drought. 

Regarding the leaf gas exchanges, we observed a decrease in net photosynthesis, 
stomatal conductance and transpiration in all genotypes investigated under water deficit 
conditions, with the exception of the IAC Runner 886 in the treatment with ammonium 
nitrate (Figure 1). Rhizobia inoculation, specially the strain ESA 123 induced increases in 
the net photosynthesis rate and stomatal conductance. Stomatal activity is essential in 
physiological processes, being the main means of gaseous exchanges between the 
atmosphere and the interior of the photosynthetic machinery (Singh and Reddy, 2011).  

Furlan et al. (2017) reported that a decrease in photosynthesis may restrict the 
supply of carbon to the nodules; this fact may explain the decrease in nodule weight in some 
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of the genotypes investigated. A high similarity in the Ci, A and E was also observed, a fact 
expected because, as the water availability in the soil is reduced, the stomatal closure is 
induced, consequently there is a reduction in photosynthesis, limiting the entry of CO2, as 
well as a reduction in transpiration, because the main means of water loss is through the 
stomata (Larcher, 2006). 

An increase in the expression of the ERF8 and NCED genes was observed in the 
genotypes inoculated with the ESA 123 strain under conditions of water deficit (Figure 2).  

 

 
Figure 1. Stomatic conductance (gs), transpiration (E), net photosynthesis (A), internal CO2 concentration (Ci) in 
three peanut genotypes inoculated with Bradyrhizobium spp. under water deficit conditions. Upper case letters 
comparing the averages between the water regimes; and lower case letters comparing treatments of the same 
water regime (Tukey Test, P < 0.05). 
 

On the other hand, the genotypes inoculated with SEMIA 6144, presented no 
increase in the expression of the ERF8 and NCED genes under water deficit conditions, 
except for the IAC Runner 886 genotype for the NCED gene. Plants submitted to abiotic 
stresses, such as salinity, drought and cold stress, activate various defense components, 
either ABA-dependent or ABA-independent pathways, which interact or converge to 
activate the genes involved in the stress (Roychoudhury et al., 2013; Yoshida et al., 2014). 
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Therefore, the genes that participate in the ABA biosynthetic pathway tend to increase their 
expression (Zhang et al., 2008; Pan et al., 2010), this is a natural plant response. Despite 
already having been described in the literature what the ERF8 and NCED genes are 
responsive to water stress in plants (Cheng et al., 2013; Souza et al., 2016), the mechanism 
by which these bacteria induce the expression of these genes is unknown. 

Among some of the factors that act on the ABA independent pathway, there is the 
ERF, which belongs to a family of transcription factors know to activate the expression of 
genes from their binding to specific sequences of the DRE (Dehydration Responsive 
Element) element in the promoter of abiotic stress-specific genes (salinity, drought and 
heat) that integrate the ethylene signals (Mizoi et al., 2012; Cheng et al., 2013). Ethylene is 
an important hormone in several physiological processes of plants, acting as an inducer of 
responses related to different stresses, such as the attack of pathogens, UV radiation, 
extreme temperature and drought (O’Donnell et al., 1996; Penninckx et al., 1996). 

 
 

 
Figure 2. Relative quantification of ERF8 and NCED gene expression in peanut genotypes inoculated with 
Bradyrhizobium and under water deficit conditions. A and D- IAC Runner 886; B and E- 2012-33; C and F- 
2012-47. 

 
Cheng et al. (2013) analyzed the ERF1 gene expression in Arabidopsis and 

confirmed that many stress-inducible genes are potentially downstream of ERF1, including 
RD29B, COR47 and LEA4-5, among others. Among the 1,156 ERF1-regulated genes, 46 
presented expression under drought and 61 under salinity. In this study, ERF8 presented 
high expression during water deficit in A. hypogaea cultivars, suggesting its importance in 
the interaction with the DRE elements and in the tolerance and acclimatization processes of 
the plant (Dang et al., 2012). 
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Li et al. (2015) reported that AP2 and ERF proteins are part of important factors in 
plant transcription, regulating various development pathways and response to stress. The 
increase in the expression of genes of the ERF family in Arabidopsis and tobacco provides 
greater resistance to biotic and abiotic stresses (Park et al., 2001; Berrocal-Lobo et al., 2002; 
Pan et al., 2010). 

