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Abstract

:

The objective of this research was to study the performance of 10 common bean genotypes under water deficit stress and how it affects to their symbiotic relationship with 10 Rhizobium strains in both greenhouse and field conditions. PHA-0471, a small seeded genotype had the best yield under irrigation and under water stress. Other genotypes with tolerance to drought were the large-seeded PHA-0432 and PHA-0683. In the Rhizobium inoculation tests it was observed that the increase of dry nodular weight produced less seed yield in beans. PHA-0683 genotype presented a great uniformity on nodule size and an association with yield when it displays the big nodule phenotype. Further research about this would be interesting because this fact could be due to the existence of a plant blocking mechanism for inefficient strain nodules. The inoculated plants were productive in irrigated fields and in drought ones and their productivity was the same or even better than the N supplemented plant control. The genotype-strain relationship was very specific and the local strains achieved the greatest productivity with some genotypes in irrigated and drought conditions that make possible their use as inoculating strains, with relevance for the environmental impact of agriculture.
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1. Introduction


The common bean (Phaseolus vulgaris L.) is produced worldwide as an important protein crop and an alternative to animal protein in the human diet [1]. This crop contains also vital nutrients including vitamins and minerals, and the stems are also used as fodder for livestock, especially in the dry spell following the main cropping season [2].



Drought stress is a major yield-limiting factor in dry bean production worldwide [3,4] especially in marginal, unfavorable environments [5]. Most common bean production in the developing world occurs under conditions where the risk of drought is high [3]. Over 60% of dry bean production worldwide is subject to water-deficit stress at some stage of growth [6], with yield losses up to 80% resulting from drought in some regions [7]. Therefore dry bean varieties that retain yield potential under drought stress are a focus of breeding programs [3,8,9]. Drought stress in beans can elicit numerous plant responses including reduced root, shoot, and leaf development, poor nutrient uptake, reduced photosynthesis, stomatal conductance, leaf area, and biomass, inefficient partitioning of carbohydrates, and reduced pod set and seed yield [3,8,10].



Dry bean yield is very sensitive to water deficit stress during the reproductive phase (flowering and pod elongation) [11,12]. Irrigation is often used in dry bean production to reduce drought effects or at least manage it to maximize bean yield or improve water use efficiency when rainfall is limited. The best option for reducing such yield gaps and realizing yield stability under unfavorable environments is the development of drought-tolerant genotypes. Drought tolerance, once genetically encoded in the seed of a genotype, can be used readily by many farmers for combating drought effects in common bean production [5]. Breeding for drought-tolerant crops is challenging and time-consuming, owing to the need for simultaneously considering multiple abiotic and biotic factors modulating the level of drought-tolerance.



As legumes, common bean plants, also contribute to soil fertility enhancement through symbiotic atmospheric nitrogen fixation [13]. The importance of the Rhizobium-bean symbiosis lies in the ability to transform atmospheric nitrogen into an assimilable one to the plant, through the nodules. Initially, all rhizobia found in beans were assigned to the species R. leguminosarum bv. phaseoli. Currently they are framed in the genus Rhizobium and Sinorhizobium but R. etli predominates in beans. Although, the symbiosis with other species and even other genera was described and it is possible that there exists a great diversity of rhizobium-beans interactions [14,15]. Five species have been identified that can nodule with the common bean in the soils of Spain [16]. Effective nodulation by the symbiotic nitrogen-fixing bacterium Rhizobium is difficult to achieve in certain soil types and environmentally stressed conditions [17]. Low humidity, soil salinity and high temperatures in the root zone adversely affect rhizobial survival and infection of bean roots, nodule formation, and development of the enzymatic system that participates in the symbiotic system for N2-fixation [18,19]. The high loss of plant water by evapotranspiration due to high temperatures is also stressful.



Previous efforts have been made to increase the drought tolerance and manage the growth and performance of legumes under conditions of drought stress [20]. These studies documented the important benefits of establishing an efficient Rhizobium-bean symbiosis, but lack the field assessments needed to evaluate, identify and recommend high-performing biofertilizer strains that can be used with confidence to alleviate drought when cultivated in various agroecosystems. Biofertilization of legumes improves soil fertility and decreases groundwater pollution by avoiding the excessive application of chemical fertilizers. Most importantly, description of comprehensive field inoculation experiments is needed to address many issues required to formulate and implement a biofertilization technology based in Rhizobium for field management of the bean crop under these stresses over broad agrosystems.



