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The Editorial on the Research Topic
 Importance of Root Symbiomes for Plant Nutrition: New Insights, Perspectives and Future Challenges



Plants interact with a plethora of soil microbes that help them to acquire nutritional resources, to be protected against pathogens, and to face challenging and fluctuating external conditions. Understanding how the microbiota of roots and rhizospheres is shaped and conserved by host plants, and how it changes in response to genetic and environmental pressures, is crucial for the preservation of natural ecosystems and to harness its potential for the development of novel strategies in agroecosystems. This Research Topic presents a series of articles that summarizes the latest research updates on the impact of the plant microbiota and its specific symbionts [i.e., arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) fungi, nitrogen-fixing rhizobia, and plant growth-promoting rhizobacteria (PGPR)] on plant performance and resilience, and the external factors that influence plant microbiota assembly.

Novel next generation sequencing technologies and analytical platforms provide us with more insights into the plant microbiome. In this Research Topic, Ma et al. discussed the development and potential use of single-cell RNA-sequencing technology in the area of plant microbiomes. Although still challenging to apply routinely, it opens the way toward the discovery of very specific and localized functions of bacterial communities in plant microbiota. Multiple studies have shown that the microbiome composition differs among cultivars of a given plant species, such as corn (Walters et al., 2018), cotton (Wei et al., 2019), or grape (Mezzasalma et al., 2018). Using three switchgrass cultivars grown under various conditions (i.e., monoculture, intraspecific, or interspecific mixtures), Revillini et al. showed that plant diversity influences the structure of AM fungal and bacterial communities in the root rhizosphere, but that nitrogen fertilization only affects the composition of the AM community but not of the rhizobacterial community. These findings highlight the importance of adapted cultivar and management practices in agricultural settings to maintain optimal microbiomes. Although it is described that herbivores can also influence the leaf microbiota composition (Humphrey and Whiteman, 2020), their impact on root microbiota assembly, and particularly on AM fungi, is still unclear. In this Research Topic, Wilkinson et al. demonstrated that the inoculation with aphids does not alter the AM colonization and community composition in barley, but that the formation of fungal vesicles and the relative abundance of some fungal species in these communities is affected.

The root microbiome also has a tremendous influence on forest diversity, evolution, and dynamic, defining a complex “ecosystem microbiome” (Baldrian, 2016). ECM fungi play a significant role in Northern hemisphere forest ecosystems (Becquer et al., 2019). Nagati et al. investigated the community assembly of ECM fungi on balsam fir seedlings in two biotically different environments and their potential role in the spread of the species. Using path analysis, they identified significant correlations between stand type, sapling growth, foliar nitrogen content and understory vegetation on community composition, and presented an exciting effort toward a better understanding of the microbial mechanisms underlying forest succession. Although significant progress has been made in the identification and characterization of plant and fungal transport proteins (Garcia et al., 2016; Plassard et al., 2019) in the ECM symbiosis, there are many key players that are still missing, particularly for micronutrients such as zinc. In this Research Topic, Coninx et al. revealed the dual function of the transporter SlZRT2 from the ECM fungus Suillus luteus in zinc acquisition from the external medium and its redistribution in fungal hyphae in response to zinc availability (Ruytinx et al., 2020).

Biological nitrogen fixation within root nodules is a tremendous advantage conferred by specific soil rhizobia bacteria to certain plant families, allowing the acquisition of atmospheric nitrogen (Griesmann et al., 2018). Purple acid phosphatase is a class of proteins involved in phosphorus acquisition and utilization, particularly under limiting conditions. Using transcriptomic and reverse genetics approaches, Wang et al. described a novel purple acid phosphatase of soybean (GmPAP12) required for nodule formation and nitrogen fixation, reinforcing the importance of plant phosphorus nutrition in biological nitrogen fixation. The impact of an inoculation with nitrogen fixing bacteria on agroecosystems and forest ecosystems for restoration purposes highly depends on various soil amendments. Egamberdieva et al. studied the effect of two maize biochars on biological nitrogen fixation in chickpea under drought and irrigated conditions, and observed an improved growth, nitrogen uptake, and symbiotic performance under both conditions. Zhang et al. investigated the effect of different nitrogen sources on the colonization with rhizobia in two major forest restoration species (Robinia pseudoacacia and Lupinus latifolius), and found a synergistic response between nitrogen supply and bacterial inoculation. Parasponia (Cannabaceae) is the only non-legume lineage that has evolved the ability to develop symbiotic nodules with nitrogen-fixing rhizobia (Op den Camp et al., 2011). In legumes and actinorhizal plants, soil nitrate acts as a negative regulator of nodule development (Ferguson et al., 2019). Using Parasponia andersonii as a model plant, Dupin et al. investigated the impact of increasing ammonium nitrate concentrations on tissue weight, nodule formation, and nodule number. The authors observed that P. andersonii displayed a reduction of symbiotic nodules after external nitrogen application, or even an elimination at high concentrations, indicating the presence of a similar autoregulation mechanism than has been described for legume and actinorhizal plants.

PGPR are soil bacteria that infect roots and confer various benefits to the colonized plants, such as improved growth, resistance to biotic and abiotic stress, or nutrient acquisition (Backer et al., 2018). Gupta and Pandey isolated two new bacterial strains from the rhizosphere of Allium sativum exhibiting ACC deaminase activity, as well as the production of indole acetic acid, siderophore, ammonia, and hydrogen cyanide. These bacteria, identified by 16S rRNA sequencing as Aneurinibacillus aneurinilyticus and Paenibacillus sp., are also able to solubilize insoluble forms of phosphate and zinc. The combined application of these two strains on Phaseolus vulgaris was able to improve root length, shoot length, and root and shoot biomass under salt stress conditions. Another study from Mukherjee et al. described the isolation of a novel Halomonas species from the rhizosphere of true mangrove Avicennia marina. Inoculated with rice, this PGPR led to growth promotion under combined salt and arsenic stresses, through the direct involvement of bacterial exopolysaccharide. Both studies highlight the importance of natural diversity screenings to isolate novel plant beneficial microbes that can be used in agroecosystems. Finally, Chang et al. reviewed the current research on cycad-cyanobacteria symbioses. Due to the slow growth of cycads, these palmlike woody plants are under-researched, and the authors revealed important gaps in our knowledge about these interactions which should be addressed by the functional comparison with other cyanobacterial symbioses.

Overall, our knowledge on the diversity, composition, and impact of plant microbiota is still limited. It is crucial to continue investigating the molecular biology, physiology, and ecology of mutualistic interactions to isolate novel symbionts and microbial properties that improve plant performance and resilience. We hope that the work presented in this Research Topic will help to both consolidate the field of plant-microbe symbioses and bring light on the importance of understanding and preserving the plant microbiota in natural and agroecosystems.
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Nodulation process in legume plants is essential for biological nitrogen fixation during which process a large amount of phosphorus (P) is required. Under P deficiency, nodule formation is greatly affected, and induction of purple acid phosphatases (PAPs) is an adaptive strategy for nodules to acquire more P. However, regulation roles of PAPs in nodules remain largely understood. In this study, by transcriptome sequencing technology, five PAP genes were found to be differentially expressed, which led to the greatly increased acid phosphatase (APase) and phytase activities in soybean mature nodules under P starvation conditions; and among the five PAP genes, GmPAP12 had the highest transcript level, and RT-PCR indicated expression of GmPAP12 was gradually increasing during nodule development. GUS activity driven by GmPAP12 promoter was also significantly induced in low phosphorus conditions. Further functional analysis showed that under low phosphorus stress, overexpression of GmPAP12 resulted in higher nodule number, fresh weight, and nitrogenase activity as well as the APase activity than those of control plant nodules, whereas the growth performance and APase activity of nodules on hairy roots were greatly lower when GmPAP12 was suppressed, indicating that GmPAP12 may promote P utilization in soybean nodules under low P stress, which thus played an important role in nodulation and biological nitrogen fixation. Moreover, P1BS elements were found in the promoter of GmPAP12, and yeast one-hybrid experiment further proved the binding of P1BS by transcription factor GmPHR1 in the promoter of GmPAP12. At last, overexpression and suppression of GmPHR1 in nodules indeed caused highly increased and decreased expression of GmPAP12, respectively, indicating that GmPAP12 is regulated by GmPHR1 in soybean nodules. Taken together, these data suggested that GmPAP12 was a novel soybean PAP involved in the P utilization and metabolism in soybean root nodules and played an important role in the growth and development of root nodules and biological nitrogen fixation.

Keywords: nodulation, nitrogen fixation, P deficiency, acid phosphatase, APase activity


INTRODUCTION

Legumes, such as soybean (Glycine max), pea (Pisum sativum), common bean (Phaseolus vulgaris), alfalfa (Medicago sativa), and chickpea (Cicer arietinum L.), interact with specific soil nitrogen (N)-fixing rhizobia to develop symbiotic relationships that result in the formation of a new organ called root nodules (Oldroyd and Downie, 2008; Ferguson et al., 2010). Soybean, one of the most widely grown legume crops in the world with more than 1,734 million acres of harvest area in 2015, is a very important oil crops that can also provide food, feed, and protein materials (Yuan et al., 2017). Soybean nodules can fix atmospheric N2 via rhizobia that provide plants with nitrogen source for growth in rotation systems, which is an efficient way to sustain agricultural system due to symbiotic nitrogen fixation (SNF). Nitrogen is an essential nutrient for plant growth, being one of the important components of amino acid and nucleic acids in the cells. However, the availability of N for plants is very limited in soils that restrict the production of crops. To deal with this situation, agriculture has been largely reliant on nitrogen fertilizers to maximize the crop productivity with about 50% of the nitrogen fertilizers leaching into aquatic system, resulting in environmental pollution. To produce more nitrogen fertilizers, more fossil fuel is used, which costs a heavy price. Thus, it is urgent to find an alternative and effective way to provide nitrogen available for soybean growth; at the moment, biological nitrogen fixation in legume nodules arises as being one of the most hot issues in the world (Oldroyd, 2007; Marx et al., 2016).

SNF of legume nodules is a high-energy-demand process, which requires a large amount of P in energy transfer for optimal nodule functioning than do non-nodulating plants (Makoudi et al., 2018; Ferguson et al., 2019). P is also an essential macronutrient required for optimal plant growth and development. In soil, the low P availability is a critical constriction for plants, especially legume crops in agricultural and natural ecosystems, and is becoming a global problem. Legume nodules are particularly P-rich sinks owing to intensive carbon and energy turnover in which the P content is up to three times that of other plant organs (Schulze et al., 2006; Cabeza et al., 2014). For nodules in particular, the role of P is vital for SNF (Liang et al., 2014; Valentine et al., 2017; Makoudi et al., 2018). Pi deficiency not only affects legume nodule formation and development, nodule number and mass, N2 and CO2 fixation, and photosynthesis but also N acquisition and metabolism. Great efforts have been made to understand how legumes nodules are responding to P deficiency while symbiotically interacting with rhizobia (Cabeza et al., 2014; Nasr Esfahani et al., 2017). Physiological studies on different legumes plants such as chickpea, common bean, Medicago truncatula have shown that legume nodules have developed a series of adaptive strategies that could help conserve P supply to maintain symbiotic activity under Pi starvation conditions (Cabeza et al., 2014; Nasr Esfahani et al., 2017; Isidra-Arellano et al., 2018). These strategies include low P conditions but are not limited to the following: P is preferentially relocated from other organs to nodules to maintain high P content (Tang et al., 2001; Hogh-Jensen et al., 2002); more efficient use of internal phosphate sources to increase P acquisition (Hernandez et al., 2009; Isidra-Arellano et al., 2018), increasing N2 fixation of per unit nodule mass while reducing nodule number; and higher oxygen (O2) consumption for one unit reduced N2 that is related with higher nodule permeability. For nodules, especially in limited P availability conditions, maintenance of P homeostasis is extremely critical for legume growth, development, and symbiosis. Despite that a significant series of studies have done on nodule development and molecular response underlying the adaption of nodules to Pi starvation, it remains a great challenge to explore the molecular and physiological mechanisms that could enable the development of more efficient symbiotic crops for sustainable farming practices (Vance et al., 2003; Schulze, 2004; Sulieman and Tran, 2015).

To cope with P deficiency and stress tolerance for growth, plants have evolved a diverse set of biochemical, physiological, and developmental adaptive strategies that could help their acquisition and utilization of P (Vance et al., 2003). These strategies include alteration of root morphology and architecture, increased activity of high affinity of Pi transporters and acid phosphatases (APases), and accumulation of anthocyanins (Franco-Zorrilla et al., 2004; Jain et al., 2012; Liang et al., 2014). At the molecular level, in order to elucidate the mechanism of plant response to P deficiency, several transcription factors were identified, including MYB, bHLH, GRAS, ERF, and WRKY families (Zhang et al., 2016; Diedhiou and Diouf, 2018; Xue et al., 2018). MYB is one of the largest transcription factor families in the plant kingdom, among which PHR1 (phosphate starvation response regulator (1) functions as a central regular in P starvation signaling, first identified in Arabidopsis thaliana. PHR1 binds to the P1BS cis-element (5’-GNATATNC-3’), which was prevalently present in the promoters of Pi starvation-induced (PSI) genes (Rubio et al., 2001; Wu et al., 2013; Sun et al., 2016). However, data suggested that expression of PHR1 was detected in Pi-sufficient conditions and not induced in Pi starvation conditions, indicating that PHR1 was not or only slightly responsive to Pi starvation (Rubio et al., 2001; Lv et al., 2014; Sun et al., 2016).

Also, it has been reported that under P-deficient conditions, purple acid phosphatases (PAPs) are greatly induced and secreted to improve the acquisition and utilization of Pi. PAPs are a family of metal-containing enzymes found in a wide range of plant species, which exhibit a variety of biological function including P foraging and recycling. In soybean, 23 out of 35 GmPAPs were induced by P starvation in different tissues, and nine of them were highly expressed in nodules, indicating that these PAPs may have roles in soybean symbiosis with rhizobia (Li et al., 2012). Recently, soybean GmPAP21 is found to be induced by P starvation and enhances internal P utilization in nodules, suggesting a role in soybean symbiosis with rhizobia (Yuan and Liu, 2008; Li et al., 2017). Although members of PAPs have been studied in soybean, little is known about the function of PAPs in nodule development and nitrogen fixation under P starvation conditions except GmPAP21. Here, we exhibited a low P stress-induced PAP gene, GmPAP12, in soybean nodules. Functional analysis by overexpression or suppression of GmPAP12 in hairy root nodules showed that GmPAP12 is involved in P homeostasis and nitrogen fixation under P starvation conditions.



MATERIALS AND METHODS


Plant Growth Conditions

Seeds of [Glycine max (L.) Merr.] cultivar Williams 82 were surface sterilized and germinated in Petri dishes with wet and sterile filter papers for 3 days under dark conditions in a growth chamber (28°C, 16/8 h light/dark photoperiod). After a 3 days germination, seedlings were transplanted in pots with vermiculite after being inoculated with Bradyrhizobium diazoefficiens USDA 110 (Bradyrhizobium japonicum USDA 110). Until the first trifoliate leaves were fully developed, soybean plants were watered with nitrogen-free nutrient solution containing 5 μM (low P:LP) and 500 μM (high P:HP) of KH2PO4, respectively. At 10, 17 days after inoculation with B. diazoefficiens USDA 110, only nodules were harvested. At 28 days, soybean leaves, roots, and nodules were separately harvested for measuring fresh weight, dry weight, height of shoot and root, total P and N content, nodule number and nodule size, phytase and phosphatase activities, and acetylene reduction assay; nodule size was calculated as the average fresh weight of a single nodule. For dry weight and total P and N content, samples were oven-dried, and other fresh samples were stored at −80°C for RNA extraction and quantitative real-time PCR (qRT-PCR) analysis.



