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Genetically Different Isolates of the Arbuscular Mycorrhizal Fungus Rhizophagus irregularis Induce Differential Responses to Stress in Cassava
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Water scarcity negatively impacts global crop yields and climate change is expected to greatly increase the severity of future droughts. The use of arbuscular mycorrhizal fungi (AMF) can potentially mitigate the effects of water stress in plants. Cassava is a crop that feeds approximately 800 million people daily. Genetically different isolates of the AMF R. irregularis as well as their clonal progeny have both been shown to greatly alter cassava growth in field conditions. Given that cassava experiences seasonal drought in many of the regions in which it is cultivated, we evaluated whether intraspecific variation in R. irregularis differentially alters physiological responses of cassava to water stress. In a first experiment, conducted in field conditions in Western Kenya, cassava was inoculated with two genetically different R. irregularis isolates and their clonal progeny. All cassava plants exhibited physiological signs of stress during the dry period, but the largest differences occurred among plants inoculated with clonal progeny of each of the two parental fungal isolates. Because drought had not been experimentally manipulated in the field, we conducted a second experiment in the greenhouse where cassava was inoculated with two genetically different R. irregularis isolates and subjected to drought, followed by re-watering, to allow recovery. Physiological stress responses of cassava to drought differed significantly between plants inoculated with the two different fungi. However, plants that experienced higher drought stress also recovered at a faster rate following re-watering. We conclude that intraspecific genetic variability in AMF significantly influences cassava physiological responses during water stress. This highlights the potential of using naturally existing variation in AMF to improve cassava tolerance undergoing water stress. However, the fact that clonal progeny of an AMF isolate can differentially affect how cassava copes with natural drought stress in field conditions, highlights the necessity to understand additional factors, beyond genetic variation, which can account for such large differences in cassava responses to drought.
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INTRODUCTION

Water scarcity negatively impacts crop yields at a global scale, reducing average yields by more than 50% (Wang et al., 2003). Climate change is expected to increase the severity of drought (FAO, 2012; IPCC, 2018), thus, exacerbating the threat of global yield reductions. This, combined with a growing world population, threatens the food security of developing nations and small-holder farmers. Practical solutions to circumvent this threat are needed to ensure food security in a changing planet.

Drought disrupts the photosynthetic apparatus, negatively affecting productivity. Stomatal closure is a common drought stress response, but non-stomatal limitation to photosynthesis occurs under more severe drought (Flexas et al., 2004; Grassi and Magnani, 2005; Signarbieux and Feller, 2011). This occurs when absorbed light exceeds the amount required for CO2 assimilation, causing an energy imbalance in photosystem II (PSII) (Müller et al., 2001; De Ronde et al., 2004). Because of this, chlorophyll a (Chl a) fluorescence is a non-invasive, quantitative measurement that indicates plant stress levels, providing information about PSII efficiency during stress conditions (Maxwell and Johnson, 2000; Strasser et al., 2004; Niu and Rodriguez, 2008; Signarbieux and Feller, 2011; Zushi and Matsuzoe, 2017). Indeed, this measurement is commonly used when phenotyping crop varieties for drought tolerance and for evaluating the impact of mycorrhizal fungi inoculation on plants (Tsimilli-Michael and Strasser, 2008; Czyczyło-Mysza et al., 2013; Kalaji et al., 2016).

Cassava (Manihot esculenta Cranz) is a vital food crop in the tropics and sub-tropics, including sub-Saharan Africa, where it is cultivated as a subsistence crop. Cassava is a staple food to an estimated 800 million people worldwide (FAO, 2013). There is a lot of interest in cassava as a food security crop, because during environmental perturbation, particularly drought, cassava yields are relatively stable compared to cereals (El-Sharkawy, 2006, 2014). Although cassava is known to be relatively drought tolerant, reduced water availability can still reduce yields far below the maximum potential (Oyetunji et al., 2007). In order to supply food in areas of poor food security in Africa, cassava is increasingly being grown on marginal lands where plants suffer water deficit almost annually (El-Sharkawy, 2006; FAO, 2013). Ekanayake et al. (2004) showed that a decrease in cassava chlorophyll production during water stress has a negative effect on PSII efficiency of cassava, and consequently, affects root yield negatively. Therefore, monitoring changes in Chl a fluorescence kinetics in cassava can provide detailed information on the functioning of its photosynthetic apparatus and detect when the system is under stress.