That lack of a proven rhizobia biofertilizer efficacy based on extensive agronomic field assessments justifies the present study. The general objective of this research was to study the performance of common bean genotypes under water deficit stress and how this stress affects the symbiotic relationship between the bean plants and different Rhizobium strains. For this goal, the experimental tasks were carried out in factorial trials in both controlled conditions in greenhouse and in an open field under water stress and without stress.




2. Materials and Methods


Experimental design. Two factorial trials including 10 bean genotypes inoculated with 10 strains of Rhizobium were carried out under conditions of water deficit stress and irrigation in a greenhouse and in an open field (Figure 1). The trials were conducted at the Baixo Miño Agricultural Experimental Station (Salceda de Caselas, Spain, 42°4′ N, 8°34′ W, 85 masl). The bean genotypes used belong to the germplasm collection at the MBG-CSIC (Pontevedra, Spain), while the Rhizobium strains were collected in different soils in the region (Galicia, NW of Spain) (Table 1).



The first treatment consisted of water supply both in a greenhouse and in an open field: non-stress (NS), in which the plants were irrigated to maintain between 80– and 100% of field capacity and drought stress (DS), in which it has been tried that the humidity did not fall below 40% of field capacity.



The second treatment was the inoculation with rhizobia. The Rhizobium strains were seeded in Petri dishes with YMA medium (Yeast Mannitol Agar) and incubated at 25 °C for three days. The rhizobia colonies were extracted and dissolved in distilled water at a concentration of 108 cells/mL. The concentration was determined by measuring the turbidity with a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific, Waltham, Massachusetts, US). Before inoculation, the seeds were washed in a 10% bleach solution (5.25% sodium hypochlorite) to avoid contamination. The seeds, once inoculated, were stored in a polythene bag to retain moisture [21].



According to this, the experiments both in the greenhouse and in the field included 100 combinations: 10 bean genotypes × 10 rhizobia strains each one.



Greenhouse trial. Coconut fiber and vermiculite were used as a substrate in a 2:1 ratio. The bean genotypes were seeded in 35 × 100 × 42 cm double layer polypropylene boxes. These boxes had four internal divisions of 200 μm polyethylene to isolate the experimental plots. The boxes had a drainage system with 20 holes of 20 mm in their lower part covered with acrylic textile to avoid the loss of substrate. In each plot of 0.35 × 0.20 m eight bean seeds were sown. This experiment included four replications.



Field trial. The soil texture was sandy loam (62.0% sand, 26.6% silt and 11.4% clay). The experimental plot had 0.75 m2, the distance between rows was 0.50 m and between bean plants 0.10 m, 15 plants were grown in each plot, with two replications; the two replications that were inoculated with the same strain were sown side by side to avoid mixing of strains. Among the bean plots inoculated with different strains of rhizobia, three rows of maize were planted as a barrier to avoid the mixture of rhizobia strains, since the bacteria are not able to propagate across the maize roots. As controls, the 10 genotypes were grown without fertilization and with nitrogen fertilization (40 kg ha−1).



The traits measured (Table 2) were: shoot dry weight (SDW); root dry weight (RDW); nodules number (NN); nodule dry weight (NDW); medium nodular dry weight (MNDW), calculated as MNDW = NDW/NN; 100 seed weight (100 SW) adjusted to 12% moisture content; seed dry matter (SDM); percentage of nitrogen in shoot dry matter (PNSDW), using the Kjeldahl method; quantity of nitrogen in shoot dry matter (NSDW), calculated as NSDW = (SDW × PNSDW)/100; percentage of nitrogen in seed dry matter (PNSEDM) and nitrogen content in seed dry matter (NSEDM), calculated as NSEDM = (SDM × PNSEDM)/100.



Data analyses. Analysis of variance was performed for the quantitative characters measured in the trials using the SAS statistical package [22], by the General Linear Model (GLM). The model consists of 10 genotypes (G), two treatments (T) (without and with water deficit stress), 10 strains (I), genotype treatment interaction (G×T), genotype strain interaction (G×I), treatment strain interaction (T×I), genotype treatment strain interaction (G×T×I), replications (R) and the model error, where Y is any of the variables studied Y = (G + T + I + G×T + G×I + T×I + G×T×I + R + error). The “F” test of variance was carried out to show the existence of significant differences between the origins of variations studied [23]. For the comparison of means, the same GLM procedure was used and the least significant difference of Fisher (LSD) was calculated for the variables that displayed significant differences in the analysis of variance.