RNA Isolation and RNA-Seq

Twenty-eight-day nodules collected with three independent biological replicates for each Pi treatment were ground in liquid nitrogen, and total RNA was extracted using TRIzol reagent (Invitrogen, United States). RNA purity was checked using the NanoPhotometer® spectrophotometer (IMPLEN, CA, United States), and RNA concentration was measured using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life Technologies, CA, United States). RNA samples were treated with RNase-free DNase I (TaKaRa, Tokyo, Japan) to avoid genomic DNA contamination. cDNA was transcribed using a Prime ScriptTM RT reagent Kit (Perfect Real Time) with gDNA Eraser (TaKaRa Bio, Inc.). Six cDNA libraries were generated and sequenced on an Illumina NovaSeq 6000 platform. After quality control, a total of 25,155,773 clean reads were analyzed for differential expression of two conditions, which was performed using the DESeq R package (1.18.0). FPKM method was used to estimate gene expression levels. The resulting p-values were adjusted using the Benjamini and Hochberg approach for controlling the false discovery rate. Genes with an adjusted p < 0.05 found by DESeq were assigned as differentially expressed genes (DEGs).



Quantitative Real-Time PCR

qRT-PCR was performed using SYBR Premix EX TagTM (TaKaRa) on a CFX96TM real-time system (Bio-Rad). The soybean Actin11 gene was used as an endogenous control to normalize the other samples. The specific primers used are shown in Supplementary Table S2. The qRT-PCR conditions were as follows: 30 s at 95°C followed by 40 cycles of 5 s at 95°C, 15 s at 60°C and 12 s at 72°C, and a final 5 s at 72°C. The cycle threshold (CT) values of each sample were standardized using Actin11 gene, and the relative changes of gene expression were analyzed using the 2–ΔΔCT method (Livak and Schmittgen, 2001).



Construction of GmPAP12 Promoter, Overexpression, and RNAi Constructs and Soybean Hairy Root Transformation

For the analysis of the GmPAP12 promoter, 2,000-bp fragment upstream of GmPAP12 transcription start codon was generated by PCR and cloned into the pBI121 vector between HindIII and BamHI restriction enzyme site in-frame with GUS reporter gene to make pGmPAPA12-GUS construct. To generate overexpression construct, full-length open reading frame (ORF) of GmPAP12 or GmPHR1 was amplified using PCR from soybean root nodule cDNA and then cloned into pCAMBIA1390 under CaMV 35S promoter. For RNAi constructs, about 220 bp of sense and antisense fragments targeting GmPAP12 or GmPHR1 was cloned into pTCK-303 vector under CaMV 35S promoter (Du et al., 2016). Also, the corresponding constructs were transformed into Agrobacterium rhizogenes strain K599 for hairy root transformation. Transgenic hairy roots emerging from K599 infection site were examined for GUS expression. Only one GUS positive root was left, and all the other roots were cut in the plant root system. Then the plants were inoculated with B. diazoefficiens USDA 110 and grown in two different P conditions. At 28 days after rhizobium inoculation, nodules were harvested and analyzed for nodule number, nodule weight, nitrogenase activity, RNA isolation, N and P contents, and APase activity measurement (Kim et al., 2013; Li et al., 2017).



Acetylene Reduction Assay

Nitrogenase activity was measured by acetylene reduction assay; the method was used as described previously (Oh et al., 2001).



Measurement of N and P Contents

First, samples were dried, weighed, ground into fine powder, and then digested with HNO3 in a microwave oven; the resulting samples were used for determination of N and P contents. P content was measured by the color reaction of P-molybdate blue at absorbance of 700 nm (Grunwald et al., 2009). N content was measured using semimicro-Kjeldahl determination method in a nitrogen analyzer.



Acid Phosphatase and Phytase Activity Measurements

APase activity of nodules was determined by measuring the amount of nitrophenol from p-nitrophenyl phosphate (p-NPP). Total nodule protein extracts were mixed with Na-acetate buffer containing 1 mM of p-NPP and incubated at 37°C for 30 min; the reaction was stopped by adding 1 M of NaOH. The absorbance was measured at 405 nm. APase activity was expressed as micromoles of p-NPP per minute per milligram of protein.

For phytase activities, total nodule proteins were added to a mixture containing 1 mmol/L of phytate and then incubated with malachite green reagent; the optical density (OD) values were measured at 650 nm. Phytase activity was calculated as micromoles of Pi released per minute per milligram of protein (Kong et al., 2019). All experiments were triplicate with five independent samples per replicate.



Yeast One-Hybrid Assay

Yeast one-hybrid (Y1H) experiment was performed using Matchmaker Gold Systems (Clontech). GmPHR1 was cloned into PGADT7-AD vector (TaKaRa), and the resulting construct was named PGADT7-AD-GmPHR1. Three P1BS sequences were found in the promoter of GmPAP12: 5’-GTATATTC-3’, 5’-GCATATTC-3’, and 5’-GAATATTC-3’. Three tandem repeats of each P1BS element were synthesized and cloned into pAbAi vector (TaKaRa) used as baits. The consequent pAbAi-3xP1BS vectors were digested with BstBI (NEB, New England Biolabs) restriction enzyme and then transformed into Y1H cells containing PGADT7-AD (negative control) or PGADT7-AD-GmPHR1, respectively. The transformants were grown on selective medium SD-Leu containing antibiotic aureobasidin A (AbA) (250 μg/ml) for 4 days at 30°C. AbA is used as a stringent, highly selective reporter.



Histochemical GUS Staining Assay

To detect GUS activity in transgenic soybean root nodules, fresh root tissues were incubated at 37°C for 12 h in 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X-Gluc) containing solution (Zhong et al., 2013). After X-Gluc incubation, the root tissues were washed with ethanol (70% v/v), and then photographs were taken.



GUS Activity Assay

Total proteins of transgenic soybean root nodules were extracted and quantified as previously described (Freitas et al., 2019). GUS assay was performed in a mixture containing 10 mM of 4-methylumbelliferyl-β-D-glucuronide (MUG; Sigma, United States), and the mixture was incubated for 1 h at 37°C. The fluorescence product of 4-methylumbelliferone (4-MU) was monitored using a VersaFluor Fluorometer (Bio-Rad) with excitation at 365 nm and emission at 455 nm. GUS activity was calculated in picomoles of MU produced per minute per microgram of soluble protein. The assay was repeated at least three times. The results were shown as the mean of independent experiments with the respective standard deviation. Asterisks (∗∗) above the bars indicate significant differences at p < 0.01.



Statistical Methods

Statistical analyses were performed using SPSS 17.0 software (IBM, United States).



RESULTS


Soybean Performance Was Significantly Reduced Under P-Deficient Conditions

The performance of soybean plants was assessed at 28 days post inoculation with rhizobium Bradyrhizobium diazoefficiens USDA 110 when the nodules of soybean are mature and are responsible for nitrogen fixation (Cheng et al., 2011; Ferguson et al., 2010; Zhang et al., 2014). In low P treatment, soybean growth was significantly affected with reduced plant height and yellow leaves in the base of the soybean plant (Supplementary Figure S1A). The root-to-shoot ratio of soybean plants was increased in the P-deficient supply, which was consistent with previously data in other plant species in low P conditions (Supplementary Figure S1B) (Lopez-Bucio et al., 2003; Gruber et al., 2013; Sun et al., 2014). Consequently, plant shoot and root growth were decreased in low P stress leading to reduced total (shoot, and root plus nodule) fresh weight and dry weight production by 29.2 and 26.2%, respectively, when compared with those in high P conditions (Supplementary Figures S1C,D). All these data suggested that P deficiency greatly affects soybean plant growth and biomass production in decreased P supply.

Next, nodulation parameters were investigated here to know the effect of low P supply on nodule organogenesis. Significantly reduced soybean nodulation was observed in soybean plants under low P conditions (Figure 1A). Nodule number and nodule fresh and dry weight accumulation were greatly decreased by 25.0, 41.6, and 33.3%, respectively, in P-deficient conditions compared with high P conditions (Figures 1B,C). Moreover, nitrogenase activity of nodules was dramatically affected and reduced by 58% in low P stress conditions (Figure 1D). These results further illustrated that low P supply affected nodule growth and development as well as N2 fixation in soybean. Next, N assimilation was evaluated in different organs (shoot, root, and nodules) and was found to be decreased under P depletion stress (Figure 1E). P content in shoot and root was dramatically reduced by 72.5 and 82.2% respectively, although in nodules, it was decreased by only 20.8%, which was less strong in low P stress than in high P conditions (Figure 1F). These data suggested that low P supply affected soybean nodulation and that P homeostasis was very important for soybean growth and symbiotic N2 fixation.
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FIGURE 1. Nodulation parameter analysis of soybean plant nodules treated by different P levels. (A) Photographs of plant nodule growth performance. (B) Nodule number. (C) Nodule total weight per plant. (D) Nitrogenase activities of nodules measured by acetylene reduction assay. (E) Nodule N content. (F) Nodule P content. Soybean plant samples were harvested 28 days after inoculation with rhizobium watered with nitrogen-free nutrient solution. Data are presented as the average of three different biological replicates and 20 plants for each replicate. Bars show the means ± SD values. Asterisks indicate significant difference within a P level in t-tests. *p < 0.05, **p < 0.01.




Purple Acid Phosphatase Genes Were Highly Induced in Low P Stress in Soybean Nodules

Under low P stress, APases and phytase are always induced and secreted. Here, with regard to APase and phytase activities of soybean nodules under low P conditions, we found that APase and phytase activities were greatly increased by about 50.0 and 100%, respectively, than in high P conditions (Figures 2A,B). Further, the percentage of phytase activity to total APase activity was also raised by 36.6%, which indicates increased PAP activities under phosphorus deficiency (Figure 2C).
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FIGURE 2. Relative transcript levels and phytase and APase activities of GmPAPs in nodules obtained in low P (LP) and high P (HP) conditions. (A) Nodule APase activity. (B) Nodule phytase activity. (C) Percentage of phytase activity to total APases of nodules grown under different P conditions. Asterisks indicate significant difference within a P level in t-tests. **p < 0.01. (D) A heatmap presentation of fold changes of PAPs identified from RNA-seq and qRT-PCR in LP conditions compared with HP conditions. qRT-PCR was performed using three different biological samples with three repeats for each sample. Phytase and APase activities were analyzed from four independent experiments, and average results were shown. For each repeat, five plants were used. (a) Glyma.06G170300-LP/Glyma.06G170300-HP, expression of Glyma.06G170300 in nodules under P-deficient condition vs. P-sufficient conditions; (b) Glyma.08G093500-LP/08G093500-HP, expression of Glyma.08G093500 in nodules under P-deficient condition vs. P-sufficient conditions; (c) Glyma.06G028200-LP/06G028200-HP, expression of Glyma.06G028200 in nodules under P-deficient conditions vs. P-sufficient conditions; (d) Glyma.05G247800-LP/Glyma.05G247800-HP, expression of Glyma.05G247800 in nodules under P-deficient condition vs. P-sufficient conditions; (e) Glyma.07G191500-LP/Glyma.07G191500-HP expression of Glyma.07G191500 in nodules under P-deficient condition vs. P-sufficient conditions.


In order to investigate the mechanisms at molecular level for the enhanced APase and phytase activities in soybean nodules under low P conditions, RNA sequencing was conducted to elucidate the transcriptome of soybean mature nodules. As expected, five PAP genes were greatly up-regulated, which could explain the increased phytase and APase activities indicating importance of Pi remobilization and recycling activities in soybean nodules under low P conditions (Table 1). Transcripts of these PAPs in nodules were verified via qRT-PCR, and all the PAPs here were largely induced under P starvation conditions compared with high P conditions, which was consistent with RNA-seq results (Figure 2D).


TABLE 1. Differentially expressed GmPAPs induced by low P stress in nodules.

[image: Table 1]


GmPAP12 Plays Essential Roles in Nodule Development Under P Deficiency

In order to explore the effects of PAPs on soybean nodulation further, Glyma.06G028200, which was named GmPAP12 according to the genome of soybean (the Phytozome website)1, was chosen for further study owing to its highest expression level among these five PAPs in nodules induced by low P stress. First, the expression pattern of GmPAP12 was checked and increasingly expressed during nodule development in normal growth conditions, which suggested that GmPAP12 might be involved in soybean nodulation and nitrogen fixation (Figure 3A). Next, promoter of GmPAP12 was analyzed using a promoter analysis program PlantCARE, and several cis-elements within 2-kb sequence upstream of start codon were found to respond to stress, gibberellin, photosynthesis, light, and so on (Supplementary Table S1 and Figure 3B). Three P1BS cis-elements present in the promoter of GmPAP12 suggested that GmPHR1 may directly bind to and regulate GmPAP12. To test this hypothesis, Glyma.19G122700 (Accession No. HQ007311) named GmPHR1 in our previous study was used for further research (Li et al., 2014). qRT-PCR showed that the transcript pattern of GmPHR1 was similar with that of GmPAP12 during the process of nodule growth (Figure 3C). A Y1H assay was performed against all the three P1BS sequences from GmPAP12 promoter, and results showed that GmPHR1 can directly bind to all the three P1BS elements, indicating the regulation of GmPAP12 by GmPHR1 in the transcript level during nodule development (Figures 3D,E).
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FIGURE 3. Promoter analysis of GmPAP12 in transgenic soybean nodules. (A) Expression of GmPAP12 in nodules determined by qRT-PCR. (B) cis-Elements of GmPAP12 promoter analyzed by PlantCARE. (C) Expression of GmPHR1 in nodules determined by qRT-PCR. Nodules were harvested at 0, 10, 17, and 28 days post rhizobium inoculation in normal growth condition. (D) The diagram shows the construct of GmPAP12 promoter for yeast one-hybrid (Y1H). (E) Y1H results. Three tandem repeats of each P1BS element were used as baits and cloned into pAbAi vector. The resulting pAbAi-3xP1BS vectors were transformed into Y1H cells expressing PGADT7-AD (negative control) or PGADT7-AD-GmPHR1, respectively. The transformants were grown on selective medium SD-Leu containing antibiotic AbA (250 μg/ml), and pictures were taken after 4 days of incubation at 30°C. The Y1H assays were repeated three times. Letters in (A,C) indicate significant differences (one-way ANOVA, p < 0.05).


Next, expression of GmPAP12 was confirmed by GmPAP12 promoter:GUS construct in transgenic composite root nodules under P starvation conditions. Visual GUS staining was observed in transgenic mature nodules with about 36.5% higher GUS activity in low P stress than in P-sufficient conditions (Figure 4). Furthermore, the functional analysis of transgenic composite root nodules either overexpressing (OX) or suppressing (RNAi) GmPAP12 was generated, and the related phenotypes were evaluated in low P conditions only (Figure 5A). First, qRT-PCR demonstrated that the transcript level of GmPAP12 in OX transgenic root nodules was about 120% higher, whereas in GmPAP12, RNAi transgenic nodules showed only 50% lower expression than those of control (CK) lines under P-deficient conditions, while the expression of the other four PAP genes was unchanged (Figure 5B). The total nodule number, and nodule nitrogenase and APase activities of GmPAP12 OX composite lines were increased by 44.8, 100, and 38.7%, respectively, resulting in increased N content by 17.0% and P content by 19.0%, whereas in GmPAP12, RNAi composite lines, the total nodule number, and nitrogenase and APase activities decreased by 51.2, 50.0, and 40.1%, respectively, when compared with those of control lines in low P stress, resulting in decreased N and P contents by 33.6 and 37.0%, respectively (Figures 5C–G). These data indicated that GmPAP12 can enhance P utilization efficiency and nodule nitrogen fixation. Next, the effect of low P stress on GmPAP12 OX or RNAi whole transgenic composite plants was analyzed. The plant shoot dry weight and N and P contents in GmPAP12 OX transgenic composite plants were increased by 22.9, 22.8, and 14.8%, respectively, whereas GmPAP12 RNAi transgenic composite plant shoot dry weight and N and P contents were decreased by 22.5, 12.6, and 14.8% compared with those of control plants in low P stress. All these data indicated that altering GmPAP12 gene expression could significantly influence soybean nodulation and nitrogen fixation capacity as well as plant growth performance in low P stress (Figures 5H–J).
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FIGURE 4. Promoter analysis of GmPAP12 gene in transgenic soybean nodules. (A) Histochemical GUS staining of wild-type (WT) nodules growing in low P (LP) conditions. (B) Histochemical GUS staining of GmPAP12 promoter transgenic nodules growing in high P (HP) conditions. (C) Histochemical GUS staining of GmPAP12 promoter in transgenic nodules growing in LP conditions. Promoter of GmPAP12-GUS transgenic composite soybean plants was treated with different P levels, and nodules were harvested 28 days after inoculation with rhizobia for GUS staining. (D) GUS activity of GmPAP12 promoter in transgenic nodules. Values are means of 10 independent lines for each P treatment. Bars show the means ± SD values. Asterisks indicate significant difference within a P level in t-tests. **p < 0.01.
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FIGURE 5. Effects of GmPAP12 on nodulation in GmPAP12 overexpressing (OX) or suppressing (RNAi) transgenic composite lines. (A) Nodule performance. (B) Relative transcript levels of PAPs in nodules. (C) Nodule number. (D) Nitrogenase activity. (E) APase activity. (F) Nodule N content. (G) Nodule P content. (H) Plant shoot dry weight. (I) Plant N content. (J) Plant P content. GmPAP12 OX or RNAi transgenic composite plants were examined 28 days after inoculation with rhizobia in low P conditions watered with N-free nutrient solution. Data are presented as the average of three different biological replicates and 20 plants for each replicate. Bars show the means ± SD values. Asterisks indicate significant difference within a P level in t-tests. **p < 0.01. CK means control.