It has been demonstrated that the use of AMF can help to mitigate the effects of drought stress on plants (Augé, 2001; Oyetunji et al., 2007; Hu et al., 2017). AMF form a symbiotic association with roots of most crop species, including cassava. In this association, AMF obtain mineral nutrients, particularly phosphate, from the soil and transport them to plant roots. In return, AMF obtain carbohydrates and lipids from plant roots (Harrison, 1999; Keymer et al., 2017). However, these fungi can also protect plants from pathogens and improve water stress tolerance (St-Arnaud and Vujanovic, 2006; Oyetunji et al., 2007; Tsimilli-Michael and Strasser, 2008; Boldt et al., 2011; García-Sánchez et al., 2014; Séry et al., 2016) although the mechanism by which AMF improve drought tolerance is poorly understood.

Rhizophagus irregularis is a model AMF species commonly found in soils worldwide (Savary et al., 2018) and has a great potential to improve the productivity of cassava (Ceballos et al., 2013, 2019; Rodriguez and Sanders, 2015; Aliyu et al., 2019). Furthermore, this AMF species can be cultivated in-vitro and can be efficiently produced on a large-scale, making it a promising candidate for inoculation of cassava. Additionally, genetic variation in this fungus has been extensively studied (Wyss et al., 2016; Chen et al., 2018; Savary et al., 2018; Masclaux et al., 2019), and shown to significantly alter plant growth (Munkvold et al., 2004; Koch et al., 2006, 2017). However, clonally produced R. irregularis siblings of a given R. irregularis isolate also display very large differences in fungal quantitative growth traits and plant growth, for example, in rice and cassava (Angelard et al., 2010; Ehinger et al., 2012; Ceballos et al., 2019). R. irregularis isolates exist as dikaryons, which means that they contain a population of nuclei with two distinct genotypes, or as homokaryons where all nuclei are of one identical genotype. Clonally grown offspring of both dikaryon and homokaryon isolates induce very large differences in cassava growth in conventional farming conditions in Colombia, Kenya and Tanzania (Ceballos et al., 2019). The role of variation in AMF in influencing drought stress responses of cassava remains poorly investigated.

Given that both among and within-isolate genetic variation of R. irregularis isolates causes large differences in cassava growth, such variation could also potentially influence cassava tolerance to drought stress. Therefore, we hypothesized that among and within isolate variation in R. irregularis are not only drivers of cassava productivity, but also of cassava physiological stress responses to water deficit conditions.

In order to address this hypothesis, two experiments were performed to assess cassava photosynthetic responses under water stress when inoculated with different R. irregularis lines. The first experiment was conducted under field conditions in Western Kenya, where cassava regularly experiences natural drought. Cassava was not experimentally subjected to drought but the response was measured when plants were exposed to naturally occurring drought conditions during the dry season in Kenya. The goal of this experiment was to measure how single spore sibling R. irregularis cultures (hereafter called progeny) from homokaryon and dikaryon parents influenced cassava stress responses. We observed that cassava stress levels during the dry season were indeed influenced by the identity of the AMF inoculant. Because the plants had not been experimentally subjected to a drought treatment, we performed a second experiment where we subjected cassava, inoculated with two genetically different R. irregularis isolates, to a drought treatment followed by a recovery period (Figure 1). The goal of this second experiment was to test whether genetically distinct R. irregularis isolates induce differential physiological responses in cassava during drought stress and a subsequent recovery period.
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FIGURE 1. Schematic timeline of the design of Experiment 2, showing the watering regimes. Colors dark blue, red and light blue represent the different watering regimes imposed during the experiment.




MATERIALS AND METHODS


Experiment 1. Field Experiment (Kenya)


Location of the Experiment

The field experiment was established in Ukwala-Kawayo in Western Kenya (00° 15’ 12.1” N and 34° 10’ 32.7” E), with an average annual temperature of 22.3°C, 75% relative humidity and an annual precipitation of 1468 mm. The soil was composed of 12% sand, 72% clay and 16% silt with a pH(H2O) of 3.94, organic carbon 0.65 g kg–1, total N 0.08 g kg–1, available P 6 mg kg–1, exchangeable K 0.09 cmol(+) kg–1, exchangeable Ca 0.51 cmol(+) kg–1 and exchangeable Mg 2.33 cmol(+) kg–1.