3. Results and Discussion


3.1. Greenhouse Experiment


The analysis of variance (ANOVA) included the independent variables, not MNDW since it is an index. Table 3 shows significant differences among all the genotypes for all the variables studied. The treatment (T) is high significant in all the variables except for dry nodular matter (NDW). There are no significant differences between strains in the variables studied. The interaction genotype and treatment (G×T) was significant in SDW, RDW and NN. Thus, the treatment influences the variables studied although it does not influence all the variables in the same way. It is remarkable that there is only G×I interaction in RDW. The rest of the interactions were not significant. In previous works [24,25], genotype-strain specificity was demonstrated. There are strains that increase the productivity of certain genotypes, and others do not have the same effect [14,24,25,26,27]. This does not agree with our results, since the G*I interaction only displayed significant differences for RDW.



The genotypes with the highest score for SDW without stress were PHA-0155, PMB-0222 and PHA-0483 (Table S1). Within each genotype the SDW vary significantly between the different strains used, a fact also observed by Rodiño et al. [25], who found large differences in the development of the plant depending on the inoculated rhizobia strain. PHA-0483 and PMB-0285 reach their highest SDW with strain CFN42 and PMB-0220 with strain EXIC. This great specificity in the strain-genotype makes it necessary to optimize the yield of the improved genotype with the specific strain [14,24,25,26,27]. The RDW is similar to previous works [25], with a range of 0.26 g plant−1 to 4.24 g plant−1 (Table S1). PMB-0285 (1.86 g plant−1) and PMB-0286 (1.74 g plant−1) have plants with superficial roots and with many adventitious roots being plants with a better efficiency in the adsorption of nutrients such as phosphorus [28].



The number of nodules per plant (NN) (Table S1) has great variability, with LSD (least significant difference) of 133.8 nodules, values similar to other studies [29]. Nodule formation is a plant-controlled process; therefore, the formation of new nodules in the younger roots is inhibited by existing nodules through systemic N signals [25,30,31]. The genotypes with higher nodulation were PMB-0285 and PMB-0286, with 241.6 and 140.0 nodules plant−1 respectively. The combination of EXIB—PMB-0285 displayed 1097.8 nodules plant−1. This excessive nodulation could be attributed to a specific interaction. PMB-0285 and PMB-0286 were the genotypes with higher nodule dry weight (NDW) (Table S1), with 183.0 and 81.9 mg plant−1, respectively. The EXIB strain has an NDW of 109.5 mg plant−1, mainly due to the disproportionate growth of the PMB-0285 that reaches 937.8 mg plant−1 of NDW. There was a significant relationship (p < 0.0001) between RDW and NDW, which accounts for the 85% of the genotype-strain combinations of the trial. This could be due to the fact that a larger RDW supposes a larger surface that can be infected by rhizobia. In the case of PMB-0285 and PMB-0286, it may be due to an over nodulation. The mean nodular dry matter (MNDW) (Table S1) was between 0.000 and 3.895 mg nodules−1, similar to that observed by Rodiño et al. [25]. Under irrigation, the genotypes with the highest MNDW mean values were PMB-0222 and PMB-0285 with 1.094 mg and 0.837 mg nodule−1, and the EPOB and EF strains with 0.796 mg and 0.713 mg nodule−1, respectively. In general, the plants showed very small nodules, with values < 1 mg nodule−1 in 90% of the plants.



The water stress in this experiment represented an average reduction of 32.6% in SDW. The genotype PHA-0155 had the highest SDW (Table S2) in conditions of water stress, but it does not indicate a tolerance to this stress, since it suffers a reduction of 48.3%, compared to the absence of stress. The genotypes that can be considered drought tolerant are PHA-0471 and PMB-0220 since they displayed around 15% more SDW in an environment with water stress than without stress. Possibly this increase is due to an adaptation to the drought of the R. tropici CIAT899 strain, which induced in these genotypes a considerable increase in SDW. The LTMF, EXIC and SLL2 strains can be defined as sensitive strains since the plants inoculated with these strains present a much lower SDW than the rest. In general terms, there was a significant 33% RDW reduction (Table S2) in plants subjected to water stress. This reduction occurs because the roots are an important carbon sink for the plant and if this is altered the RDW can decrease [32]. The strain-genotype combinations with the highest RDW were LTMF-PMB-0244 and CIAT899-PHA-0683, with values greater than 1.20 g plant−1.