GmPAP12 Is Mainly Regulated by GmPHR1 Under P Starvation Conditions

Next, in order to elucidate the regulation of GmPAP12 by GmPHR1 underlying transcript response to low P stress in nodules, a function of GmPHR1 was further analyzed in transgenic composite soybean plants. It showed significantly increased and decreased expression of GmPAP12 as well as the other four PAPs in GmPHR1 OX and RNAi transgenic composite nodules, respectively, compared with control nodules in low P stress. The GmPHR1 OX lines showed significantly improved nitrogen fixation capacity proved by increased nodule performance, nodule number, and nitrogenase and APase activities, which led to the significantly increased N and P contents, whereas GmPHR1 RNAi lines had much lower nitrogen fixation than had control nodules in low P conditions (Figures 6A–G). These data indicated that GmPHR1 can also enhance P utilization efficiency and nodule development and regulate the expression of these five PAPs. Next, the effect of low P stress on GmPHR1 OX or RNAi whole transgenic composite plants was analyzed. The plant shoot dry weight and N and P contents in GmPHR1 OX transgenic composite plants were increased by 15.7, 17.1, and 22.2%, respectively, whereas GmPHR1 RNAi transgenic composite plants showed decreased plant shoot dry weight and N and P contents by 28.7, 9.6, and 24.6% than did control plants in low P stress. All these data indicated that altering GmPHR1 gene expression could significantly influence soybean nodulation and nitrogen fixation capacity as well as plant growth performance by regulating PAPs in low P stress. Also these data further illustrated that GmPAP12 facilitates nodule development as well as nitrogen fixation mainly regulated by GmPHR1 under low P conditions.
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FIGURE 6. Effects of GmPHR1 on nodulation in GmPHR1 overexpressing (OX) or suppressing (RNAi) transgenic composite lines. (A) Nodule performance. (B) Relative transcript levels of PAPs in nodules. (C) Nodule number. (D) Nitrogenase activity. (E) APase activity. (F) Nodule N content. (G) Nodule P content. (H) Plant shoot dry weight. (I) Plant N content. (J) Plant P content. GmPAP12 OX or RNAi transgenic composite plants were examined 28 days after inoculation with rhizobia in low P conditions watered with N-free nutrient solution. Data are presented as the average of three different biological replicates and 20 plants for each replicate. Bars show the means ± SD values. Asterisks indicate significant difference in LP conditions in t-tests. *p < 0.05, **p < 0.01. CK means control.




DISCUSSION

Nitrogen is a component of biological molecules in plants, which are critical for sustained plant development. In agriculture, nitrogen available is becoming a constraint on crop yield and reproduction. Although there is plenty of nitrogen in the atmosphere, it is not directly available for plants. Legume plants such as soybean can have a symbiotic association with nitrogen-fixing bacteria called rhizobia, resulting in the formation of nodule, which is responsible for biological nitrogen fixation. P deficiency significantly affected N2 fixation documented in nodules of chickpea, Medicago truncatula, soybean, and common bean. Additionally, the secretion of PAPs in plants is a widely known as an adaptation strategy in response to P deficiency. Under low P conditions, in nodules of M. truncatula, chickpea, and soybean, they were found to be differentially upregulated by RNA-seq transcriptome analysis, which indicates that nodules acclimated to P deficiency by increasing P turnover (Cabeza et al., 2014; Nasr Esfahani et al., 2017; Xue et al., 2018).

In this work, consistent with the significantly increased APase activity in soybean nodules under P deficiency, five PAP genes were found among the DEG in RNA-seq data, indicating that PAPs play vital role in P metabolism and mobilization in soybean nodules (Table 1 and Figure 2D). Although functions of PAPs in soybean have been studied, including GmPAP3 and GmPAP4, roles of P starvation-induced PAPs in nodules need to be more explored. Recently, GmPAP21 was proved to be highly induced in nodules by P limitation, which indicated that the involvement of GmPAP21 in internal P metabolism and overexpression of GmPAP21 significantly decreased plant dry weight and N and P contents, thus inhibiting nodule growth (Li et al., 2017). Here, expression of GmPAP12 was notably increased during nodule development, and GUS activity driven by the promoter of GmPAP12 was also more induced in nodules as well as roots under P starvation compared with P-sufficient conditions (Figures 3A, 4). Furthermore, the functional analysis of transgenic hairy root nodules in GmPAP12 OX lines showed increased plant shoot dry weight and N and P contents, which indicated that GmPAP12 promoted nodule development and nitrogen fixation under low P conditions (Figure 5). These data indicate that GmPAP12 is involved in P utilization and integrates the SNF and P metabolism signaling in nodules under P starvation situation.

Nodules require much more P for legume nodulation and SNF, so the P content in nodules is relatively high. Under low P conditions, P is preferentially relocated from other organs to nodules to maintain nitrogen fixation, indicating that P homeostasis is very important in the nodule. In soybean, in low P stress growing in hydroponic conditions, P content in both leaves and roots are 10 times higher in high P than in low P treatment, whereas in nodules, only 1.75 times are increased (Sulieman et al., 2010; Qin et al., 2012). In this study, with regard to P content, it was much less affected in nodules than in shoot and root in P deficiency, suggesting that nodules represent a P sink to maintain Pi homeostasis and the ability of N2 fixation during nodule development; it is hypothesized that nodules try to regulate N2 fixation process to adaptation to low P stress by allocating P from other organs to nodules (Cabeza et al., 2014; Xue et al., 2018).

Previous research also showed that increase in the exudation and APase activity of PAPs is one of the strategies for plants to increase P recycling in nodules (Li et al., 2012). Also, in nodules of common bean at limited P conditions, activities of APase increased, indicating that nitrogen fixation can enhance P utilization in nodules in response to P deficiency (Araújo et al., 2008; Mandri et al., 2012; Makoudi et al., 2018). In this study, APase activities of nodules in low P conditions were also greatly increased in GmPAP12 OX transgenic composite nodules, indicating that GmPAP12 is responsible for P homoeostasis in nodules (Figure 5A). In high P conditions, GmPAP12 showed increasing expression during nodule development, which suggested that GmPAP12 might be involved in nodulation and nitrogen fixation beyond P recycling (Figure 3A). All these data suggest that GmPAP12 plays a role in nodulation and sustains nitrogen fixation in low P conditions.

PHR1, a transcription factor mainly studied well in Arabidopsis and rice, is playing a key role in P starvation signaling by binding to the P1BS element in the promoters of PSI genes (Rubio et al., 2001; Zhou et al., 2008). Under P-deficient conditions, overexpression of PHR1 results in induction of PSI genes and cellular P accumulation, whereas loss of function of PHR1 reduces expression of PSI genes and accumulation of anthocyanins, which are typical symptoms in plants under P starvation (Nilsson et al., 2007). Recently, in Arabidopsis, evidence indicates that P starvation-induced APase AtPAP10 was regulated by AtPHR1, which binds to the only P1BS element of AtPAP10 promoter. In this study, the promoter analysis indicates that GmPAP12 contains three P1BS elements, and Y1H confirmed that GmPHR1 can bind to all the three P1BS elements (Figures 3D,E and Supplementary Table S1). In GmPHR1 OX or RNAi transgenic nodules, expression of GmPAP12 was also greatly affected under P starvation conditions. These data indicate under P starvation conditions that GmPAP12 functions in nodulation and that nitrogen fixation is transcriptionally regulated by GmPHR1 (Figure 3E). Also, expression of GmPHR1 was gradually increasing in nodules in normal growth conditions, indicating that GmPHR1 functions in nodule development also beyond P utilization. In GmPHR1 OX or RNAi transgenic composite plants, plant shoot dry weight and N and P contents were increased or decreased, respectively, which suggested that GmPHR1 is involved in nitrogen fixation process dealing with low P stress (Figures 3C, 6).

Previous evidence indicates that PHR1 was expressed in normal conditions and not responsive to P starvation (Rubio et al., 2001; Zhou et al., 2008). Also, their function in P signaling is modulated by SPX4 protein regulating the targeting of PHR1 from cytoplasm to nucleus (Lv et al., 2014). In our mRNA-seq data, several Arabidopsis PHR1 homolog PHR1 genes were identified in soybean nodules, and none of them showed response to Pi starvation. Expression of five GmPHR1 genes was confirmed by RT-PCR, and also no significant expression changes were detected between P-sufficient and P-deficient conditions (Supplementary Figure S2). This suggested in nodules that it also has SPX-containing proteins or others to interact with PHR1 to regulate downstream PSI genes such as GmPAP12, so our further study is going to identify interacting partners of PHR1 in nodules and explore more about the molecular mechanism underlying the relationship between nitrogen fixation capacity and P availability, which will help the development of more efficient soybean plants.
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Plants may actively cultivate microorganisms in their roots and rhizosphere that enhance their nutrition. To develop cropping strategies that substitute mineral fertilizers for beneficial root symbioses, we must first understand how microbial communities associated with plant roots differ among plant taxa and how they respond to fertilization. Arbuscular mycorrhizal (AM) fungi and rhizobacteria are of particular interest because they enhance nutrient availability to plants and perform a suite of nutrient cycling functions. The purpose of this experiment is to examine the root and soil microbiome in a long-term switchgrass (Panicum virgatum) biofuel feedstock experiment and determine how AM fungi and rhizobacteria respond to plant diversity and soil fertility. We hypothesize that intra- and interspecific plant diversity, nitrogen fertilization (+N), and their interaction will influence the biomass and community composition of AM fungi and rhizobacteria. We further hypothesize that +N will reduce the abundance of nitrogenase-encoding nifH genes on the rhizoplane. Roots and soils were sampled from three switchgrass cultivars (Cave-in-Rock, Kanlow, Southlow) grown in monoculture, intraspecific mixture, and interspecific planting mixtures with either Andropogon gerardii or diverse native tallgrass prairie species. Molecular sequencing was performed on root and soil samples, fatty acid extractions were assessed to determine microbial biomass, and quantitative polymerase chain reaction (qPCR) was performed on nifH genes from the rhizoplane. Sequence data determined core AM fungal and bacterial microbiomes and indicator taxa for plant diversity and +N treatments. We found that plant diversity and +N influenced AM fungal biomass and community structure. Across all plant diversity treatments, +N reduced the biomass of AM fungi and nifH gene abundance by more than 40%. The AM fungal genus Scutellospora was an indicator for +N, with relative abundance significantly greater under +N and in monoculture treatments. Community composition of rhizobacteria was influenced by plant diversity but not by +N. Verrucomicrobia and Proteobacteria were the dominant bacterial phyla in both roots and soils. Our findings provide evidence that soil fertility and plant diversity structure the root and soil microbiome. Optimization of soil communities for switchgrass production must take into account differences among cultivars and their unique responses to shifts in soil fertility.

Keywords: soil microbiome, switchgrass, rhizobacteria, arbuscular mycorrhizal fungi, resource availability, plant–microbial interaction

Introduction

National initiatives to increase energy independence spurred interest in biofuel cropping systems and native feedstock options (Perlack et al., 2011). The use of tallgrass prairie plants, including switchgrass (Panicum virgatum L.) and big bluestem (Andropogon gerardii Vitman) as biofuel feedstocks can be both economical and ecologically beneficial (Parrish and Fike, 2005; Tilman et al., 2006; Yang et al., 2018). Native, perennial warm-season grasses are broadly adapted to North America, are well-suited to grow on marginal soils, and can maintain high levels of productivity with minimal fertilization. They also provide additional ecosystem services including erosion control, increased C sequestration (Adkins et al., 2016; Hungate et al., 2017), reduction of nutrient leaching, and wildlife habitat (Parrish and Fike, 2005).

Studies have determined the importance of plant diversity on productivity in native feedstock cropping systems (Tilman et al., 2006; Mangan et al., 2011; Morris et al., 2016), but considerably less is understood about the interactions between plants and their microbial partners in roots and soil. Switchgrass and big bluestem are highly responsive to arbuscular mycorrhizal (AM) fungi (Chagnon and Bradley, 2013; Johnson et al., 2010) and rhizobacteria, though substantially less is known about their interactions with rhizobacteria (Brejda et al., 1998; Mao et al., 2014). Microbial symbionts likely provide the nutritional support needed for these native grasses to thrive in low-fertility soils and under drought. These beneficial plant–microbial relationships are locally adapted (Johnson et al., 2010; Revillini et al., 2016) and can be actively promoted in a plant taxa-specific manner (Berg et al., 2014; Agler et al., 2016). An understanding of the belowground microbiome on roots and in soils is necessary to begin to understand how microbial symbioses can facilitate and maintain high plant yields in any cropping system (Johansson et al., 2004; Schlaeppi and Bulgarelli, 2015; Alori et al., 2017). This will be particularly useful for native biofuel feedstocks, as they are promoted for cultivation on marginal lands no longer suitable for row cropping and where soil microbes will have likely been altered by conventional agricultural practices (Hart and Trevors, 2005; Verbruggen et al., 2015). Furthermore, given the relatively recent breeding history of native grasses for biofuel production, it is important to begin to understand the roles of plant cultivar, plant diversity, and fertilization regime on the microbial communities that nutritionally support their productivity on marginal soils (Busby et al., 2017).

Much like the human microbiome (Gilbert et al., 2018) and the plant surface microbiome (Vacher et al., 2016), root and soil-borne microbial communities play significant roles in host productivity and nutrient cycling from a variety of mechanisms (Bakker et al., 2018), but they also influence host-plant community dynamics (Bardgett and van der Putten, 2014; Vandenkoornhuyse et al., 2015; van der Heijden et al., 2016). The functioning of AM fungi and rhizobacteria can be influenced by both the relative availability of resources [e.g. soil nitrogen (N) and phosphorus (P)], functional traits within plant communities, and the feedbacks between plant and microbial communities (Larimer et al., 2010). Feedbacks between plants and soil microbial communities over seasons and generations are common (van der Putten et al., 2013) and can influence plant diversity, disease resistance, and resource-use efficiency (Bever, 2015; Mariotte et al., 2017). Plants can preferentially allocate photosynthate to microbial symbionts that provide the most resources (Bever et al., 2009; Kiers et al., 2003; Ji and Bever, 2016), and in turn, AM fungi and rhizobial bacteria may reciprocate by provisioning the most P or N to the most generous host plants (Kiers et al., 2011). Theory predicts that these resource allocation relationships, which are recognized most strongly in nutrient-limited systems (Semchenko et al., 2018), can influence the composition and functionality of microbial symbiont communities found in soil through preferential selection of the most beneficial partners (Kiers and Denison, 2008; Bever, 2015). The realized abundance and composition of microbial communities under different environmental contexts and management regimes are influenced by the interplay of preferential selection for more beneficial nutritional partners versus the accumulation of commensalistic or parasitic organisms (Adesemoye et al., 2009; Wei et al., 2013; Rubin et al., 2017).