Plant and Fungal Material

A local cassava variety (Fumba Chai) that represents the most commonly cultivated variety in the region was used. Parental isolates (C2 and C3) originated from the Hausweid field station, at Tänikon, Switzerland (Koch et al., 2004), where they have been maintained in identical conditions at the University of Lausanne in vitro since 2000. Single-spore cultures, also known as single spore lines (SSLs), were raised in-vitro at the University of Lausanne, and originated from parental isolates (C2 and C3) (Ceballos et al., 2019; Supplementary Table S1) in exactly the same conditions as parental isolates. All cultures were transferred to Symbiom s.r.o. (Lanskroun, Czech Republic) for production at a larger scale required for the field experiment. To do this, each parental and SSL of R. irregularis was produced in an identical in vitro culture system by Symbiom s.r.o. (Lanskroun, Czech Republic). To avoid potential batch effects each parental and SSL was produced in 8 separate culture units and the fungal material (spores and hyphae) produced in each unit for each isolate or SSL was pooled and mixed. Spore density was then counted so that each culture could be mixed with a sterile inert carrier (calcified diatomite) to a standardized spore density of 1000 spores g–1.



Isolate Selection

The parental isolates C2 (a homokaryon) and C3 (a dikaryon) were selected based on genetic differences observed between them in previous studies (Wyss et al., 2016; Savary et al., 2018). Isolates C2 and C5 were shown to be genetically indistinguishable. SSLs of parental isolates (C2 and C3) were each initiated from a single spore of the parental isolate (Ceballos et al., 2019). Each spore contains multiple nuclei originating from the parental isolate. Therefore, each SSL originating from a homokaryon parent should be genetically identical. However, offspring from a dikaryon parent can be genetically variable due to the inheritance of a disproportionate number of the two nucleus genotypes (Masclaux et al., 2018).



Design and Establishment of the Field Experiment

The experiment was set up as a randomized complete block design comprising 15 inoculation treatments distributed in 10 blocks, with one replicate of each treatment per block. A total of 13 R. irregularis isolates and SSLs were used, including 3 parental isolates (C2, C3 and C5) and 10 SSLs (Supplementary Table S1). In addition, there were 2 control treatments, either adding only the sterile carrier (inert substrate) with no fungus (Ca) or no addition (no fungus, no carrier) (No). The planting design comprised one plant of a given inoculation treatment surrounded by eight non-inoculated plants, in order to avoid possible cross contamination between treatments. This experiment covered an approximate area of 0.5 ha with a planting density of 10000 plants ha–1. The experiment was planted in June 2016 and harvested in April 2017.

Due to the low soil pH at the site, Minjingu Phosphate rock (12.8% total P and 38% CaO) was applied before planting at 460 kg ha–1, two weeks before planting, as a source of P and as a liming material (Szilas et al., 2008). Nitrogen and potassium fertilizers were applied at 25 days after planting (DAP). The amount of fertilizer applied was determined by the initial soil nutrient content, nutritional requirements and fertilizer use efficiency. The application rate was 150 kg N ha–1 and 180 kg K ha–1. The sources of nitrogen and potassium fertilizers were: urea and Muriate of potash (MOP). In all the treatments except the No and Ca control treatments, cassava stems (30 cm long) were inoculated with 1 g of the inoculum (containing 1000 spores), and this was placed around the stem of the cassava at planting.



Data Collection

We assessed cassava stress by measuring the polyphasic Chl a fluorescence transient (OJIP) (Strasser et al., 2004). We measured the Chl a fluorescence variables maximum quantum yield of photosystem II (PSII) Fv/Fm (which is equivalent to TR0/ABS) and the performance index (PI) (Strasser et al., 2004; Tsimilli-Michael and Strasser, 2008). using a non-destructive method using a Handy PEA fluorometer (Plant Efficiency Analyser, Hansatech, Norfolk, United Kingdom). This was performed to evaluate potential damage caused to the photosystems by stress and to monitor physiological changes in the plant (Niu and Rodriguez, 2008; Zushi and Matsuzoe, 2017). While this apparatus measures a very large number of different variables, we focussed on the above variables because they are ones that have previously been demonstrated to be influenced by experimentally subjecting plants to water stress. Chl a fluorescence measurements were made on three fully expanded attached leaves per plant, each located in the mid-canopy of all replicate plants in all treatments. Before all measurements, leaves were dark-adapted for 20 min. Light intensity was 3000 μmol m–2 s–1, provided by an array of three high-intensity light-emitting diodes. The measurements were made at 120 (rooting phase), 210 (root thickening phase), and 300 DAP (dry matter accumulation phase).