Water stress shows an average reduction of 57.2% in NN. The genotypes with the highest NN were PHA-0471 and PHA-0683, with 47.5 and 43.6 nodule plant−1, respectively (Table S2). The genotype PHA-0471 nodules well in irrigation, and under water stress conditions it does not suffer a significant reduction. This stability in NN also occurs in some soybean genotypes, and it is a competitive advantage, since if the stress subsides, the plant can quickly regain nitrogen-fixing capacity [33]. The EPOB strain with PHA-0471 reaches maximum nodulation with 84.3 nodules plant−1. The genotype with the highest NDW is PHA-0683 with 124.4 mg plant−1 (Table S2), due to the exceptional values of 428.0 and 327.6 mg plant−1 obtained with EG and EPOB strains, respectively. The plants inoculated with these strains have the highest NDW with 107.0 and 80.5 mg plant−1 respectively. This response of the bean to the water stress conditions, contrasts with that observed in other legumes such as pea, where the plants reduced their NDW by 62% under water stress [34,35]. This may be due to a worse adaptation of the strains, which would imply lower levels of infection or an early senescence of the nodules due to stress [36,37,38,39]. The Table S2 shows that the MNDW values under water stress conditions increase compared to the irrigated experiment. There were genotypes such as PHA-0483 that had a value five times higher for MNDW. The genotypes with the highest MNDW are PHA-0683 and PHA-0483, with 2.307 mg and 2.077 mg respectively. The strains that induce the highest MNDW are EF and EPOB, with 2.410 mg and 2.374 mg on average.



Voisin et al. [35] in their study of nodular self-regulation processes found that the NDW had a direct relationship with the SDW, independently of the number of nodules. Thus, it is logical to assume that if the number of nodules is less, they tend to be larger. PHA-0683 shows great size uniformity in its nodules (Figure 2). When it presents big nodules (BNO) (A), it maintains this size regardless of the NN, and the same happens when they have small nodules (SNO) (B). According to Mergaert et al. [40], BNO-inducing strains appear capable of overcoming plant defense mechanisms. The combination PMB-0222-EPOB presented BNO under irrigation and SNO in drought conditions. Instead, the combination PHA-0683-EG presented the opposite. Thus, it is shown that the infection mechanisms of the strain and the morphology of the root cells are affected by water stress. The greenhouse experiment was a preliminary study that showed the main trends in the performance of the symbiotic system that was studied in more detail in the field experiment.




3.2. Field Experiment


There are significant differences in all the variables studied between the bean genotypes and the treatments(Table 4). Between strains the difference was not significant in some variables related to nodulation (NN, NDW). It is surprising that the strains do not influence nodulation but influence nitrogen fixation, which may suppose that these characters are determined by the genetics of the plant. The interaction G×T was significant for all variables, except NDW, which showed that the genotypes had a differentiated response to water stress, both in dry matter and in the partition of N in the plant. The G×I and G×T×I interactions were only significant for SDW, NSDW, and 100SW. The interaction T×I was significant for all variables except for those related to nodulation.



Table S3 shows the average production of SDW that in irrigation was 34.2 g plant−1. In the plants inoculated with the LTMF strain, SDW was significantly higher with 46.7 g plant−1. The combinations LTMF-PHA-0471 and LTMF-PMB-0285 doubled the SDW, exceeding 70 g plant−1. The mean value of 100SW under irrigation was 31.6 g (Table S3), but there are large differences among genotypes. Despite the fact that the size of the seed is genetically regulated [41,42], there is a certain range of variation within each genotype, since PHA-0155 had a coefficient of variation of 24%, PMB-0224 38% and PHA-0483 40%. The control plants cultivated with N supply had larger seeds than the rest, 47.2 g 100 seeds−1 highlighting PMB-0222, PMB-0285, PHA-0483 and PMB-0244, with increases of 65% with respect to the mean of the inoculated plants. However, the SDM performance was higher in the inoculated genotypes, except PMB-0244, which shows the efficacy of the symbiotic association.