Switchgrass cultivars may differ in the degree to which they form symbiotic associations to acquire essential resources (Brejda et al., 1998; Bouton, 2007; Bauer et al., 2012). Consequently, the diversity of feedstock planting mixtures, including intraspecific diversity among switchgrass cultivars, may be expected to influence the abundance and community composition of bacteria and AM fungi. This would be a likely consequence of the extended plant phenotype, which incorporates plant-associated microbiota critical to plant productivity and survival into the observed “plant” phenotype. This concept integrates the direct and often reciprocal effects among plant and microbial communities that can be structured by resource transfer mechanisms including optimal resource allocation (Berg et al., 2014; Vandenkoornhuyse et al., 2015). In a recent study, switchgrass genotypes and ecotypes were found to strongly drive differences in bacterial and fungal community composition, documenting the ability of switchgrass to maintain host-selected microbiomes (Singer et al., 2019). Optimal resource allocation between plants and microbial symbionts occurs when the investment of resources is targeted to specific structures, taxa, or functions that most strongly alleviate the limitations to productivity. This has been experimentally shown in AM fungal and legume–rhizobia mutualisms (Johnson, 2010; Kiers et al., 2011; Zheng et al., 2014). Optimal allocation to microbial structures or taxa may be directed by functional requirements specific to switchgrass cultivars that exhibit a range of phenotypes. Switchgrass cultivars have different root architectures and respond differently to fertilization (Oates et al., 2016; Sprunger et al., 2017). Morris et al. (2016) showed that the most diverse planting mixtures provided consistently high yields of high-quality feedstock. Consequently, we hypothesized that microbial community composition and biomass may be influenced by the interplay of intra- and interspecific plant diversity and soil fertility.

Nitrogen fertilization (+N) is a standard but costly management practice for switchgrass plantings (Yang et al., 2018), and there is interest in developing management strategies to harness naturally occurring bacteria and fungi that promote plant health so that fertilizer inputs may be minimized (Bender et al., 2016; Busby et al., 2017; Toju et al., 2018). Mutualistic legume–rhizobia interactions play an important role in N acquisition and cycling, but the vast majority of archaea and bacteria that promote plant growth in soils are “free-living” and not under the strict controls found in symbiotic relationships (Lugtenberg and Kamilova, 2009; Reed et al., 2011; Moore et al., 2015). Although it is well documented that AM fungi often contribute to plant uptake of N from soils (Govindarajulu et al., 2005; Hodge and Storer, 2015), they may also compete for N (Püschel et al., 2016) and not ameliorate N limitation of their host plants (Reynolds et al., 2005). The availabilities of P and N interact to determine AM fungal responses to +N (Johnson et al., 2003b; Johnson et al., 2015). When P is not in limited supply, +N likely decreases the abundance of both AM fungi and N-fixing bacteria as plants allocate more photosynthate to aboveground production rather than to nutritional mutualisms. In arable soils that often have sufficient levels of P, the biomass of AM fungi and the abundance of nifH genes (a proxy for N2-fixation) may be expected to decrease with +N as plants rely less on microbial N-cycling functions (Wei et al., 2013; Jach-Smith and Jackson, 2018). The fungal/bacterial (F/B) biomass ratio, a broad functional measure of microbial composition, may respond strongly to changes in nutrient availability and also change as a result of shifting plant allocation patterns (de Vries et al., 2006; Hannula et al., 2017). In many grassland studies, F/B ratio decreases with fertilization as fungal biomass declines significantly (Strickland and Rousk, 2010), and this response may be useful to understand the mechanisms of microbially mediated plant responses to N fertilization.

Baseline studies of communities of fungi and bacteria may reveal potentially important responses to plant diversity, N fertilization, and their interactions. For example, bacteria in the phylum Verrucomicrobia are very common in grassland soil (Bergmann et al., 2012; Fierer et al., 2013) and have been reported to be negatively correlated with soil N availability (Ramirez et al., 2012), but little is known about their functional role in soil ecology. Discovery of microbial indicator species or changes in relative abundance of particular taxa could indicate plant optimization of microbial communities with beneficial traits (Hart and Trevors, 2005; Azcón-Aguilar and Barea, 2015). Switchgrass cultivars can differ in the degree to which they respond to +N and to microbial mutualisms (Mao et al., 2014; Morris et al., 2016), so the diversity of feedstock planting mixtures and their responses to +N are likely to provide useful insights. The purpose of our study is to assess the effects of intra- and interspecific plant diversity and +N on the biomass and composition of communities of bacteria and AM fungi associated with both switchgrass roots and rhizosphere soils. We specifically tested the hypotheses that:

1)	Switchgrass cultivars vary in the degree to which they support AM fungi and N-fixing bacteria and archaea.

2)	Species richness of AM fungi should be greater with higher plant diversity (interspecific diversity > intraspecific diversity > monocultures).

3)	Bacterial N-fixing activity should vary with intraspecific switchgrass diversity.

Additionally, we tested the hypotheses that N fertilization should:

4)	Result in greater biomass allocation to aboveground production.

5)	Reduce the biomass of AM fungi, N-fixing activity of bacteria, and decrease the F/B ratio.

6)	Influence the community composition of AM fungi and bacteria, particularly in ways specific to switchgrass cultivar.

A robust evaluation of microbiome composition and the key members in plant–microbial interactions will provide a starting point for tests of specific functional relationships between soil microbial taxa and target crops (Bender et al., 2016). In this study, we analyzed microbial community composition to identify both indicator taxa and core bacterial and fungal communities that associate with different levels of plant diversity and fertilization to establish a baseline understanding of the extended plant phenotypes of switchgrass that are commonly used in biofuel feedstock experiments and production trials (Wright and Turhollow, 2010).

Materials and Methods

Study Site and Experimental Design

Experimental plots 36 m x 20 m were established in June 2008 at the Fermilab National Environmental Research Park in Batavia, IL, to compare the performance of switchgrass cultivars grown in monocultures, intraspecific mixture, and interspecific mixtures with big bluestem grass or with 10 other native prairie plants. The experiment includes three randomized complete blocks with split-plot treated with or without N fertilizer (+67 kg N ha-1 year-1 of 46-0-0 granular urea). Three switchgrass cultivars were planted in monoculture: Cave-in-Rock, a commercial upland cultivar; Kanlow, a commercial lowland cultivar; and Southlow, a regional upland cultivar in early breeding development. Southlow had slow initial establishment in monoculture at this experiment (Morris et al., 2016). In the switchgrass mixture treatment, the three cultivars were planted in equal proportions (33%) and were estimated to each be well-represented in switchgrass mixture. In the big bluestem mixture treatment, three switchgrass cultivars were planted in equal proportion with three cultivars of big bluestem. Finally, the prairie mixture treatment included equal proportions of the switchgrass and big bluestem cultivars (7% each) and ten additional common, native prairie grasses and forbs (Supplemental Table 1, and see Morris et al. (2016) for additional design details). Root samples were collected from three monocultures with two fertilization treatments, replicated six times for a total of 36 root samples. Soil samples were collected from all six planting treatments with two fertilization treatments, replicated six times for a total of 72 soil samples.

Plant Biomass and Soil Nutrients

After the first killing frost (~mid-November), aboveground biomass was harvested ~15 cm above ground level, baled, and weighed using a hanging scale. Mean aboveground biomass from production years 2013–2015 was used to account for inter-annual variability. Mean percent change from unfertilized plots was calculated for fertilization responses as (Fertilizedmean – Unfertilizedmean/Unfertilizedmean)*100 and presented in figures, though statistical analyses were performed on raw data (Table 1). Root biomass was sampled from monoculture plots using soil root cores (5 cm diameter) to a depth of 15 cm. Three cores per plot were collected, the 0–5 and 5–15 cm portions from cores were separated, and respective portions were homogenized. Roots were separated from soil by rinsing with water over a 500 µm sieve, dried, and weighed. Root biomass was converted to g m-2 using soil bulk density, and root mass fraction was calculated as root biomass/root + shoot biomass (Wilsey and Wayne Polley, 2006). In 2013, three soil cores (2 cm × 15 cm) were collected from each plot, roots were removed, soils were homogenized, and extractable P was analyzed using the Mehlich-3 method (Mehlich, 1984). Inorganic N was analyzed following extraction using 1M KCl extraction and isotope ratio mass spectrometry to measure NO3- and NH4+ (Burger and Jackson, 2003), which were combined for total N measures. Inorganic N was not measured in the soils collected from diverse prairie plots; therefore, statistical analyses do not include these data.

Microbial Biomass

Biomass of AM fungi and bacteria was measured using signature fatty acids (Olsson et al., 1995). Phospholipid fatty acids (PLFAs) are constituents of biological membranes that can be used to estimate active biomass of bacteria and fungi, as biovolume and cell surface area are well correlated (Frostegård et al., 2011). Neutral lipid fatty acids (NLFAs) are basic storage products of many fungi and serve as the primary energy reserve in AM fungi (Sharma and Buyer, 2015). PLFAs and NLFAs were extracted from soils (n = 72) using an extraction outlined in Zogg et al. (1997). Soils cores were homogenized, freeze-dried, and then sent to Oklahoma State University (OSU) for lipid extractions. Briefly, total lipid extracts were separated into PLFAs and NLFAs using silicic acid chromatography, the fatty acids were cleaved from the glycerol backbone using KOH saponification, and the harvested fatty acids were methylated to form fatty acid methyl esters (FAMEs). The FAMEs were then analyzed by gas chromatography and mass selection detection using a gas chromatography mass spectrometry (GCMS) unit Agilent MS 5975C/GC 7890A. We utilized c:19 as an internal standard. For extraradical AM fungal biomass, we utilized the 16:1ω5c FAME biomarker for both PLFA and NFLA determination (Sakamoto et al., 2004). Biomarkers 18:2ω6,9c and 18:1ω9c were used to determine saprotrophic fungal biomass (Gray et al., 2011). Bacterial biomarkers were used to determine both Gram-negative and Gram-positive bacterial biomass following Frostegård and Bååth (1996). F/B ratio was calculated using the sums of all measured bacterial PLFA and fungal NLFA biomarkers.

Sampling and Molecular Analysis of Roots and Soils

Root and soil samples were collected from the experimental plots in June 2015. Root samples were collected by “tracing” primary and lateral roots (<3mm diameter) below six switchgrass plants from each monoculture plot (n = 3). Six soil cores (2 cm x 15 cm) were taken randomly from within each sub-plot (16 m x 8 m) of all planting treatments. Root and soil samples were transported from the field to the laboratory in a cooler and frozen within four hours of collection. Samples were stored at -20°C until further processing for molecular analyses.

Next-generation sequencing was performed on DNA extracted from roots (n = 36) collected from monocultures of Cave-in-Rock, Kanlow, and Southlow switchgrass cultivars. The roots were not surface-sterilized, in order to retain an intact rhizoplane community along with endophytic bacteria. DNA was also extracted from homogenized soil cores (n = 72) from every plot for sequencing. DNA was extracted from roots and soils using the PureLink Microbiome DNA Purification Kit (Invitrogen, Carlsbad, CA, USA) following protocol from the “soil samples user guide.” Genomic DNA was observed by NanoDrop and then purified using magnetic beads in 18% Polyethylene glycol (PEG) to remove potential polymerase chain reaction (PCR) inhibitors. PCR was carried out utilizing the 515F-806R primers to amplify the V4 region of the 16S rRNA (Gilbert et al., 2014) to characterize bacterial/archaeal communities, and WANDA-AML2 primers to amplify the small subunit (SSU) region to characterize AM fungal communities (Lee et al., 2008; Dumbrell et al., 2011). This region was targeted for AM fungal communities as the taxonomy of this region is well-supported by the MaarjAM database (Öpik et al., 2010). DNA quantitation was performed using standard dsDNA quantitation for PicoGreen (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and all samples were normalized to 2ng DNA/µL prior to pooling into 16S or SSU libraries. The libraries were purified, concentrated, and quantified using qPCR against Illumina DNA standards (Kapa Biosystems, Wilmington, MA). Samples were paired-end sequenced (2 x 250 mode for 16S and 2 x 300 mode for SSU) using the Illumina MiSeq desktop platform (Illumina, Inc., San Diego, CA, USA) in the Environmental Genetics and Genomics Laboratory at Northern Arizona University (NAU) (https://in.nau.edu/enggen/).

NifH Gene Abundance

Abundance of the nifH gene was used as a proxy measure for N-fixation potential (Levy-Booth et al., 2014). Absolute nifH gene abundance was measured using qPCR with the targeted nifH amplicon primers IGK3/DVV. DNA from root samples (n = 36) free of PCR inhibitors (see above) was used for nifH qPCR, which was performed following a slightly modified method from Gaby and Buckley (2012). Briefly, reaction volumes were 20 µl, and 0.35 µM of each primer was used in each reaction. 40 cycles at annealing temperature of 56°C was used for initial PCR with IGK3/DVV. qPCR standards were created by first normalizing initial nifH PCR to 0.5 ng µl-1, nifH tailing with a 15x cycle PCR, and 18% PEG bead cleaning, and quantified using standard dsDNA quantitation with PicoGreen (Thermo Fisher Scientific, Inc., Waltham, MA, USA) prior to qPCR with QuantStudio 5 (Applied Biosystems, Waltham, MA, USA).

Data Processing

All data processing methods were performed on both SSU and 16S data, unless specifically noted. Contaminating PhiX sequence was removed using the akutils phix_filtering command in akutils v1.2 (Krohn, 2016; https://github.com/alk224/akutils-v1.2). For bacterial data, read pairs were merged in akutils using the join_paired_reads command. Merged bacterial/archaeal data had an average length of 253 nt. Reads were not joined for AM fungal data and had an average length of 501 nt. Demultiplexing and quality filtering were carried out with the split_libraries_fastq.py command in QIIME 1.9.1 (Caporaso et al., 2010b) using a minimum quality threshold of q20, 0 bad characters allowed, and retaining only reads that satisfied these requirements for at least 95% of their length (-q 19 -r 0 -p 0.95). Chimeras were removed using the –uchime_ref option in vsearch 1.1.1 (Rognes et al., 2016) and the Gold reference database (http://drive5.com/uchime/gold.fa). One root sample was removed from downstream analyses due to low sequence count. Sequences were de-replicated on the first 100 bases using the prefix/suffix Operational taxanomic unit (OTU) picker in QIIME. OTU picking was performed de novo with Swarm (Mahé et al., 2014) at d4 resolution (~98.4% similarity). Taxonomic identities were assigned with BLAST using default settings in QIIME 1.9.1 against the 97% Greengenes database (McDonald et al., 2012) for bacterial data and at 90% similarity against the MaarjAM database (Öpik et al., 2010) for AM fungal data. AM fungal taxa in the MaarjAM database are classified as virtual taxa (VT) but are referred to as OTUs in methods for brevity. outsequences were aligned using PyNAST (Caporaso et al., 2010a), and the resulting alignment was used to construct a phylogenetic tree with FastTree (Price et al., 2009). OTUs constituting less than 0.005% of the total data set were removed (Bokulich et al., 2012). OTU tables were rarefied to the lowest sample depth (3,449 for 16S; 3,484 for SSU) for α-diversity analyses. Relative abundance of taxa by treatments was analyzed for planting and fertilization treatments using the group_significance.py command in QIIME. Tests of ß-diversity and differential abundance were performed on OTU tables transformed by cumulative sum scaling (CSS) normalization (Paulson et al., 2013). Diversity analyses were conducted with the core_diversity command in akutils unless specified.