We also measured soil moisture (SM) and the leaf water potential (LWP) at the same time points as the fluorescence measurements. The measurement at 210 DAP occurred in the low-rainfall season so as to measure naturally occurring drought stress (Supplementary Figure S1). LWP and SM were measured with a Scholander pressure chamber (Scholander et al., 1964) and a portable SM - ML3 ThetaProbe sensor (Delta-T®), respectively. Plant growth and AMF colonization data for this experiment are presented in Ceballos et al. (2019).



Statistical Analyses

All data were analyzed using the R statistical software (R Core Team, 2018; version 3.5.1) and JMP® 13.2.0 (SAS institute Inc.). To test for significant differences among treatments, analysis of variance (ANOVA) was performed followed by a post-hoc Tukey honest significant difference (HSD) test. In this experiment, we first made repeated measures analysis on cassava stress variables throughout the sampling times (120, 210 and 300 DAP) to test for a sampling time effect. Second, data were then analyzed by separating the dataset in two groups: (1) plants inoculated with parental isolate C2 and its progeny, and (2) plants inoculated with parental isolate C3 and its progeny. We did this in order to test whether there was a differential effect on cassava among plants inoculated with a parental fungus and its progeny at each sampling time.



Experiment 2. Greenhouse Experiment


Location of Experiment

This experiment was established in the greenhouse of the Department of Ecology and Evolution, University of Lausanne, Switzerland, under controlled conditions (temperature: 23–25 °C; relative humidity: ∼60%) in November 2017.



Plant and Fungal Material

Fresh stems of cassava variety CM4574-7 (CIAT, Colombia) were transported from a field site in Colombia in the last week of October 2017 and planted in pots in the greenhouse 1 week later. Variety CM4574-7 is well adapted to savanna conditions and is resistant to root rot and used for local consumption and industrial uses. R. irregularis parental lines A1 and C3 were produced in the same in-vitro culture system by Symbiom® s.r.o. The parental lines A1 and C3 were chosen based on DNA sequence data showing these two isolates are genetically distinct (Wyss et al., 2016; Savary et al., 2018). The reason for using one of the isolates (A1) that was not used in the field experiment was because of inoculum availability and because this fungus was the subject of another study in the laboratory on transcriptional responses of plants and AMF to drought. However, the objective of this study was not to directly compare data between the first and the second experiment.



Experimental Design

The experiment was set up as a randomized design that comprised 3 inoculation treatments, 2 drought treatments and 10 replicates for each of the treatment combinations. Cassava plants were inoculated with either A1, C3 or a control comprised of inert sterile substrate with no fungus (Ca). A homogenized soil medium (sand : loam; 2:3) was prepared and steam sterilized (1 h). Sterilized soil was allowed to aerate for one week under a plastic cover to remove phytotoxic effects, before being used for planting (12 L pots). Inoculation was carried out 21 DAP. All plants were subjected to the same watering regime (90% of holding capacity, 35% volumetric SM) until 110 DAP. After 110 DAP, two different treatments were administered; with continued watering (watered) or by withholding water (drought). Water was withheld in the drought treatment until the leaves began dropping; a physiological response typical of cassava experiencing drought (Okogbenin et al., 2013). At 120 DAP, drought treated plants were re-watered and maintained at 10% of volumetric SM, until 130 DAP. From 131 DAP, drought treated plants received full water at 90% of holding capacity, until harvest (140 DAP) (Figure 1).



Data Collection


Non-destructive measurements

Plant height and main stem diameter were measured. Chl a fluorescence was measured as in Experiment 1. As Chl a fluorescence gives indications about the stress level of the plant related to the non-stomatal photosynthesis processes, it does not allow the detection of the direct effect on photosynthesis or how that stress is regulated at the stomatal level. We, therefore, measured photosynthetic capacity (Amax) and stomatal conductance (gsmax), i.e. at optimal conditions for light, temperature and vapor pressure deficit (VPD) allowing comparable measurements between treatments. Amax and gsmax were measured using an open path infrared gas analyser (IRGA) system connected to a 2.5 cm2 PLC-6 chamber (CIRAS-2, PP-Systems, Amesbury, United States) under optimal conditions for light (1200 μmol of photons m–2 s–1), at 25 ± 1°C, CO2 concentration of 400 ± 2 ppm, and maintaining a vapour pressure deficit (VPD) under 1.5 kPa in order to avoid any limitation on the stomatal opening. These measurements were made on the first fully expanded leaf of 6 replicate plants in all treatments. The same leaf of each plant was measured at each time point. In the case where a selected leaf fell due to drought, the next superior leaf was used for proceeding measurements. We also calculated the water use efficiency (WUE) as the ratio Amax:gsmax. All non-destructive measurements were made 8 times throughout the experiment at 103 DAP, 109 DAP, 116 DAP, 119 DAP, 123 DAP, 130 DAP, 136 DAP and 140 DAP, starting the week before withholding of water.