The mean NN was 29.1 nodules per plant. PMB-0286 presents the highest nodulation, with 56.9 nodules plant−1. The combination with the highest nodulation was PMB-0286-LTMF, with 122.7 nodules plant−1. Given the low nodular specificity of the common bean [43], the zero control allows evaluating native populations of the rhizosphere with the capacity to generate nodules. The growth of the native populations of rhizobia is significant when the inoculated populations show a very low nodulation, and instead they can hardly be detected when they present high nodulation. Just as there are inoculated strains that compete well with native populations [44,45], there are also inoculated strains that do not adapt to the environment or do not compete with native ones. The number of nodules is determined by the rate of N supplied and N demanded [35]. The control plants with N presented nodulation, despite those at doses higher than 30 kg N ha−1, early nodulation is reduced [46]. This shows that the degree of N tolerance is a variable factor linked to the genotype. Rennie and Kemp [47] applied a dose of 40 kg N ha−1 and detected genotypes that suffered only a 10% reduction in N fixation, while in others the difference was 60%. In the case of PMB-0286 and PMB-0244, this dose of N in the initial vegetative phase could have a “starter” effect, which allowed the development of the plant that favored better nodular growth [48]. The average NDW was 29.1 mg plant−1. The genotypes with the highest NDW (Table S3), above 30 mg plant−1 were PMB-0286 and PMB-0285. According to Vessey [48], a higher value would be expected, since bean genotypes with indeterminate growth habit continue to accumulate NDW during the pod-filling phase. This low value could be because the plants were collected in the flowering stage and they did not reach their maximum potential. The LTMF-PMB-0286 combination showed a value of 94.1 mg plant−1. There is a direct relationship between NDW and SDM, but the relationship varies based on SDM/NDW performance [49]. As NDW increases, SDM per mg of NDW decreases. Genotype-strain combinations with SDM/NDW between 2 and 7 g show a significant relationship (p < 0.0001). Some variation that appears in the nodulation could be due to the incomplete collection of the root system when extracting from the soil [46].



The first variable to be analyzed related to the partition of N in the plant is the percentage of N in the aerial dry matter (PNSDW), whose mean value in irrigation was 3.15% (Table S3). PHA-0483, PHA-0683 and PHA-0432 with 3.40%, were the genotypes with the highest PNSDW while PHA-0155 obtained the lowest percentage with 2.53%. Control plants with N and those inoculated with CIAT899 and CFN42 were significantly higher with 3.36%, while those inoculated with SLL2 and LTMF, with 2.90% had the lowest. PNSDW can be very stable with respect to SDW as it occurs in PMB-0222 or it can decrease with increasing SDW as observed in PHA-0683 and PMB-0220 (Figure 3). Thus, the stability of PNSDW is a function of how limiting N may be for each genotype. The mean NSDW in irrigation was 1.06 g plant−1. PHA-0471 and PMB-0285 (Table S3) displayed values significantly higher, with 1.57 and 1.49 g plant−1 respectively. The plants inoculated with the LTMF strain obtained the highest NMSA (1.22 g plant−1), while the zero and N control had a significantly lower value than the inoculated plants. PHA-0471 with LTMF was the combination with the highest accumulation of N (2.25 g plant−1). N fixation can account for 35 to 70% of plant N [50].



PNSEDW is determined by genotype and agronomic conditions [51]. In irrigation it was 3.75% (Table S3). PHA-0471 and PMB-0285, were around 4% of PNSEDW, and were superior to the rest of the genotypes. The combination PHA-0471-EXIC, reached 4.28%, which was higher than the values by Escribano et al. [52]. The NSEDM ranges from 0.12 to 3.83 g plant−1 (Table S3), with an average value of 1.53 g plant−1. PHA-0471 and PMB-0286 had means of 2.22 and 1.96 g plant−1, respectively. The plants inoculated with CIAT899, EXIC, EPOB and N control had averages greater than 1.70 g plant−1. The maximum value was 3.83 g plant−1 in the combination PHA-0471-CIAT899. N mobility is genetically regulated [53], but the greater or lesser mobilization of N is not correlated with seed production [54]. The maximum symbiotic nitrogen fixation (SNF) rate occurs before flowering, and it was in flowering when NSDW was determined, observing that the higher the NDW, the lower the NSDW. Logic would suggest that NDW would act as a sink for N and only when the filling phase begins, therefore N would be mobilized towards the seeds.