Statistical Analyses

Analyses were only performed on plots with paired sequencing and physical plant or soil measurements, leaving n = 35 for root samples and n = 72 for soil samples. Blocking did not have effects on any measures across all statistical analyses in this study and therefore was not presented. Plant biomass, AM fungal biomass (PLFA/NLFA), and nifH gene abundance were tested using nonparametric Kruskal–Wallis, or parametric analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) post hoc (aov and TukeyHSD in R, respectively) to determine +N, plant treatment, and +N * plant treatment interactions. All data were log-transformed when necessary to meet normality assumptions. Bacterial and fungal community α-diversities were compared by nonparametric Student’s T-test using rarefied OTU tables. Log2 fold change from control after +N of rarefied fungal and bacterial taxonomic relative abundance was calculated using DESeq2 (Love et al., 2014). Briefly, log2 fold change data presented are taxa with relative abundance that was significantly different after +N using the likelihood ratio test (LRT) where p < 0.05. Indicator species analyses were performed with rarefied OTU tables for each treatment, or treatment interaction using both the indicator value (IndVal = fidelity and relative abundance) and point-biserial correlation (rpb) coefficient with 9,999 permutations with multipatt function from the indicspecies package in R (De Cáceres and Legendre, 2009), and results are only presented when Benjamini–Hochberg false discovery rate (fdr)–corrected p < 0.05 (De Cáceres et al., 2010). The compute_core_microbiome.py command to was used to identify the core microbiome communities, defined here as OTUs that are present in 50% of samples for a treatment or treatment combination. Differences in bacterial and fungal ß-diversity were assessed by Permutational ANOVA (PERMANOVA) (Anderson, 2001) using weighted and unweighted UniFrac (Lozupone and Knight, 2005) for bacterial data and Bray–Curtis dissimilarity for AM fungal data. PERMANOVA was initially performed across all samples (n = 107) to determine differences in root and soil microbial communities with the respective diversity metrics. A pairwise PERMANOVA function (https://github.com/pmartinezarbizu/pairwiseAdonis) was used to determine microbial community dissimilarities within planting treatments under unfertilized or +N plots. Statistical significance from pairwise PERMANOVA was indicated when Bonferroni-corrected p < 0.05. All analyses were performed in R and with the use of the NAU High Performance Computing cluster (https://nau.edu/high-performance-computing/overview/).

Results

Plant Biomass and Soil Nutrients

Aboveground biomass from all planting mixtures was significantly greater in +N plots compared to unfertilized plots, with increases in monocultures of 35% for Cave-in-Rock, 85% for Kanlow, 18.5% for Southlow, 16.9% in big bluestem, and 25.5% in prairie mixtures (Table 1, Figures 1A–B). The big bluestem planting mixture produced higher biomass yields than all other planting treatments in both the unfertilized and +N plots (Table 1, Figure 1A). Root biomass was greater in unfertilized plots than fertilized plots (F1,12 = 5.62, p < 0.05) and different between switchgrass monocultures (F2,12 = 8.1, p  = 0.005; Supplemental Figure 1). Root biomass was greater in Cave-in-Rock than Kanlow or Southlow (p < 0.01 and p < 0.05, respectively; Supplemental Figure 1A) and decreased with +N in Kanlow (p = 0.039). Root mass fraction was lower in +N plots (F1,32 = 19.2, p < 0.005; Supplemental Figure 1B) and higher under Kanlow than Southlow (F3,18 = 5.5, p = 0.02; Supplemental Figure 1B). In Kanlow, root mass fraction decreased in +N plots (p < 0.01; Supplemental Figure 1B). Soil available P was lower under +N (F1,34 = 4.1, p = 0.0508; Table 1) and higher under Southlow than Kanlow (F3,34 = 3.8, p = 0.018; Table 1). There was no fertilization–by–planting treatment interaction for soil P. Soil N (NH4+ + NO3-; ppm) increased with +N overall (F1,34 = 67.6, p < 0.001; Table 1) and within Cave-in-Rock and Southlow monocultures and switchgrass mixture plots (Table 1).





	
Table 1 | Mean aboveground biomass (g m-2), root biomass (g m-2), available soil phosphorus (Mehlich P), and total available soil nitrogen (N; NO3- + NH4+) from all applicable planting treatments under unfertilized or N-fertilized plots (+67 kg N ha-1 year-1). 





	
Planting treatment


	
Fertilization


	
Aboveground biomass ( ± SD)


	
Root biomass ( ± SD)


	
Soil P ( ± SD); ppm


	
Soil N ( ± SD); ppm





	
Monocultures





	
Cave-in-Rock


	
Unfertilized


	
621 (37)a


	
336.6 (77)d


	
6.65 (3.18)ab


	
9.05 (1.33)b





	
	
Fertilized


	
837 (9.4)c


	
283.8 (53)cd


	
5.67 (0.33)a


	
14.52 (2.86)cd





	
Kanlow


	
Unfertilized


	
338 (8.7)e


	
249.4 (44)bc


	
5.28 (1.67)a


	
10.54 (0.84)ab





	
	
Fertilized


	
629 (16)ab


	
148.2 (12)a


	
5.30 (1.24)a


	
12.79 (1.81)ac





	
Southlow


	
Unfertilized


	
588 (20)a


	
218.6 (30)abc


	
9.65 (3.34)b


	
9.42 (1.53)ab





	
	
Fertilized


	
697 (8.1)b


	
193.9 (72)ab


	
6.15 (2.52)ab


	
16.49 (3.61)d





	
Mixtures





	
Switchgrass


	
Unfertilized


	
613 (56)a


	
242.3 (16)abcd


	
5.36 (1.57)ab


	
9.09 (0.91)ab





	
	
Fertilized


	
836 (22)c


	
184.1 (48)abc


	
5.40 (1.54)ab


	
13.5 (1.35)acd





	
Big bluestem


	
Unfertilized


	
795 (5.8)c


	
–


	
–


	
–





	
	
Fertilized


	
929 (27)d


	
–


	
–


	
–





	
Prairie


	
Unfertilized


	
649 (79)ab


	
–


	
–


	
–





	
 


	
Fertilized


	
815 (43)c


	
–


	
–


	
–





	
Mean values in bold indicate significant (p < 0.05) differences between fertilization treatments determined by ANOVA, and letters indicate differences from Tukey’s HSD post hoc of N-fertilization by planting treatment. Switchgrass = intraspecific mixture of the three switchgrass genotypes; big bluestem = interspecifc mixture of three switchgrass genotypes + three big bluestem genotypes; prairie = big bluestem mixture + 10 native grasses and forbs.
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Figure 1 | Total aboveground plant biomass (g m2) from each planting mixture under unfertilized or N-fertilized conditions (A) and aboveground biomass response to N fertilization (percent change) for all planting mixtures (B). Arbuscular mycorrhizal (AM) fungal neutral lipid fatty acid (NLFA) response (percent change) to N fertilization for all planting mixtures (C). Zero bar (B, C) represents unfertilized means per planting treatment. Values above bars in B are mean increases in plant biomass (Mg ha-1), and those in C are mean decreases in AM fungal biomass (nmol g-1 soil) per planting mixture. Letters indicate significant differences from Tukey’s HSD post hoc testing. Asterisks indicate significant differences from ANOVA (**p < 0.01, *p < 0.05).



AM Fungal and Bacterial Biomass

Soil concentration of the PLFA AM fungal biomarker (16:1ω5c) did not vary with +N or planting mixtures; however, NLFA decreased with +N (F1,72 = 19.37, p < 0.001; Supplemental Figure 2). There was a fertilization–by–planting mixture interaction (F5,72 = 3.413, p = 0.017; Supplemental Figure 2), with lower fungal biomass in +N Cave-in-Rock and Southlow moncultures (p < 0.005 and p = 0.02, respectively; Supplemental Figure 2). There were negative linear relationships between aboveground plant biomass yields (Mg ha-1) and fungal biomass for Cave-in-Rock (r2 = -0.91, p < 0.001; Figure 2A), Southlow (r2 = -0.76, p = 0.006), and the switchgrass mixture (r2 = -0.81, p = 0.001; Figure 2A). Root mass fraction was positively correlated with fungal biomass (r2 = 0.16, p = 0.05; Figure 2B). There was a fertilization–by–planting mixture interaction on total PLFA bacterial biomass (F5,72 = 3.56, p < 0.01); Supplemental Figure 3), and Tukey’s HSD revealed an increase in total bacterial PLFA biomass under the prairie mixture after +N (p < 0.05; Supplemental Figure 3). The F/B ratio was lower under +N than in unfertilized plots (F1,72 = 32.44, p < 0.001; Figure 3A), and there was a negative linear relationship with total available soil N (r2 = -0.16, p < 0.005; Figure 3B).
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Figure 2 | Relationship between AM fungal biomass in soil and aboveground plant biomass (A), colored by planting mixture and either unfertilized (circles) or N-fertilized (triangles) plots. Cave-in-Rock (black/white), Southlow (light blue), and the switchgrass mixture plot (green) have significant negative correlations between aboveground plant biomass and the abundance of AM fungi in soils. Correlation statistics are provided in the upper right corner for all planting treatments. The relationship between AM fungal biomass in soil and root mass fraction (B) for all monocultures and the switchgrass mixture is represented by the black bar. 95% confidence limit is shaded, value densities for root mass fraction and NLFA abundance are on opposing x- and y-axes, and statistics are provided in the top left corner **p < 0.01, ***p ≤ 0.001.
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Figure 3 | Response of fungal:bacterial biomass ratio to nitrogen (N) fertilization (A) and relationship of fungal:bacterial ratio to available soil inorganic N (NH4+ + NO3-) (B) ***p ≤ 0.001.



Arbuscular Mycorrhizal Fungal Communities

The species richness of AM fungal communities in soil was higher for the combination of all interspecific diversity mixture plots than combined switchgrass monoculture plots (F1,36 = 3.77, p < 0.05; Figure 4A). Nitrogen fertilization reduced fungal richness in the soil of switchgrass mixture plots (adj-p < 0.01) and increased Shannon diversity (H) in roots and soils under Kanlow monocultures (p < 0.05 and p < 0.05, respectively; Figure 4B). The compositions of AM fungal communities in roots and soil were different (PERMANOVA Bray–Curtis; pseudo-F1,108 = 3.48, p < 0.001; Supplemental Figure 4A). The ß-diversity of AM fungal communities in roots was not altered by +N. Pairwise PERMANOVA indicated that the AM fungal community in roots of Cave-in-Rock was different from that in roots of Southlow (pseudo-F2,31 = 1.93, adj-p = 0.013; Table 2, Figure 5A), and +N influenced the Bray–Curtis dissimilarity of AM fungal communities in roots of the Kanlow cultivar (pseudo-F1,11 = 2.88, p < 0.05; Table 2, Figure 5B). The ß-diversity of AM fungal communities from soils was altered by planting mixture (PERMANOVA; pseudo-F5,72 = 2.84, p < 0.001; Figure 5C) and +N (PERMANOVA; pseudo-F1,72 = 2.24, p < 0.005; Figure 5D). The ß-diversity of the AM community in soil was influenced by planting mixture (Table 2) but not +N within planting mixtures (Supplemental Figure 5).





	
Table 2 | Significant Bray–Curtis dissimilarities of AM fungal communities between planting mixtures or N fertilization within planting mixture from roots and soils calculated using pairwise PERMANOVA.





	
	
pseudo-F


	
r2


	
adj-p-value





	
Roots





	
Between planting mixtures





	
Cave-in-Rock vs. Southlow


	
1.87


	
0.083


	
0.013





	
Within Kanlow





	
Unfertilized vs. fertilized


	
1.88


	
0.130


	
0.024





	
Soil





	
Between planting mixtures





	
Cave-in-Rock vs. switchgrass mix


	
2.84


	
0.110


	
0.012





	
Cave-in-Rock vs. big blue mix


	
3.06


	
0.122


	
0.001





	
Kanlow vs. switchgrass mix


	
1.69


	
0.072


	
0.006





	
Kanlow vs. big blue mix


	
1.66


	
0.069


	
0.015





	
Southlow vs. switchgrass mix


	
1.56


	
0.066


	
0.039





	
Southlow vs. big blue mix


	
3.11


	
0.130


	
0.001





	
Southlow vs. prairie mix


	
2.61


	
0.105


	
0.002
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Figure 4 | Arbuscular mycorrhizal (AM) fungal diversity observed in roots and soils measured as virtual taxa (VT) (A) and Shannon diversity (B) for all planting mixtures. Gray indicates unfertilized and green indicates N-fertilized treatments. Letters indicate significant differences between groups (adj-p < 0.05), and asterisks indicate significant ANOVA differences from fertilization within groups (p < 0.05).
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Figure 5 | NMDS of AM fungal community Bray–Curtis dissimilarity from roots (top) and soils (bottom) colored by planting mixture (A, C) and colored by N fertilization treatment (B, D). Ellipses represent 95% confidence areas around respective treatments. Letters indicate significant differences between groups (adj-p < 0.05).



Relative abundance of core AM fungal taxa are presented as heat maps, and indicator species analyses revealed multiple indicator taxa for +N or certain planting mixture treatments (Figures 6A–B). The genus Scutellospora was an indicator under +N both in roots (IndVal = 0.81, fdr-p = 0.02; rpb = 0.42, fdr-p = 0.02; Figure 6A) and in soils (IndVal = 0.65, fdr-p = 0.02; rpb = 0.27, fdr-p = 0.058; Figure 6B). The genus Gigaspora was an indicator in soils under the switchgrass mixture (IndVal = 0.46, fdr-p = 0.036; rpb = 0.39, fdr-p = 0.017), but it was not included in the heat map, because it was not observed in more than 50% of the samples. In soils under all three monocultures (Cave-in-Rock, Kanlow, Southlow), Paraglomus was determined to be an indicator genus (rpb = 0.41, fdr-p = 0.01; Figure 6B). The relative abundance of Scutellospora was higher in +N plots (Kruskal–Wallis H = 11.72, FDR-p = 0.012; Figures 6A–D), and specifically in roots of Cave-in-Rock (H = 9.11, FDR-p < 0.01; Figure 6A), and in soil from prairie mixture plots (H = 14.25, FDR-p < 0.005; Figure 6B). Glomus was the most abundant genus across all treatments (Supplemental Figure 6), and the relative abundance of Glomus decreased in soil from prairie mixture +N plots (H = 13.6, FDR-p < 0.005; Figure 6B). Five AM fungal genera in roots and six genera in soils had significant log2 fold changes in relative abundance in +N plots (LRT; p  < 0.05; Figures 6C–D). In roots, AM fungal taxa in the genera Claroideoglomus and Glomus had species that both increased and decreased with +N, while Paraglomus and Scutellospora increased with +N (Figure 6C). In soils, we found a similar pattern for Glomus and Scutellospora species, while Arachaeospora relative abundance increased and Claroideoglomus relative abundance declined with +N (Figure 6D).
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Figure 6 | Heat maps of relative abundance of AM fungal genera for all planting treatments that are either unfertilized or N-fertilized, from roots (A) and soil (B). The taxa presented here are core taxa, which represent only those genera present in more than 50% of all samples. Italicized taxa represent significant indicator taxa determined using either IndVal or rpb (p < 0.05). Darker tiles in the heat map indicate lower relative abundance, and asterisks indicate a significant increase or decrease in relative abundance determined using Kruskal–Wallis H tests for each planting treatment after fertilization (FDR-p < 0.05). Empty tiles indicate that the taxa were not present in that treatment combination. The bottom (C–D) shows log2 fold change of AM fungal relative abundance that significantly differs after N fertilization (LRT; p < 0.05) for roots (C) and soils (D). AM fungal “species” are on the x-axis, and points are colored by genus.