Destructive measurements

At 91 DAP, cassava roots were removed and stained following the method of Koske and Gemma (1989), except trypan blue was replaced by acid fuchsin 0.01%, and checked for AMF colonization using the grid-line intersection method (Giovanetti and Mosse, 1980). This was carried out to confirm that the roots of inoculated plants were colonized by AMF before inducing the drought. At harvest (140 DAP), plant material was separated into root biomass and or shoot biomass by removing all outgrowth from, but not including, the planted stake. After root biomass was measured, a randomized sample was preserved in 70 % ethanol. The percentage of root length colonized by AMF was then measured at a later date using the same method used previously.

Additionally, the following indices were calculated at the end of the trial:

Relative yield reduction (RYR) was estimated using the following equation:

[image: image]

Where Yw and Yd are the means of root fresh weight (g plant–1) at harvest of each treatment under well-watered (Yw) and water-stressed conditions (Yd), respectively.

Drought susceptibility index (DSI) was determined using the following equation:

[image: image]

Where Ydi and Ywi are the means of root fresh weight (g plant–1) at harvest of individual treatments under water-stressed (Yd) and well-watered (Yw) conditions, respectively. DII is the drought intensity index (DII) which was calculated using the following equation:
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Where Yd and Yw are the means of root fresh weight (g plant–1) at harvest of all treatments under water-stressed (Yd) and well-watered (Yw) conditions, respectively.

Recovery rate (RR) was elucidated using the following equation:
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Where fi is the mean of parameter at different sampling times during re-watering (123, 130, 136 and 140 DAP), s is the value of parameter at the maximum stage of drought (119 DAP) and y is the number of sampling times during re-watering.

RYR and DSI are widely used by plant breeders to assess drought tolerance when testing different plant genotypes or when phenotyping for improved traits for drought tolerance and here we used it to compare the DSI among AMF treatments (Grzesiak et al., 2013; De Oliveira et al., 2017; Peirone et al., 2018).



Statistical Analyses

All data were analyzed using the R statistical software (R Core Team, 2018; version 3.5.1) and JMP® 13.2.0 (SAS institute Inc.). To test for significant differences among treatments, analysis of variance (ANOVA) was performed followed by a post-hoc Tukey honest significant difference (HSD) tests. First, we tested for a drought treatment effect on different cassava growth variables at the end of the trial. Second, we tested for an inoculation treatment effect on gas exchange and Chl a fluorescence at each sampling time. Third, we tested for an inoculation treatment effect on the RR of gas exchange and Chl a fluorescence of cassava during re-watering period and also on DSI at the end of the experiment in plants that had been subjected to drought. Additionally, we used Dunnett’s test to test for a drought treatment effect on gas exchange and Chl a fluorescence of cassava at each sampling time by taking watered plants as control.



RESULTS


Experiment 1. Effect of Inoculation With Parental R. irregularis Isolates and Their SSL Progeny on Cassava Stress Responses Under Field Conditions


Chlorophyll a Fluorescence Analysis

At 210 DAP, the variables maximum quantum yield of PSII (Fv/Fm), the performance index (PI), leaf water potential (LWP) and soil moisture (SM) were all significantly lower than at 120 and 300 DAP (p < 0.01) (Table 1). There was no significant effect of inoculation on any of those variables at 120 and 300 DAP (Supplementary Tables S2–S3). However, Fv/Fm and PI differed significantly among the inoculation treatments at 210 DAP (Supplementary Tables S2–S3). Plants inoculated with SSLs C2.5 and C2.8 exhibited a significantly higher Fv/Fm ratio and PI than plants inoculated with their parent C2 or their siblings C2.6 and C2.7 at 210 DAP (Figure 2 and Supplementary Table S2), showing that variation in stress responses occurred among cassava plants inoculated with clonally produced mycorrhizal fungal siblings of a homokaryon parental fungus. Plants inoculated with SSL C3.11 and C3.14 had a higher Fv/Fm than the sibling C3.12 at 210 DAP (Figure 2 and Supplementary Table S3). Plants inoculated with SSL C3.11 and C3.14 had a higher PI than their parent C3 or their sibling C3.12 (Figure 2 and Supplementary Table S3). This result shows that plant physiological responses also vary among plants inoculated with clonally produced siblings of a dikaryon mycorrhizal fungus. None of the treatments differed from either of the two controls Ca and No. Fv/Fm and PI were closely correlated (R2 = 0.7279, p < 0.0001). AMF effects on Chl a fluorescence at 210 DAP were not correlated with either root productivity or AMF colonization at the final harvest (data not shown).