Under water stress, the plant tends to close its stomata to reduce transpiration, which limits gas exchange, and therefore carbohydrate production decreases. This reduction of carbohydrate production directly affects the total biomass, and limits nitrogen fixation indirectly [10,33,55]. This would imply a reduction of N in the leaves, causing senescence [49] and a reduction in the SDW. Water stress represents a 46% decrease in SDW, with an average of 18.7 g plant−1 (Table S4). PHA-0471, despite suffering a reduction of 22.5 g plant−1, remained, along with the genotype being PMB-0285, PHA-0155 and PMB-0286 the genotypes with the highest production of SDW. The plants inoculated with LTMF and APAFI presented the highest SDW (25 g plant−1). Under water stress conditions, the 100SW values showed a 17% reduction (Table S4), although this was not uniform for all genotypes. PHA-0471, PHA-0683, PMB-0222 and PMB-0285, had a sTable 100SW under water stress. Singh [56] interprets that it is because water stress produces a partial abortion of the seeds, which generates a greater distribution of photosynthesis in the few seeds that remain. Sadras [57] observed that the small variability in the size of the seeds is associated with some plasticity in the number of seeds per pod. The 100SW stability is not tied to seed size. The plants inoculated with LTMF, SLL2, EPOB, APAFI and EF obtained the highest values of 100SW. In contrast, the control N lost 53% with 21.1 g 100 seeds−1. In previous works, N-fertilized plants subjected to water stress also suffered similar reductions that were attributed to a change in direction in the balance of plant-soil N [58]. Plants under water stress conditions had a drought intensity index (DII) of 0.51, or what is the same, a reduction of SDM of 51% (Table S4). The genotype with the highest SDM was PHA-0471 with 27.4 g plant−1. PHA-0432 was the most tolerant to water stress with only a 33% reduction, but despite this it had the lowest SDM value (13.0 g plant−1) along with PMB-0244. PMB-0286 (24.7 g plant−1) was the most sensitive genotype to water stress. The LTMF-PMB-0220 combination obtained the maximum SDM value with 52.9 g plant−1.



Water stress causes a reduction in the number of absorbent hairs in the plant roots; therefore, by reducing the place where the primary infection occurs, a decrease in NN is logical [59,60]. This stress affects all states of symbiosis, in addition to limiting growth and soil survival of Rhizobium [61,62,63]. In this trial, nodulation was not affected by water stress, since it did not occur until 35 days after planting (DAS). The nodules of the primary nodulation can already be counted in 14 DAS [64]. Once the nodules are formed, water stress does not affect either NN or NDW, although there is a decrease in the SNF rate [65]. This is a competitive advantage, since after stress the plant can regain its N-binding activity [66]. The water stress supposes for all the bean genotypes an increase in the number of nodules per plant, although this increase can only be considered significant in three genotypes: PHA-0432, PHA-0683 and PMB-0285 (Table S4). The variability of the data for each strain was so great that, despite having a range between 45.7 and 69.8 plant−1 nodules, there are no significant differences among the inoculated and not inoculated control plants. The maximum value under water stress conditions was 243.0 nodules plant−1, which was reached by the combination PHA-0683 with the EXIB strain. The water stress conditions also suppose an increase in NDW of 87%, although the increase in PHA-0683 can only be considered significant (Table S4). The genotypes with the highest NDW were PMB-0286 and PMB-0285, with values higher than 45 mg plant−1. In the control N, PMB-0286 and PMB-0285 registered the highest values, 76.6 and 71.7 mg plant−1, respectively. This indicated that instead of inhibiting the growth of nodules, it acted as a “starter”. The combination EXIB-PHA-0683 with 161.1 mg plant−1 reached the highest NDW value. Water stress produces a drastic reduction in the production of SDM/NDW (g mg−1) of 64%. Even so, the same trend was maintained as in irrigation, the higher the NDW, the lower the yield in the production of SDM.



Between 55 and 75 DAP, 88% of the N demands of the pods come from the biological fixation of N [67]. According to some authors [34,68], the plants that have undergone water stress in this interval of the plant cycle also experience a decrease in the dry matter of the plant, and in NSEDM due to the decrease in nitrogenase activity. The mean PNSDW in drought was 2.65% (Table S4), which represents a reduction of 16% compared to the irrigated experiment. PMB-0286, PHA-0471 and PMB-0220 were the bean genotypes that experienced the least reduction and those that had the highest PNSDW value under water stress conditions. There are no significant differences between the inoculated plants and the not inoculated controls. LTMF-PMB-0286 was the combination with the highest PNSDW (3.38%). The PNSDW of PMB-0222, PMB-0244, PMB-0285 and PMB-0286, were independent of SDW in the two treatments, so that N in these genotypes was a limiting factor. Water stress shows a reduction of more than 50% of the NSDW and affects almost all genotypes equally, due to the strong C/N interaction. The plant subject to water stress limits the flow of C towards the nodules, which causes a decline in N fixation [69]. Despite being PHA-0471 and PHA-0285, the genotypes with the highest drought losses still maintain the highest NSDW. LTMF-PMB-0285 was the combination with the highest NSDW (1.17 g plant−1).