Bacterial Communities

Compared to other treatments, the richness of bacterial OTUs was lower on roots of Southlow in the +N plots (F3,18 = 2.8, p < 0.01; Figure 7A) and higher in soil under the prairie mixture (F6,36 = 3.8, p < 0.5; Figure 7A). Shannon diversity (H) of soil bacteria was higher in the combination of all monoculture plots compared to the combination of all diverse mixture plots (F1,36 = 2.1, p = 0.04; Figure 7B). Shannon diversity of soil bacteria in Kanlow plots was higher than in Southlow plots (F2,18 = 2.07, p < 0.01; Figure 7B). In +N plots, Shannon diversity of bacteria was higher on Kanlow roots and in soil in Cave-in-Rock plots (p < 0.05 and p < 0.05, respectively; Figure 7B). Bacterial communities were different in roots and soils (pseudo-F1,108 = 9.48, p < 0.001; Supplemental Figure 4B). Bacterial community weighted UniFrac ß-diversity from roots was altered by planting mixture (pseudo-F2,35 = 1.6, p = 0.012; Figure 8A). The bacterial community on roots of Southlow was different from Kanlow (pairwise PERMANOVA pseudo-F1,12 = 1.7, adj-p = 0.03; Figure 8A). Bacterial community unweighted and weighted UniFrac ß-diversity from soils were altered by planting mixture (pseudo-F5,72 = 1.34, p < 0.01, and pseudo-F5,72 = 1.54, p < 0.01, respectively; Figure 8B). The soil bacterial community under Southlow was different from all planting mixtures except for the switchgrass mixture (see Table 3 for details, Figure 8B). Nitrogen fertilization had no effects on bacterial community ß-diversity from roots or soils; however, indicator species analyses of bacterial taxa revealed some differences. Verrucomicrobia and Proteobacteria were the most abundant phyla across all treatments (Supplemental Figure 7). The order N1423WL in the phylum Gemmatimonadetes was an indicator of +N in roots (IndVal = 0.44, fdr-p = 0.023), while in soils, RCP1-48 in the phylum Gammaproteobacteria was an indicator taxon of +N (IndVal = 0.58, fdr-p = 0.037). Bacterial order Mariprofundales (class Zetaproteobacteria) was an indicator taxa for unfertilized plots (IndVal = 0.5, fdr-p = 0.039). Bacteria in the phylum FCPU426 were indicator taxa associated with soils under Southlow monocultures (rpb = 0.51, fdr-p = 0.026). Acidobacteria abundance increased on roots of Kanlow with +N (H = 9.7, p < 0.05; Figure 9A). The relative abundance of bacteria in the class Alphaproteobacteria was higher in soils under Southlow with +N (H = 7.04, FDR-p = 0.048; Figure 9B). Nitrospirae relative abundance was higher in soils under prairie mixtures with +N (H = 22.6, p < 0.01; Figure 9B). Verrucomicrobial relative abundance was lower on roots of Southlow with +N (H = 14.8, FDR-p < 0.01; Figure 9A) and lower in soils under Cave-in-Rock with +N (H = 9.4, FDR-p = 0.048; Figure 9B).
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Figure 7 | Bacterial diversity observed in roots and soils measured as OTU richness (A) and Shannon diversity (B) for all planting mixtures. Gray indicates unfertilized and green indicates N-fertilized treatments. Letters indicate significant differences between groups (adj-p < 0.05), and asterisks indicate significant ANOVA differences from fertilization within groups (p < 0.05).
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Figure 8 | Principal coordinate analyses of bacterial community ß-diversity from roots (A); weighted UniFrac or soils (B); unweighted UniFrac, colored by planting treatment. Ellipses represent 95% confidence areas around respective treatments. Letters indicate significant differences between groups (adj-p < 0.05).
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Figure 9 | Heat maps of relative abundance of bacterial phyla for all planting treatments that are either unfertilized or N-fertilized, from roots (A, C) and soil (B, D). The taxa presented here are core taxa, which represent only those phyla present in more than 50% of all samples. Italicized taxa represent significant indicator taxa determined using either IndVal or rpb (p < 0.05). Gemmatimonadetes were indicator taxa for N-fertilized plots in soil (B), while Zetaproteobacteria were indicator taxa for unfertilized plots in soil (B). Darker-color tiles in the heat map indicate lower relative abundance, asterisks indicate a significant increase or decrease in relative abundance determined using Kruskal–Wallis H tests for each planting treatment (FDR-p < 0.05). Empty tiles indicate that the taxa were not present in that treatment combination. Log2 fold change of bacterial relative abundance that significantly differs after N fertilization (LRT; p < 0.05) for roots (C) and soils (D). Bacterial families are on the x-axis, and points are colored by bacterial phylum.



Six bacterial phyla in roots and eight phyla in soils had significant log2 fold changes in relative abundance with +N (LRT; p < 0.05; Figures 9C–D). Relative abundance of Verrucomicrobia declined with +N under roots and soils (Figures 9C–D), as did Actinobacteria in roots (Figure 9C). Nitrospirae and Crenarchaeota consistently increased with +N, while taxa in the Proteobacteria and Planctomycetes exhibited both increases and decreases in relative abundance with +N (Figures 9C–D).

NifH Gene Abundance

Abundance of the nifH gene declined with +N (ANOVA; F1,32 = 5.16, p = 0.029; Supplemental Figure 8) and differed among switchgrass cultivars (ANOVA; F2,32 = 14.327, p < 0.001). Cave-in-Rock had the lowest total nifH gene abundance (p < 0.01; Supplemental Figure  8), and N fertilization decreased nifH abundance for Kanlow (F1,10 = 6.1, p < 0.05; Figure 10A). NifH gene abundance was positively correlated with root biomass under Kanlow (r2 = 034, p < 0.01; Figure 10B) and with root mass fraction across all monocultures (F1,16 = 8.25, adj-r2 = 0.306, p = 0.01; Figure 10C). There was no correlation between the relative abundance of Verrucomicrobia and nifH gene abundance from roots (Supplemental Figure 9).
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Figure 10 | The abundance of nifH gene response (percent change) to N fertilization for three switchgrass monocultures (A), where zero bar represents means from unfertilized plots. Values above the bars are mean decreases in total nifH gene abundance (copy number ng-1 DNA) per planting mixture. Relationship between nifH gene abundance and plant root biomass (B), colored by planting mixture and either unfertilized (circles) or N-fertilized (triangles). Correlation statistics are provided in the upper right corner for each monoculture. The relationship between nifH gene abundance and root mass fraction (C) for all monocultures combined is represented by the black bar. 95% confidence limit is shaded, value densities for root mass fraction and nifH gene abundance colored by N fertilization treatment are on opposing x- and y-axes, and correlation statistic is provided in the top left corner.



Discussion

Our results support the hypotheses that intra- and interspecific plant diversity influences soil microbial communities and that N fertilization (+N) shifts plant allocation of photosynthate towards aboveground production and away from root-associated microorganisms. The reduction in AM fungal biomass, nifH gene abundance, and F/B ratios after +N may reveal important functional trade-offs in particular planting treatments. Predictably, +N reduced the value of bacterial N-fixation (Kiers et al., 2003) as reflected in lower nifH gene abundance. Furthermore, the decrease in F/B ratio with +N might indicate a shift from nutrient conservation within mycorrhizal networks to a “leakier” system with more substrate available for opportunistic bacteria (de Vries et al., 2006; Fierer et al., 2009). The shift in allocation from belowground nutritional symbioses to aboveground plant structures provides support for optimal resource allocation strategies in the extended plant phenotype, particularly when adopting the collective view of functions and interactions among plants and microbial consortia (Johnson et al., 2003a; Vandenkoornhuyse et al., 2015).

Plant Biomass, Nutritional Symbioses, and Plant Diversity

Aboveground plant growth increased after +N for all planting treatments, but the strength of these responses was dependent on planting mixture (Figure 1). For example, the big bluestem mixture produced the greatest aboveground biomass of all the planting treatments (Figure 1A), but +N only increased biomass by ~17%. Kanlow monocultures, on the other hand, had the lowest total yields, and +N increased aboveground biomass by ~85% (Figure 1). Further, Kanlow allocated significantly more biomass aboveground to shoots after +N but did not significantly decrease allocation to AM fungal biomass in soil (Figures 1C, 2A), despite it being the only switchgrass cultivar to exhibit significant changes in AM fungal communities in response to +N (Figure 5B). Compared to the other cultivars, unfertilized Kanlow monocultures had higher total abundance of nifH in the rhizosphere that was positively correlated with root biomass (Supplemental Figure 7; Figure 10). Furthermore, Kanlow was the only cultivar in which +N caused a significant decrease in root mass fraction (Supplemental Figure 1B). The “case study” of Kanlow might suggest that this switchgrass cultivar reduces its reliance on bacterial N-fixing activity and selectively utilizes particular AM fungal taxa to acquire co-limiting resources in soil (e.g., P), although this was not specifically tested and warrants further study.

In contrast to the monoculture treatments, the big bluestem and prairie mixtures maintained high aboveground productivity and responded less strongly to +N. In the prairie mixture, there was no reduction in AM fungal biomass in soil with +N (Supplemental Figure 2). NifH gene abundance was not measured in roots collected from the diverse planting mixtures, but given the lower growth response to +N, high aboveground productivity, and maintenance of C allocation to AM fungal biomass, it would be interesting to determine if N-fixation under the more diverse big bluestem mixture is maintained or even increased with +N, as was observed in a long-term field experiment in Minnesota (Revillini, 2018). Overall, our study indicates that functional responses to +N depended on plant intra- or interspecific diversity. These cultivar-dependent shifts can be explained by a variety of mechanisms, but our data may indicate selective shifts in microbial associations.

The AM fungal Microbiome

Our findings do not support the hypothesis that species richness of AM fungi should be higher with diverse plant communities compared to monocultures. Responses of AM fungal richness and diversity to plant diversity and +N were subtle and highly variable across the treatments (Figure 4). The ß-diversity of AM fungal communities also responded variably to planting mixture whether in roots or soils (Table 2) and to +N across plant diversity treatments (Figure 5B). Indicator analyses and significant changes in relative abundances of particular AM fungal taxa suggest that AM fungal taxa are individualistic in their responses to plant diversity and N availability (Figures 6). For example, Scutellospora increased in relative abundance with +N, in roots of Cave-in-Rock monocultures, and in +N prairie mixture plots (Figure 6). Fungi within the genus Scutellospora have been shown to both increase and decrease in response to N enrichment depending on the study (Johnson et al., 1992; Johnson, 1993; Egerton-Warburton et al., 2007). Environmental context, especially the relative availability of limiting resources, influences the structure and function of AM symbioses (Hoeksema et al., 2010; Johnson, 2010). We observed that plant diversity and +N influenced the structure of AM fungal communities, and additional research is necessary to determine specific functional relationships between switchgrass cultivars and AM fungal taxa. Previous studies have measured the performance of individual plant–AM fungal taxa combinations (Ji and Bever, 2016), as well as the cumulative effects of entire suites of AM fungi in soils (Bennett and Klironomos, 2018; Kulmatiski, 2018). Substantially more research must be performed in field-based studies to sufficiently elucidate the dynamic interactions among plants, AM fungi, and other soil communities before the mechanisms by which plants engage and select for soil biota to enhance nutrient availability can be understood.

The Bacterial Microbiome

As with AM fungi, plant diversity was not a good predictor of bacterial α-diversity. This supports the conclusion that plant and bacterial diversity are often uncoupled (Wardle, 2006; Prober et al., 2015). However, the ß-diversity of bacterial communities in roots and soils was influenced by the diversity and composition of plants (Table 3, Figure 8). Bacterial indicator taxa and shifts in relative abundance under +N were observed under the different planting combinations (Figure 9). Relative abundance of Verrucomicrobia declined significantly with +N (Figures 9C–D), on roots of Southlow (Figure 9A), and in soils under Cave-in-Rock (Figure 9B). This finding corroborates previous studies that show that verrucomicrobial abundance is influenced by N availability in soils (Ramirez et al., 2012; Shen et al., 2017). Gemmatimonadetes were indicators of +N in our study, which supports results from Nemergut et al. (2008). It has been proposed that bacterial taxa dominant and active in the rhizosphere, including Gemmatimonadetes, may be superior competitors for plant-derived C exudates (Gkarmiri et al., 2017), which can increase under +N despite reduced root biomass allocation (Badri and Vivanco, 2009).





	
Table 3 | Significant unweighted UniFrac differences of bacterial communities between planting mixtures from roots and soils calculated using pairwise PERMANOVA.





	
	
pseudo-F


	
r2


	
adj-p-value





	
Roots





	
Between planting mixtures





	
Kanlow vs. Southlow


	
2.40


	
0.057


	
0.045





	
Soil





	
Between planting mixtures





	
Cave-in-Rock vs. Southlow


	
2.16


	
0.061


	
0.038





	
Kanlow vs. Southlow


	
2.72


	
0.074


	
0.015





	
Kanlow vs. switchgrass mix


	
3.30


	
0.089


	
0.011





	
Southlow vs. big blue mix


	
2.61


	
0.072


	
0.009





	
Southlow vs. prairie mix


	
2.29


	
0.063


	
0.027









Increasing resource availability can influence the abundance and functioning of bacterial taxa involved with nutrient cycling (Dai et al., 2018). Relative abundance of bacterial taxa related to N-cycling declined predictably after +N in our experiment. Putative N2-fixing taxa determined previously from switchgrass roots (Bahulikar et al., 2014) such as Rhizobium, Methylobacterium, Burkholderia, and Azoarcus were present in roots and soil in our experiment. As predicted, the relative abundance of the putative N2-fixing families Agrobacterium, Caulobacter, and Clostridium (Zehr et al., 2003; Bahulikar et al., 2014) declined significantly after +N (Figures 9C–D). Known nitrifying taxa, Nitrospira and Crenarchaeota consistently increased in relative abundance after +N (Figures 9C–D), which supports conclusions of many previous studies that these taxa should become more abundant with N enrichment (Treusch et al., 2005; Zhou et al., 2015). Interestingly, a previous study showed a potential competitive shift between bacterial Nitrospira and archaeal Crenarchaeota at high N fertilization rates, but this was not observed in our experiment (Bates et al., 2011). Additional research is necessary to examine how shifts in the structure of bacterial communities may influence their function on roots and in the soil.

Conclusions

Our results provide a baseline for switchgrass microbiome research. Functional diversity of soil microbial symbionts, though sometimes ecologically coherent and exhibiting phylogenetic trait conservatism (Martiny et al., 2013; Philippot et al., 2010), is influenced by taxa-specific interactions with the environment and other organisms (Martiny et al., 2015). We focused on the important nutritional relationships between plants and their AM fungal or bacterial microbiomes in the context of resource trade theories but are aware of other valuable functional roles played by both AM fungal and rhizobacterial communities such as biological control of pathogens and pests, drought tolerance, or induced systemic resistance. Research and methods that can further tease apart the multifunctionality of microbiomes in field studies will be critical to the developing field of plant and soil microbiome management in grasslands (Bender et al., 2016; Toju et al., 2018). This work can help generate hypotheses for future targeted studies that link microbiome assembly with microbial function and facilitation of plant nutrition and health. For example, what relationships can be identified between plant nutrition, plant productivity, or bioenergy production and the shifts in microbial nutrient cycling functions? How are quantities and types of soil organic carbon under different planting mixtures affecting bacterial community structure and function in perennial feedstock cropping systems over time? Across broad geographic ranges, are there consistent plant–microbial responses to fertilization regimes? Future research of plant growth–promoting microorganisms should identify specific P- and N-cycling microbial functions in field-based studies along nutrient availability gradients to determine thresholds where microbial benefits to plants can be maximized.
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Plants in soil are not solitary, hence continually interact with and obtain benefits from a community of microbes (“microbiome”). The meta-functional output from the microbiome results from complex interactions among the different community members with distinct taxonomic identities and metabolic capacities. Particularly, the bacterial communities of the root surface are spatially organized structures composed of root-attached biofilms and planktonic cells arranged in complex layers. With the distinct but coordinated roles among the different member cells, bacterial communities resemble properties of a multicellular organism. High throughput sequencing technologies have allowed rapid and large-scale analysis of taxonomic composition and metabolic capacities of bacterial communities. However, these methods are generally unable to reconstruct the assembly of these communities, or how the gene expression patterns in individual cells/species are coordinated within these communities. Single-cell transcriptomes of community members can identify how gene expression patterns vary among members of the community, including differences among different cells of the same species. This information can be used to classify cells based on functional gene expression patterns, and predict the spatial organization of the community. Here we discuss strategies for the isolation of single bacterial cells, mRNA enrichment, library construction, and analysis and interpretation of the resulting single-cell RNA-Seq datasets. Unraveling regulatory and metabolic processes at the single cell level is expected to yield an unprecedented discovery of mechanisms involved in bacterial recruitment, attachment, assembly, organization of the community, or in the specific interactions among the different members of these communities.
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INTRODUCTION

Plants are holobionts and are associated with complex and very diverse microbiomes (Simon et al., 2019). The long co-evolution of plants and their microbial communities has shaped the holobiont, and contributed to the development of microbial species that are specifically adapted to their respective plant host, and play a significant role in plant productivity and stress resistance. The microbiome or the second plant genome (Turner et al., 2013) represents a highly under-explored genetic resource with thousands of genes that can potentially be harnessed to increase crop yield and to alleviate stress responses. The advantages of using a microbiome-based solution include: (1) a typically shorter discovery to application pipeline due to a streamlined regulatory process, (2) a higher specificity compared to currently available crop protection products, and (3) a better compatibility with emerging precision agriculture technologies (Parnell et al., 2016; Deshayes et al., 2017). Due to the important role that the microbiome plays in plant health, stress resistance and nutrition acquisition, there is an increasing interest to design microbial communities that can promote plant growth in diverse environments. Plant-associated microbial communities are not randomly assembled; structure and composition of these microbiomes change in response to different environmental parameters (Bogino et al., 2013). Primary determinants of plant-associated microbial community composition and function include soil type (Lundberg et al., 2012), plant compartment (Bai et al., 2015), plant genotype (Bouffaud et al., 2014), activity of the plant immune system, and plant developmental stage (reviewed by Hassani et al., 2018). However, our current understanding about how microbial community compositions are shaped, how these communities are assembled, and how the interactions among specific bacteria affect the function of these communities is very limited.