TABLE 1. Means (± standard error) of PSII (Fv/Fm), performance index (PI), leaf water potential (LWP) and soil moisture (SM) of cassava at different times (120, 210 and 300 DAP) in Experiment 1 and the results of a repeated measures analysis on these variables to test for a sampling time effect.
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FIGURE 2. Effect of inoculation with parental isolates C2 and C3 and their SSL progeny on (A) maximum quantum yield of PSII (Fv/Fm) (B) performance index (PI) of cassava at 210 DAP in Experiment 1. Error bars represent ± S.E. Different letters above bars represent significant differences at p < 0.05 according to a Tukey post-hoc test.




Experiment 2. Effects of R. irregularis Isolates on Cassava Drought Stress Responses and Recovery


Effects of Drought on Cassava Growth

Withholding water at 110 DAP resulted in significant detrimental effects on above-ground biomass, below ground biomass, plant height and main stem diameter of cassava (Figure 3a and Supplementary Table S4), indicating that plants experienced significant drought stress. There were no significant differences in any of the cassava growth variables among inoculation treatments and there was no significant inoculation x drought interaction (Figure 3b and Supplementary Table S4).
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FIGURE 3. (A) Effect of drought treatment on below ground biomass, above ground biomass, plant height and main stem diameter at the end of Experiment 2 (greenhouse trial). (B) Effect of inoculation with R. irregularis isolates C3 and A1 on below ground biomass, above ground biomass, plant height and main stem diameter at the end of Experiment 2 in either Watered or Drought treatments in Experiment 2 (greenhouse trial). Error bars represent ± S.E. Different letters above bars represent significant differences at p < 0.05 according to a Tukey post-hoc test.




Effects of Drought and AMF Isolates on Gas Exchange and Chlorophyll a Fluorescence

The variables photosynthetic capacity (Amax), stomatal conductance (gsmax), water use efficiency (WUE), maximum quantum yield of PSII (Fv/Fm) and performance index (PI) significantly differed between drought treatments at 116 DAP (6 days after withholding of water). These differences were sustained until the harvest of the experiment (Table 2). The largest differences in gas exchange and Chl a fluorescence between drought-treated and well-watered plants were observed at 119 DAP (point of maximum withholding of water) and 123 DAP (3 days after re-watering), respectively (Figure 1 and Table 2).


TABLE 2. Means (± standard error) of photosynthetic capacity (Amax), stomatal conductance (gsmax), water use efficiency (WUE), maximum quantum yield of PSII (Fv/Fm) and performance index (PI) of cassava to test for a drought effect between plants in well-watered (watered) and water-stressed (drought) conditions at each sampling time in Experiment 2 (greenhouse trial).

[image: Table 2]We further analyzed the effect of the inoculation treatments on gas exchange and Chl a fluorescence of cassava in watered and drought conditions at each sampling time (Figure 4 and Supplementary Table S5). At 119 DAP (point of maximum withholding of water), in plants subjected to drought, C3 inoculated plants had a lower Amax, gsmax and PI than plants inoculated with A1 and the control Ca (Figure 4 and Supplementary Table S5). WUE and Fv/Fm did not differ among the inoculation treatments at 119 DAP in cassava subjected to drought (Supplementary Table S5). There was no clear effect of AMF inoculation on gas exchange and Chl a fluorescence measurements at other sampling times in plants subjected to drought. There was also no inoculation treatment effect on gas exchange and Chl a fluorescence measurements at any of sampling times in well-watered plants (Supplementary Table S5).
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FIGURE 4. Effect of inoculation with R. irregularis isolates A1 and C3 on (A) photosynthetic capacity (Amax), (B) stomatal conductance (gsmax) and (C) performance index (PI) of cassava in well-watered (watered) and water-stressed (drought) conditions at four sampling times: 109 DAP, 119 DAP, 130 DAP and 140 DAP in Experiment 2. Error bars represent ± S.E. Different letters above bars represent significant differences at p < 0.05 according to a Tukey post-hoc test. Comparison among inoculation treatments in either well-watered (watered) or water-stressed (drought) conditions at each sampling time.