The PNSEDW was quite stable under water stress [70], and only presented a decrease of 4% (Table S4). PHA-0220, PHA-0432 and PHA-0471 were genotypes with PNSEDW greater than 3.75% while the combinations with the highest PNSEDW were SLL2-PMB-0220 and N control-PHA-0432, with values greater than 4.40%. Water stress implied a 53% reduction in NSEDM, mainly due to a 51% reduction in SDM, since the percentage of N in seed (PNSEDW) is hardly affected by water stress. PMB-0220- LTMF achieves the maximum value with 1.97 g N plant−1. Under water stress conditions, there is less dispersion of the NSDW and NSEDM data, which indicated the linear correlation between the two variables (Figure 4). This may be because the shortage of N produced by water stress forces the plant to use N more efficiently. There is a significant relationship between SDM and NSEDM; Araujo and Grandi-Teixeira [71] demonstrated this relationship and that it also occurs with total P and SDM, so it can be said that great or less SNF will determine a greater or lesser production of SDM. The results from the field experiment consolidate the preliminary greenhouse data on symbiotic efficiency.





4. Conclusions


None of the rhizobia strains provided the highest productivity in all genotypes. The main significant effect of the strains in the genotypes in the field implies important genotype-strain interspecificity.



The greenhouse experiment gives information on the symbiotic system under controlled conditions on some variables, which have been validated under field growing conditions. In the greenhouse, SNF was assessed by SDW. Neither the NN nor the NDW were correlated with the SDW due to the lack of homogeneity in the size of the nodules. The only exception was PHA-0683, which when the BNO phenotype presented its NDW if it was related to SDW. It is interesting to understand the mechanisms that produce BNO nodules and if the plant blocks non-functional nodules. The BNO phenotype may be more beneficial for plant growth and seed yield and it can be considered a trait for symbiosis efficiency.



These results were validated in the field. Thus, the best strains under irrigated conditions were LTMF, CIAT899 and EXIC and under water stress conditions they were APAFI, LTMF and EF. The best genotypes in irrigated conditions were PHA-0471, PMB-0285 and PMB-0286 and in drought conditions they were PHA-0471, PMB-0222 and PMB-0286. The growth of the inoculated strains is highly influenced by the pH and P of the soil [72,73,74]. Thus, some inoculum may have adaptation problems depending on the soil conditions. In low fertility soils, SNF is the main source of N in the plant. In the field, there was a relationship observed between NSEDM and SDM, so that N is a limiting factor for seed production. In general, the bean genotypes with the highest amount of nitrogen are the genotypes with the best seed production. The N content of the seed also indicates the amount of protein, important at a nutritional level. Under water stress, the inoculated genotypes with the strains LTMF, APAFI and EF presented high values of these variables. The genotypes with higher production and higher nitrogen fixation in drought conditions were PHA-0471, PHA-0683, PMB-0220, PMB-0222, PMB-0285 and PMB-0286. The best strain-genotype combination under drought conditions was APAFI-PMB-0286. Under water stress, the most affected strain and genotypes were CIAT 899 and PMB-0244, respectively.



Only PHA-0483 with control N presented a high value because there was no optimal strain for this genotype in this trial. PHA-0155, inoculated with rhizobia, have a nitrogen content higher than the control with N supplement, both under irrigated and water stress conditions. Local strains have achieved maximum yield with some varieties, thus highlighting their possible use as inoculants. Thus, the results of this work could be the basis for obtaining an effective rhizobia biofertilizer for beans, with benefits for bean production and the environment. The biofertilization implies a lower cost in nitrogen fertilizers and reduces water pollution and the emission of greenhouse nitrogen gases.
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Figure 1. (A) Greenhouse experiment and (B) field experiment. 
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Figure 2. Variation in the size of nodules depending on the bean genotype and the strain. (A1,A2). BNO nodules in PHA-0683. (B1,B2). SNO nodules in PHA-0683. (C1,C2). PMB-0222-EPOB combination showing the difference in size in irrigation and drought. 
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Figure 3. SDW vs. PNMSA ratio of genotypes PHA-0683 and PMB-0220 under irrigation in field. ** p < 001 and * p < 0.01. 
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Figure 4. NSEDM vs. SDM ratio under water stress in the field. *** p < 0.0001. 
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Table 1. There were three genotypes of beans and two strains of rhizobia of reference (R).
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A. Bean genotypes used in this study, name, commercial class and performance under drought.