Most plant-associated microbial communities, for example root surface bacterial communities, are spatially organized structures composed of root-attached biofilms and planktonic cells arranged in complex layers (Castiblanco and Sundin, 2016). In addition, evidence for bacterial co-association, symbiosis, and habitat sharing suggest that interactions among members might dynamically shape the community composition and function (Sloan and Lebeis, 2015). In this context, a microbiome can be compared to a multi-cellular organism, in which different cells serve distinct, but coordinated roles that control organismal function (Stovicek et al., 2012). The development of high throughput sequencing technologies allowed rapid and large-scale analysis of microbial ribosomal amplicons, metagenomes, or metatranscriptomes, and have provided us with insights into the taxonomic composition, collective gene pool, and gene expression patterns of microbiomes (Knief, 2014; Zhou et al., 2015). However, these methods are unable to reconstruct how gene pools and gene expression patterns are organized in individual cells of microbiomes. Single-cell genomics of microbial cells offers a solution to this limitation and can define the metabolic features and potential of individual cells that shape microbiome function. Application of single-cell approaches in microbes including single-cell transcriptomics of individual species have been reviewed recently (Chen Z. et al., 2017; Hwang et al., 2018; Zhang et al., 2018). Here, we discuss strategies on how currently available methods in single-cell RNA-Seq (scRNA-seq) including the highly scalable split pool ligation-based transcriptome sequencing (SPLiT-seq; Rosenberg et al., 2017, 2018) can be adapted for the exploration of plant-associated bacterial communities.



METHODS FOR ISOLATION OF SINGLE BACTERIAL CELLS FOR GENOMICS ANALYSES

Methods for isolation of bacterial communities from plant root surfaces and apoplastic compartments without plant tissue contamination are available (White et al., 2015; McPherson et al., 2018; Gentzel et al., 2019). Isolation of bacterial cells from root surfaces typically involves sonication or vortexing in buffers containing mild detergents to dislodge cells from the root. Bacteria residing in plant apoplasts can be isolated by infiltrating the plant tissues with appropriate buffers followed by centrifugation to isolate the apoplastic wash fluids. Contamination with plant cells or other materials can be minimized by passing these fractions through a 20 μm sieve. These methods have been used to evaluate the composition of bacterial communities in a variety of plant species (Lundberg et al., 2012; Peiffer et al., 2013; Edwards et al., 2015; Wang et al., 2017; White et al., 2017). The same methods can be used to obtain source communities for single cell isolation and analysis. The compatibility of these methods with fixed cells negates any concerns on changes in microbial gene expression during the isolation process. Several approaches have been developed/adapted for genomics of single bacterial cells including serial dilution (Zhang et al., 2006), microfluidics (Chen et al., 2011), flow cytometry (Raghunathan et al., 2005), micromanipulation (Ishoy et al., 2006), or encapsulation in droplets (Tolonen and Xavier, 2017). The majority of these methods require the capability to isolate single cells and prepare individually labeled sequencing libraries from each of these cells. scRNA-Seq approaches of bacterial cells, however, are particularly challenging due to the lack of polyadenylated mRNAs and the lower number of template molecules per cell compared to those in plants and other eukaryotes. Strategies to adapt specialized methods to distinguish coding and non-coding RNAs and those for linear amplification of RNA/cDNA molecules for successful scRNA-Seq of bacterial cells are discussed in see section “Methods for construction of RNA-seq libraries from single bacterial cells”.


Serial Dilution

A simple but effective method to isolate single cells from a bacterial population is serial dilution. After determining cell densities by direct counting via a Helber counting chamber or other reliable methods, cells are diluted to single cells into microtiter plate wells. These single cells can be enzymatically manipulated to lyse the cell wall and denature the membrane to release cellular contents for cDNA synthesis and library construction. Serial dilution has successfully been applied to single cells of Escherichia coli and Procholorococcus to develop a polymerase-based whole genome amplification method, polymerase cloning or “ploning” (Zhang et al., 2006). Serial dilution is an easy method that can be applied by most laboratories as it is simple and does not require any specialized instrumentation. One of the major limitations for this technique is, however, the risk of DNA contaminations from the environment or from reagents and labware that can lead to background amplifications. Strict sample handling and experimental protocols involving a clean air chamber and UV treatment of reagents and labware can lower these contamination risks. However, current assessments suggest that the precision of this methodology is insufficient, even if its accuracy of 88% is comparable to traditional flow cytometry-based technologies for single cell isolation (Raghunathan et al., 2005; Zhang et al., 2006).



Micromanipulation

Many micromanipulation methods driven by the desire to culture single prokaryotic and eukaryotic cells were developed and improved throughout the last century (reviewed by Fröhlich and König, 2006). The low magnification of standard microscopical systems precluded their use for the isolation of single prokaryotic cells. Developments in resolution and magnification of modern microscopy has led to the adaptation of these methods for the investigation of larger prokaryotes such as filamentous bacteria (Kämpfer, 2006) and cyanobacteria (Šulčius et al., 2017). Micromanipulation has also been used to isolate individual bacterial cells from food samples (Hohnadel et al., 2018) and hot spring sediments (Ishoy et al., 2006). Two of the major approaches used in micromanipulation are (1) the use of a focused laser beam to capture and transfer the cell of interest from a population to a compartment (e.g., Keloth et al., 2018), and (2) the use of microinjectors in combination with the precision of a micromanipulator that can handle single prokaryotic cells (e.g., Ishoy et al., 2006). While the methodology is continuously improving and can be applied to address questions of organismal survival and success rate of recovery, it is laborious, very low throughput, and requires specialized equipment.



Laser Capture Microdissection (LCM)

Laser Capture Microdissection is a contact- and contamination-free method for isolating specific single cells or entire areas of tissue from a wide variety of samples. In this technique the desired cell, or group of cells, is cut off a tissue section or other source, and is transferred without contact to a microtube for further processing (Nakazono, 2003). The advantage of this method is that it allows selecting individual cells of interest; but since the technique is very laborious and time-consuming, it only supports low throughput approaches. While this method has been used to for example study cell development in plant tissues or gene expression in mutualistic and pathogenic interactions (Balestrini et al., 2009; Gomez and Harrison, 2009), the insufficient spatial resolution makes this technique undesirable to isolate small bacterial cells from a dense community. Unlike eukaryotic cells that are in complex tissues, individual cells in bacterial communities can be easily separated by vortexing or other methods to obtain single cells. Therefore, other methods such as serial dilution (see section “Serial dilution”) or flow cytometry (see section “Fluorescence activated cell sorting”) may be more practicable than LCM. However, the ability to observe bacterial cells by LCM before they are selected provides some advantages, and the technique has been applied to isolate single bacterial cells from environmental samples. When plant microbe interactions are examined, LCM can be effectively applied to evaluate gene expression patterns in plant endophytes that are associated with specific regions of the plant. For example, root cortex and vascular tissues that are isolated by LCM can be subsequently used to evaluate single-cell genomics of endophytic microbes that reside within these tissues (Jahiri, 2013).



Fluorescence Activated Cell Sorting

Fluorescence activated cell sorting (FACS) can be used to detect and sort cells from a population based on their different chemical or physical characteristics. Cells in suspension are transported, one cell at a time, and pass through a laser beam. Scattered light is characteristic of individual cells based on their composition and/or physical properties and is used to gate cells into collection chambers (Müller and Nebe-von-Caron, 2010). Typically, cells are labeled with one or more fluorescence markers to sort the cells into different chambers. This principle has been used to collect individual bacterial cells and determine their identities using multiple displacement amplification (Raghunathan et al., 2005).

One of the most common labels used for bacterial cell sorting is target-specific 16S rRNA fluorescence-in situ-hybridization (FISH). Limitations of the traditional 16S rRNA FISH technology, for example the limited and variable amounts of rRNA, have been addressed by the development of liquid phase tyramide signal amplification FISH (TSA-FISH), which is compatible with flow sorting. Similarly, custom made μFACS systems have been developed that support faster throughput and less expensive applications with lower contamination risks due to their use of closed systems, and their higher sorting efficiency (Chen et al., 2011). However, the sorting accuracy of these systems still needs to be significantly improved to be comparable to commercial cell sorters. However, single-cell genomics approaches do not rely on accurate sorting of different cell types, but rather accurate sorting of one cell per container (i.e., cell clumps must be avoided). Therefore, the combination of μFACS systems with viable cell deposition modules such as microwell arrays could make these technologies applicable despite their inaccuracies in sorting. The ability of μFACS systems to apply optical, electroosmotic, dielectrophoretic, and hydrodynamic switching methods for cell sorting offers advantages for their adaptability to a broad range of sample types (Müller and Nebe-von-Caron, 2010). Typical contamination risks from cell free DNA in liquid phase cell isolation systems particularly in environmental samples can be reduced in FACS/μFACS systems by multiple rounds of sorting (Chen et al., 2011).



Droplet-Based Systems

Recent developments in microfluidic technologies have led to the development of instrumentation capable of sorting individual cells by encapsulating each of them in individually barcoded gel beads followed by the library preparation of individually barcoded RNAseq libraries. The current commercially available microfluidic platforms are the 10 X Genomics Chromium platform (Pleasanton, CA, United States) with a cell size range of up to 50 μm, and the Fluidigm C1 platform (South San Franscisco, CA, United States) with a cell size range of 10–17 μm. Recently, single-cell printing methods were adapted for the encapsulation of single bacterial cells in droplets (Riba et al., 2016). These systems use a transparent microfluidic drop-on-demand dispenser chip coupled with a camera-assisted automatic cell detection system. Cell detection and classification helps to avoid the collection of empty droplets and thus enables a “one cell per droplet” printing mode (Gross et al., 2013). Dispenser chips with smaller channel depth and nozzle to allow the detection and printing of cells down to 1 μm in size were developed for bacterial cells (Riba et al., 2016). However, in all these platforms, bacterial cell walls need first to be permeabilized in order to incorporate the barcoded beads. In recent studies, partial spheroplasts of yeast were generated by treating the cell suspensions with zymolyase to digest cell walls before the encapsulation (Gasch et al., 2017). A similar approach can be adapted for bacterial cells. The main advantage of microfluidics resides in the high throughput capabilities by which these systems can yield encapsulated cells; up to 100,000 or 800 cells in the 10 X and Fluidigm platforms, respectively.

Alternatively, it is possible to use custom-made drop-seq devices in combination with commercially available barcoded beads (Macosko et al., 2015). It is important to note that the approach also requires modifications in the cDNA synthesis phase due to the lack of polyadenylation of bacterial transcripts.



METHODS FOR CONSTRUCTION OF RNA-SEQ LIBRARIES FROM SINGLE BACTERIAL CELLS

Many of the cell isolation methods have successfully been used to obtain genome sequences of individual bacterial cells, and can be adapted to obtain epigenomes as well. However, their adaptability for scRNA-seq is limited. Lack of polyadenylation in bacterial mRNAs, for example, requires methodologies to selectively enrich these molecules from the ∼10 times more abundant tRNA and rRNA molecules (see section “Methods to enrich bacterial mRNAs”). The very low RNA content of bacterial cells is another challenge, and requires the amplification of RNA or cDNA molecules, while amplification biases are avoided (see section “Methods to amplify RNA or cDNA”). Finally, the highly complex bacterial cell wall poses a challenge since enzymatic and chemical approaches to disrupt the cell wall and membrane may not be compatible with the reagents for the subsequent steps in RNA-seq library construction.


Methods to Enrich Bacterial mRNAs

The need to prepare individually labeled sequencing libraries from individual cells precludes the use of typical affinity-based methods for enrichment of mRNAs or removal of rRNAs. In contrast, in-cell mRNA enrichment methods are suitable for this purpose.


Selective Exonuclease Based Enrichment of Messenger RNAs

TerminatorTM 5′-phosphate-dependent-5′- 3′exonuclease digests rRNAs and tRNAs, but not RNA molecules with a 5′-triphosphate, a 5′-cap, or a 5′-hydroxyl group. Consequently, TerminatorTM exonuclease can be used to selectively degrade rRNA and tRNA molecules with a 5′-phosphate structure, but not mRNA molecules. An exonuclease treatment at optimal concentrations enriched mRNA molecules from single cells of Burkholderia thailandensis and enables its potential use for next-generation sequencing (Kang et al., 2011, 2015). Measurements of different classes of RNA molecules by q-PCR indicated a significant reduction in the levels of tRNAs and rRNAs after exonuclease treatment. Comparison of gene expression profiles between enriched and unenriched samples using microarrays showed a negligible bias after the enrichment. While the use excess nuclease resulted in a better enrichment of mRNA molecules, a higher level of amplification bias was observed, possibly due to a non-specific digestion of mRNAs.



Reducing Non-desired Molecules in a Sequence-Specific Manner

There are two other methods with which rRNA or other non-target molecules can be reduced or eliminated. In the “not-so-random” (NSR) primer approach, random hexamers that match rRNA (or other non-target RNA) sequences are left out from the pool of random primers used for cDNA synthesis (Armour et al., 2009). This approach enriched non-rRNA derived cDNA molecules by four-fold (22% of the library to 87%). However, it is possible that a selected subset of hexamer primers can distort the resulting cDNA populations. In an alternate method, undesired sequences were eliminated after cDNA synthesis by random priming (Armour et al., 2018). Here, first strand synthesis was performed using random primers with an adapter containing a restriction enzyme recognition sequence. Subsequently, a second strand synthesis reaction was performed using primers specific to rRNAs or other undesired molecules resulting in double stranded cDNA molecules that contained these undesirable sequences. Next, restriction digestion was used to remove the adapters from these molecules and prevented their amplification during the next step of library preparation. In either case, prior knowledge about the undesirable sequences is required, what makes it difficult to use these methods for the evaluation of bacterial communities of unknown composition. A successful application of these methods for the enrichment of bacterial RNA has not yet been demonstrated.