Greater biosynthesis of ABA is correlated with an increase in the expression of 
NCED family members in leaf and root tissues (Zhang et al., 2008), given that this gene 
participates at the end of ABA metabolic cascade. Wan and Li (2006) reported that the 
ectopic expression of AhNCED1 in peanuts (A. hypogaea L.) was correlated to the 
accumulation of ABA in tissues in response to water deficit, which increased plant tolerance 
to stress. ABA, among other functions, is a hormone related to stomatal opening and 
closure. In this study, we can correlate the increase of NCED gene expression with the 
closure the stomata in the three genotypes investigated, when inoculated with ESA 123. The 
beneficial action of the inoculant in activating plant defense mechanisms to water deficit is 
clear; however, these mechanisms still need to be better elucidated. 

It is important to emphasize that studies regarding gene expression in peanut 
genotypes inoculated with Bradyrhizobium under conditions of water deficit have not been 
reported. It was observed that the genotypes inoculated with ESA 123 obtained better 
responses under water deficit conditions, since the increase in NCED and ERF8 gene 
expression are closely related to the plant signaling and response capacity to stress 
conditions. 

The increase of NCED and ERF8 gene expression observed due to ESA 123 
inoculation, is opposite to the reduction of oxidative stress proteins activity recently 
observed by Barbosa et al. (2008) studying the same isolate inoculated in different peanut 
genotypes. These complementary results indicate that the inoculation of ESA 123 allow 
peanut plants to show earlier stress tolerance mechanisms, triggered by NCED and ERF8 
transcripts, avoiding the accumulation of oxygen-reactive species. 

Sankar et al. (2014), in studies with peanuts, observed proline accumulation in 
stressed plants and emphasized that the accumulation of proline under these conditions 
suggests an adaptation of the plants to overcome the stress conditions. Increased levels of 
ABA were already related to increased proline content in Phaseolus vulgaris (Mackay et al., 
1990) and Arabidopsis thaliana (Verslues and Elizabeth, 2006). The accumulation of ABA, 
suggested by the increase in NCED gene expression and decrease in stomatal conductance 
in this study, may have favored the increase in proline content (Figure 3). The increase in 
proline content, along with increased NCED gene expression for all genotypes, as well as 
the ERF8 gene, favored better responses in acclimatization of plants under water deficit 
conditions, principally when inoculated with the Bradyrhizobium sp. ESA 123. This strain 
may have mitigated the effects of stress and contributed to the responses of plants to the 
water deficit. 

 Despite the availability of research data concerning gene expression of peanut 
genotypes under drought (Pruthvi et al., 2013) and the mitigation effects of rhizobial 
inoculation to drought induced damages (Barbosa et al., 2018), there are no data available 
relating gene expression of inoculated plants under drought conditions. This is the first 
comprehensive study evaluating the expression of NCED and ERF8 genes in inoculated 
peanuts submitted to drought conditions. 
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Figure 3. Proline content in peanut genotypes inoculated with Bradyrhizobium under water deficit conditions. 
WN- with nitrogen; NN- no nitrogen. 

 

CONCLUSIONS 
 
Plants inoculated with Bradyrhizobium strains were able to mitigate the effects of 

water stress. However, genotypes inoculated with ESA 123 were superior under conditions 
of water deficit based on the molecular and biometric analysis (RMS and NN). However, it 
will be useful to conduct more interaction studies between genotypes and strains in view of 
the benefits that these interaction may provide, especially under water deficit conditions. 

Among the plant and bacterial germplasms assessed, the IAC Runner 886 genotype 
was the most responsive to inoculation and ESA 123 was the best strain for the peanut 
genotypes under water deficit.  
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