	
Bean Genotypes

	
Name

	
Commercial Class

	
Drought Performance




	
PHA-0155

	
local variety

	
White Kidney

	
unknown




	
PHA-0432

	
local variety

	
Marrow

	
unknown




	
PHA-0471

	
local variety

	
Navy

	
unknown




	
PHA-0483

	
local variety

	
Guernikesa

	
unknown




	
PHA-0683

	
local variety

	
Cranberry

	
unknown




	
PMB-0220

	
Mattherhorn

	
Great Northern

	
tolerant




	
PMB-0222

	
Almonga

	
Great Northern

	
unknown




	
PMB-0244

	
Linex (R)

	
Cannellini

	
unknown




	
PMB-0285

	
L88-18 (R)

	
Black Turtle

	
sensitive




	
PMB-0286

	
L88-63 (R)

	
Black Turtle

	
tolerant




	
B. Rhizobia strains used.




	
Strains of Rhizobia

	
Type




	
SLL2

	
local strain




	
EXIC

	
local strain




	
EXIB

	
local strain




	
EG

	
local strain




	
EF

	
local strain




	
EPOB

	
local strain




	
APAFI

	
local strain




	
LTMF

	
local strain




	
CIAT899 (R)

	
R. tropici




	
CFN42 (R)

	
R. etli
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Table 2. Traits measured (F = field, G = greenhouse), acronym and units of measurement.
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	Traits Measured
	Acronym
	Units





	Shoot dry weight, F, G
	SDW
	grams plant−1



	Root dry weight, G
	RDW
	grams plant−1



	Nodules number, F, G
	NN
	number plant−1



	Nodule dry weight, F, G
	NDW
	milligrams plant −1



	Medium nodular dry weight, F, G
	MNDW
	milligrams



	100 seed weight, F
	100SW
	grams 100 seeds−1



	Seed dry matter, F
	SDM
	grams plant−1



	Percentage of nitrogen in shoot dry matter, F
	PNSDW
	%



	Quantity of nitrogen in shoot dry matter, F
	NSDW
	grams plant−1



	Percentage of nitrogen in seed dry matter, F
	PNSEDM
	%



	Nitrogen content in seed dry matter, F
	NSEDM
	grams plant−1










[image: Table] 





Table 3. Analysis of variance in the greenhouse experiment, displaying genotypes (G), strains (I), treatments (T), genotype strain interaction (G×I), genotype treatment interaction (G×T), treatment strain interaction (T×I) and genotype treatment strain interaction (G×T×I).






Table 3. Analysis of variance in the greenhouse experiment, displaying genotypes (G), strains (I), treatments (T), genotype strain interaction (G×I), genotype treatment interaction (G×T), treatment strain interaction (T×I) and genotype treatment strain interaction (G×T×I).





	Source of Variation
	SDW
	RDW
	NN
	NDW





	G
	***
	***
	**
	**



	T
	***
	***
	**
	ns



	I
	ns
	ns
	ns
	ns



	G×T
	***
	***
	*
	ns



	G×I
	ns
	*
	ns
	ns



	T×I
	ns
	ns
	ns
	ns



	G×T×I
	ns
	ns
	ns
	ns







*** p < 0.0001, ** p < 0.001, * p < 0.01, ns = not significant.
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Table 4. Analysis of variance in the field experiment, with genotypes (G), treatments (T), strains (I), genotype treatment interaction (G×T), genotype strain interaction (G×I), treatment strain interaction (T×I), and genotype treatment strain interaction (G×T×I).
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	SDW
	NSDW
	PNSDW
	SDM
	NSEDM
	PNSEDM
	NN
	NDW
	100SW





	G
	***
	***
	***
	***
	***
	***
	***
	***
	***



	T
	***
	***
	***
	***
	***
	***
	***
	***
	***



	I
	***
	***
	***
	***
	***
	*
	ns
	ns
	***



	G×T
	***
	***
	***
	**
	**
	***
	**
	ns
	*



	G×I
	***
	***
	ns
	ns
	ns
	ns
	ns
	ns
	*



	T×I
	***
	**
	***
	***
	***
	*
	ns
	ns
	***



	G×T×I
	***
	***
	ns
	ns
	ns
	ns
	ns
	ns
	***







***p < 0.0001, ** p < 0.001, * p < 0.01, ns = not significant.
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