AMF Isolate Effects on Recovery Rate

The recovery rate of Amax was higher in plants inoculated with C3 compared to plants inoculated with A1 and the control Ca (Figure 5a). The recovery rate of gsmax did not differ among inoculation treatments, although the trend was the same as that observed for photosynthetic capacity. There were also no inoculation effects on the recovery rate of any of the variables measured in the Chl a fluorescence (Supplementary Figure S2).
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FIGURE 5. (A) Effect of inoculation with R. irregularis isolates A1 and C3 on the recovery rate of stomatal conductance (gsmax) and photosynthetic capacity (Amax) during re-watering period in plants that had been subjected to drought in Experiment 2. (B) Effect of inoculation with R. irregularis isolates A1 and C3 on the drought susceptibility index (DSI) of cassava in Experiment 2. (C) Effect of inoculation with R. irregularis isolates A1 and C3 on AMF colonization (% root length) in water-stressed (drought) and well-watered (watered) conditions in Experiment 2. Error bars represent ± S.E. Different letters above bars represent significant differences at p < 0.05 according to a Tukey post-hoc test.




AMF Isolate Effects on Drought Tolerance

At the end of the experiment, plants inoculated with A1 were significantly more susceptible to drought than control Ca (Figure 5b and Supplementary Table S6). C3 treatment did not differ from the other two inoculation treatments. There was no significant inoculation treatment effect on RYR (Supplementary Table S6).



AMF Colonization in Drought-Treated and Control Plants

Plants inoculated with R. irregularis isolates A1 and C3 were equally colonized in both well-watered and drought conditions and there was no difference in colonization between drought treatments (Figure 5c).



DISCUSSION

We showed that in field conditions, cassava inoculated with genetically different parental R. irregularis isolates or their progeny displayed significantly different stress levels. In the second experiment, plants experienced drought as an experimental treatment allowing us to better understand the underlying physiological processes that were observed in field conditions. We observed in controlled conditions that the photosynthetic responses of cassava during drought and recovery depended heavily on which AMF isolate colonized the cassava roots. The physiological response to drought was mainly controlled by stomatal processes before non-stomatal limitation at the cellular level could permanently damage the photosynthetic apparatus.


Cassava Inoculated With R. irregularis Parental Isolates and Their Clonal Progeny Respond Differently to Stress

In the first experiment, plants experienced a natural dry period between 120 and 300 DAP. We assessed plant stress at these times by measuring the Chl a fluorescence variables Fv/Fm and PI because these are variables commonly measured in such experiments. Fv/Fm represents the efficiency of energy flow at PSII, commonly used as an indicator of plant photosynthetic efficiency under stress conditions (Maxwell and Johnson, 2000). PI represents the efficiency in the energy flux through the different phases of electron transport inside the photosynthetic apparatus, providing quantitative information on the efficiency of PSII and PSI that is normally reduced during stress (Strasser et al., 2000, 2004; Silvestre et al., 2014). Low Fv/Fm and PI values indicate that plants are stressed.

Chlorophyll a fluorescence measurements observed in the dry period (at 210 DAP) indicated that the plants experienced stress. Similar stress responses were induced experimentally in the 2nd experiment. Fv/Fm values below this threshold indicate a reduction in PSII efficiency and, consequently, plant stress (Maxwell and Johnson, 2000 and Oyetunji et al., 2007). Mean Fv/Fm measurements indicated that cassava experienced stress in the field throughout the experiment, but were most stressed at 210 DAP, coinciding with natural drought. PI values at 210 DAP were consistent with those reported in other plant species under severe drought (Silvestre et al., 2014). These values of Chl a fluorescence at 210 DAP could mainly be attributed to low accumulated precipitation in the previous 30 days before sampling.

Variation in plant responses to stress due to inoculation with different individuals of one AMF species has not previously been reported although interspecific AMF effects have been observed (Oyetunji et al., 2007; Rai et al., 2008; Chitarra et al., 2016). Inoculating cassava with different R. irregularis cultures altered the stress experienced by cassava in farming conditions because Fv/Fm and PI values differed significantly and strongly among inoculation treatments. These values were even lower than those observed in plants subjected experimentally to severe drought during the second experiment. PI is more sensitive to changes in stress than Fv/Fm (Oukarroum et al., 2007; Živčák et al., 2008). Indeed, inoculation with either C2 or C3, or their progeny, greatly affected PI by up to a 2.58-fold difference, respectively. PI at 210 DAP of individual treatments was even lower than values reported in the second experiment where plants were subjected to severe drought. Progeny of parents C2 and C3 were also shown to significantly affect cassava growth (data reported in Ceballos et al., 2019). AMF colonization of the roots at the final harvest differed among C3 and its progeny but not among C2 and its progeny (Ceballos et al., 2019). Neither the AMF effects on root productivity nor AMF colonisation at the final harvest were correlated with Chl a fluorescence at 210 DAP.

The results show that clonal progeny of parental isolates C2 and C3 made cassava respond differently to stress. However, we cannot confirm that these differences are due to genetic differences among progeny because offspring of isolate C2 (a homokaryon) should be genetically identical.



Genetically Different R. irregularis Parental Isolates Induce Differential Cassava Physiological Responses to Drought Stress and Recovery From Drought

In the first experiment, we observed that stress in cassava is influenced by AMF identity and that stress was likely a response to drought. In the second experiment plants were experimentally subjected to drought allowing us to demonstrate that indeed genetically different isolates induce differential responses of cassava to drought.

Withholding water at 110 DAP had the expected effect affecting most of the physiological measurements from 116 DAP until the end of the experiment. Inoculation with isolates A1 and C3 largely altered the response of cassava during drought; mostly because C3 inoculated plants suffered more than plants inoculated with A1 and the control, and even showing negative photosynthetic rates. However, drought affected plants inoculated with C3 exhibited a higher recovery rate during re-watering, compared to A1 and control plants. Drought did not cause permanent damage on stomatal control, as it mostly only induced stomatal limitation of photosynthesis. Interestingly, that limitation was quickly reversed in all drought treated plants, but faster in C3 inoculated plants. Non-stomatal limitation of photosynthesis, would induce permanent damage to the photosystem that would also result in a slower recovery rate. Surprisingly, although inoculation did not directly affect plant biomass at harvest, drought affected plants inoculated with A1 were more susceptible to drought than the control (Ca), as measured by the DSI. The lack of an effect on biomass may be due to the length of the experiment (5 months) which many not have been sufficiently long to detect biomass differences. The interpretation of DSI should be taken with some caution because plant genotypes with higher drought tolerance are not always the most productive (Cardona-Ayala et al., 2014).

From the result of this study, we cannot say why genetically different R. irregularis isolates alter cassava stress responses to drought. Differences exist between AMF isolates C3 and A1 in extra-radicle hyphal length and hyphal growth rates Koch et al. (2004). It is known that extra-radicle AMF hyphal length is positively correlated with soil aggregation and that soil aggregation controls the water movement (Rillig et al., 2010, 2014). Consequently, it is possible that intraspecific variation in fungal traits like extraradical hyphal length could have an indirect effect on soil water availability, which in turn could affect plant susceptibility to drought.

These results indicate that intraspecific genetic variation, and possibly epigenetic variation, in R. irregularis influence physiological responses of cassava to water stress. These results were observed independently in the field and in the greenhouse. To our knowledge, that variation in an AMF species influences cassava drought responses differently has not previously been reported. This research does not specifically highlight any AMF isolate as having an outright negative or positive effect on cassava because response to inoculation is dependent on multiple factors, including cassava variety and local environmental conditions (Ceballos et al., 2019). However, results indicate that inoculation with different AMF of the same species is likely to alter cassava responses to drought in the field, even though plants naturally become colonized by the local mycorrhizal fungal community as well. A better understanding of how variation in R. irregularis affects responses to stress during drought could offer further possibilities to increase yield and stress tolerance in cassava in areas where cassava experiences strong drought conditions during part of the cropping period. The results confirm that within-fungus genetic variability in R. irregularis should be considered. AMF variation could be relevant for future applications in agriculture, particularly in areas affected by harsh environmental conditions or impending climate change. Better understanding of the different molecular layers of R. irregularis, from genome organization to gene transcription, and how they contribute to host health are necessary to select the most beneficial candidate AMF lines.
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