Methods to Amplify RNA or cDNA


Rolling Circle Amplification of RNA

Rolling circle amplification has been used to evaluate global gene expression in single cells of B. thailandensis (Kang et al., 2011). After cDNA synthesis, bacterial chromosomal DNA or other contaminant DNA molecules were digested by methylation-dependent restriction enzymes (e.g., McrBC and DpnI), and the newly synthesized single-stranded cDNA (ss-cDNA) was circularized via 5′-end phosphorylation and intramolecular ligation. The circularized ss-cDNA was then randomly primed with RNA hexamers and subjected to multiple displacement amplifications using ϕ29 DNA polymerase. Thiophosphate-linked RNA random hexamers were used to reduce primer dimers and non-specific priming (Takahashi et al., 2009). This method yielded 25–30 μg cDNA from 0.2 to 1 pg RNA. The method was efficient and successfully amplified approximately 94–96% of the total transcripts. While absolute gene expression levels were poorly correlated between amplified single-cell transcriptomes vs. non-amplified bulk cell transcriptomes, the fold-change values were highly correlated. Using the same protocol single cell transcriptomes of Pseudomonas aeruginosa and Burkholderia pseudomallei were analyzed, and the authors suggested that the protocol might also be suitable for the analysis of mixed bacterial communities, and that identical amplification conditions for all samples should be used to avoid any interference from amplification bias (Kang et al., 2011, 2015).



Single Primer Isothermal Amplification

In single primer isothermal amplification (SPIA), a unique chimeric 5′-RNA/DNA-3′ primer is used for first strand cDNA synthesis. Second strand synthesis results in a double-stranded cDNA with a unique DNA/RNA heteroduplex at one end. RNase H–mediated degradation of RNA in this heteroduplex enables binding of another chimeric 5′-RNA/DNA-3′ primer which is then extended to displace the existing first strand. The process of chimeric DNA/RNA primer binding, DNA replication, strand displacement and repeated RNA cleavage leads to a rapid accumulation of amplified cDNA (Kurn et al., 2005). SPIA was successfully used to obtain ∼7–17 μg of cDNA from just 5 fg of RNA from single cells of Synechocystis sp. PCC 6803. RNA-seq was used to evaluate changes in gene expression in three single cells each after nitrogen starvation. The average gene numbers in single cells were comparable to the numbers of bulk cell populations at each individual time point. Up to 98.6% of the genes in bulk cell populations were also detected in single cells underscoring the efficiency of SPIA amplification (Wang et al., 2015).

A number of other methods typically used for the amplification of polyadenylated mRNA molecules from single cells of eukaryotic organisms (Ziegenhain et al., 2017) can also be modified to amplify single-cell bacterial mRNA, but examples for the successful adaptation of these techniques are not yet available. Some of these techniques, such as single-cell universal poly(A)-independent RNA sequencing (SUPeR-seq) (Fan et al., 2015) are compatible with drop-seq and microfluidics-based approaches reviewed by Chen Z. et al. (2017). However, these methods might need to be preceded by mRNA enrichment as they do not distinguish between bacterial mRNAs, rRNAs or tRNAs.



ADAPTING SPLIT POOL LIGATION-BASED TRANSCRIPTOME SEQUENCING FOR BACTERIAL SINGLE-CELL RNA-SEQ

Split pool ligation-based transcriptome sequencing, a recently developed alternative for scRNA-seq, labels the cellular origin of RNA through combinatorial indexing (Rosenberg et al., 2018). This method has two major advantages: (1) it does not require the physical separation of single cells, and thus there is no need for specialized equipment; and (2) it uses unencapsulated and fixed cells and therefore provides maximized reagent compatibility with downstream molecular biological reactions for library construction (Rosenberg et al., 2017, 2018). For combinatorial indexing, (1) fixed and permeabilized cells are split into different microtiter plate wells, (2) a well-specific barcode is appended to intracellular transcripts, and (3) the cells are pooled back together (Figure 1). By repeating this process several times, each cell travels through a unique combination of wells with very high likelihood. Consequently, all transcripts from the same cell will contain a unique combination of barcodes indicating their cellular origin (Figure 1).


[image: image]

FIGURE 1. Proposed SPLiT-Seq workflow for scRNA-seq of bacterial communities. Following cell permeabilization and in-cell mRNA enrichment and polyadenylation, the cells go through three rounds of splitting and pooling, first for RT, followed by two rounds for adapter ligation. Wells of different colors depict distinct barcode sequences. Sequential addition of 3′ barcodes to a single mRNA molecule followed by terminal tagging to add the 5′ adapter is depicted on the right. The sequential addition of barcodes to mRNA molecules in different bacterial cells at each split-pool round is depicted on the left.


This method was originally developed for single-cell transcriptomics of mammalian cells, but could be ideal for scRNA-seq of bacterial communities due to its robust scalability in addition to the above described benefits. However, the presence of the bacterial cell wall and transcripts without a polyA tail will require the optimization of steps that are involved in cellular fixation, permeabilization, and in-cell library construction (see below). The successful application of methods for the permeabilization of bacteria for in situ hybridization and PCR as well as the selective enrichment and amplification of bacterial mRNAs are very promising for the effective adaptation of SPLiT-seq for bacterial scRNA-seq (Figure 1).


Cell Permeabilization

Methods have already been established for the in situ localization of RNA through hybridization and PCR in a number of Gram-positive and Gram-negative bacteria (Tani et al., 1998; Russell and Keiler, 2009; Parsley et al., 2010). These methods can be used to effectively permeabilize bacterial cells for SPLiT-seq. Fixation of bacterial cells using para-formaldehyde and ethanol, followed by permeabilization using lysozyme and proteinase K treatment, for example, enabled the successful identification of specific transcripts in microbial communities through in situ reverse transcription (RT) and PCR with labeled nucleotides (Hodson et al., 1995; Tani et al., 1998). Since in-cell RNA-seq library construction essentially utilizes RT, adapter ligation, and PCR, we propose the use of these methods for the fixation and permeabilization of bacterial cells for SPLiT-seq.



mRNA Enrichment

TerminatorTM 5′-phosphate-dependent-5′ – 3′exonuclease treatment to selectively enrich prokaryotic mRNA will be ideal for bacterial SPLiT-seq. Following mRNA enrichment, multiple options exist for amplification and library construction. For example, the remaining RNA molecules (primarily mRNAs) can be polyadenylated at the 3′-end using a Poly(A) polymerase in the presence of ATP (Figure 1). These molecules will now be compatible with the cell scRNA-seq library construction method that has been developed for eukaryotic cells (Rosenberg et al., 2017). However, the relatively small amounts of RNA in single bacterial cells might make efficient library construction difficult. In that case, the SPLiT-seq protocol can be easily modified to incorporate one of the RNA/cDNA amplification methods that have successfully been applied in prokaryotic systems (e.g., rolling circle amplification or SPIA, see above).


In-Cell Library Construction

The SPLiT-seq method involves in-cell RT using barcoded oligo-dT and/or random hexamer primers, followed by ligation of subsequent barcodes. Briefly, the cells are split into 48 wells each containing barcoded well-specific RT primers, and subjected to in cell RT reactions. If amplification is desired, random hexamer primers can be used in the RT step followed by barcoded primers for rolling circle amplification. This will be followed by two rounds of pooling and random splitting into 48 wells for barcode ligation (Figure 1). A total of three rounds of barcoding (one via RT and two via ligation) can sufficiently distinguish 100,000 single-cell libraries (483 = 110,592 potential barcode combinations). The ligation plate wells would have dsDNA molecules with three distinct functional domains: a 5′-overhang that is complementary to the 5′-end on the cDNA molecule (originating from the RT primer), a unique well-specific barcode sequence, and the other 5′-overhang complementary to the 5′-overhang present on the DNA molecule that is ligated in the next ligation round (Figure 1). For the barcodes in the third round, the dsDNA molecules will have a 5′-overhang that is complementary to the 5′-end on the ligated cDNA molecule (originating from the previous round of ligation), a unique well-specific barcode sequence, and the other 5′-overhang with a universal PCR handle (suitable for Illumina Next-Gen sequencing and flow cell amplification), and a biotin molecule (Figure 1).



Terminal Tagging and Amplification

After in-cell cDNA synthesis and a third round of barcoding, the cells can be lysed, and first strand cDNAs can be isolated by biotin-streptavidin affinity purification. A second Illumina compatible sequencing adapter will be appended to the 3′-end of the first strand cDNAs through terminal tagging (Illumina Script Seq kit; Figure 1). The resulting molecules that are tagged on both ends with Illumina-compatible adapters can be amplified, size-selected for 300–400 bp amplicons using solid phase reversible immobilization (SPRI) beads, and will be ready for next-generation sequencing. Based on the already available examples, we believe that adaptation of SPLiT-Seq for scRNA-Seq of bacterial communities will provide the entire plant-associated microbiome research community with a transformative technology to explore single-cell level changes in gene expression, and to spatially reconstruct microbiome processes.



BIOINFORMATICS OF BACTERIAL SCRNA-SEQ DATA


Read Mapping and Normalization

The major steps in the analytical pipelines for scRNA-seq typically mirror those used for bulk cell RNA-seq analysis. Reads from each cell after barcode splitting and quality control will be mapped separately to reference genomes. For a bacterial community RNA-seq, >13,500 complete bacterial genomes (NCBI as of 04/2019) is a good starting point, as a reference resource. Following regular read mapping (Langmead, 2010), normalization of read counts is a crucial step in RNA-seq analysis. It is generally agreed that compared to “within sample” normalization methods (e.g., FPKM - Fragments Per Kilobase per Million mapped reads), “between sample” normalization methods (e.g., TMM – Trimmed Mean of M values, DESeq) are more robust and accurate (Evans et al., 2018). However, the latter methods might perform poorly when zero counts are present due to a relatively large number of dropouts or cell-specific transcripts in scRNA-seq datasets. A recent method overcomes this by performing normalization based on summed expression values from pools of cells (Lun et al., 2016). While this improves normalization accuracy, it is obvious that the normalized expression values will only be applicable to the pools of cells, what makes this method undesirable for single-cell expression analysis. Therefore, the authors deconvolved the estimates for each pool into the estimates for its constituent cells, ensuring proper normalization of cell-specific biases. Therefore, pool-based normalized read counts can be effectively combined with differential expression analysis methods such as edgeR (McCarthy et al., 2012).

Due to the complex nature of microbiomes, one can expect a large number of unmapped reads. The use of single cell transcriptomes would allow generation and/or updating of reference resources. For example, de novo assembly of unmapped reads in each single cell to construct contigs using the assembly tool, Minia (Chikhi and Rizk, 2013) followed by scaffolding can be used to generate a new genome based on the Genome-organization-framework-assisted assembly pipeline and our previous knowledge of prokaryotic genome organization principles (Yin et al., 2010; Ma and Xu, 2013; Yuan et al., 2017).



Bacterial Transcription Unit Profiling

Based on the normalized read counts data, the basic transcript units (TU) and their expression values are determined by counting the number of reads that map to each TU. Machine learning algorithms such as SeqTU also enable accurate prediction and identification of TUs (Chou et al., 2015). A web server of this algorithm1 was developed in 2017 and is available to automatically identify TUs with given RNA-seq data for any bacterium (Chen X. et al., 2017). In 2019, an R package was released to perform the TU identification locally (Niu et al., 2019). The predicted TUs are displayed intuitively using HTML format along with a graphic visualization of the prediction.



Species and Cell Clustering

In scRNA-seq of bacterial communities, clustering based on their expression profiles and the cluster can be evaluated in two different ways: (1) biological process-based, and (2) taxonomy-based. In the first approach, each cluster is evaluated for enriched biological processes compared to other clusters using Gene set enrichment analysis (Subramanian et al., 2005) and the Database for annotation, visualization and integrated discovery (Dennis et al., 2003). This approach can be expected to determine distinct groups of cells within the microbiome that are enriched in distinct biological processes, for example chemotaxis, cell attachment, N fixation and metabolism, and cell multiplication. In addition, it may be possible to identify groups of cells with a distinct spatial location within the plant-associated microbiome based on their expression profiles; for example, those bacterial cells expressing attachment proteins are likely to be attached to plant surfaces, those expressing extra cellular matrix-associated proteins and displaying reduced expression of flagellar proteins are likely to be embedded in biofilms, and those expressing flagellar proteins are likely to be planktonic cells. In the second approach, the distribution of cells of the same species in different functional clusters and spatial groups can be evaluated. The results can be used to determine if and how different cells of the same species are functionally organized within the microbiome community at each given time point. Reconstructing the predicted microbiomes at each time point based on their spatial and functional information can be a crucial outcome of these analyses. A number of additional single-cell analytical tools are also available for these steps (see Table 1).


TABLE 1. Summary of popular analytical tools for scRNA-Seq.
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DEVELOPMENT OF SCRNA-SEQ METHODS FOR PLANT-ASSOCIATED BACTERIAL COMMUNITIES


Establishment of Defined Microbial Communities for Method Development

We suggest selecting a defined microbial community with 8–10 distinct representative bacterial isolates. For example, to evaluate the assembly of a diazotroph community in cereal plant rhizospheres a mixture of Herbaspirillum seropedicae (20%), Azospirillum brasiliense (5%), Bacillus thuringiensis (10%), Rhizobium leguminosarum (15%), Flavobacterium frigidarium (8%), Actinokineospora diospyrosa (12%), Bradyrhizobium sp. (20%), and Methylibium sp. (10%) can be used (Mao et al., 2014; Soni et al., 2017). A subset of ∼5,000 cells of this defined microbiome can be used to develop and optimize bacterial single-cell sequencing technologies. Single-cell transcriptomes of mammalian cells at a depth of 50,000 paired end reads per cell were sufficient to distinguish different stages of developing human neuronal cortex cells (Pollen et al., 2014). This and other similar studies showed that merged single-cell transcriptomes accurately represent a majority of the ensembled transcriptomes with strongly correlated expression levels. Plant-associated microbial communities on the other hand, contain uncharacterized species with genomes that are not as well annotated as the human genome. However, bacterial genomes typically have <5000 ORFs. Therefore, we expect that a sequencing depth of ∼100,000 reads per cell will allow a meaningful gene annotation and data interpretation.



Evaluation of scRNA-Seq Results

Distinct benchmarks are essential to evaluate the results from scRNA-seq of the defined microbiomes and to validate the developed method for experimental samples. After reads are split according to barcode or assigned to individual microbial cells, they can be mapped to the known genomes of the 8 selected microbial species (see above) in a defined community. Ideally, all reads with the same barcode or those that came from a single cell should map to a single bacterial genome barring some highly conserved genes. Nevertheless, the results from these analyses can provide a benchmark to evaluate the accuracy with which scRNA-seq is able to distinguish transcripts from each individual bacterial species. Similar to the comparison of scRNA-seq data to bulk cell RNA-seq datasets from individual species (Kang et al., 2011; Wang et al., 2015), community scRNA-seq data need to be compared to metatranscriptomes of the same defined microbiome after mRNA enrichment and in vitro library construction. The results from this comparison can be used to evaluate the conformity of both data sets.



OPPORTUNITIES AND CHALLENGES IN SCRNA-SEQ OF PLANT-ASSOCIATED BACTERIAL COMMUNITIES

Evaluating the gene expression patterns in individual cells of plant-associated bacterial communities can provide transformative information not only about the gene expression levels and thereby function in individual members of different species but also about the spatial organization of bacterial communities in plant microbiomes. For example, cells with a higher expression of genes involved in exopolysaccharide synthesis are likely part of biofilms, while those expressing pili-encoding genes are likely attached to the plant surface. The estimated sequencing depth of 500 million reads per sample of 5000 cells [100,000 reads per cell] can be obtained from two sequencing runs (e.g., one high output run with ∼350–400 Mio reads and one medium output run with 120–130 Mio reads on an Illumina NextSeq500) making this approach relatively inexpensive given the depth of information obtained. One of the major challenges is the complexity associated with multiple bacterial genomes present in the community, and the extent of genome sequence information available for each species. Nevertheless, since transcripts from each cell are tagged, general functional capacities expressed in individual bacterial cells can be determined. In fact, it becomes increasingly clear that the metabolic functions of bacterial communities are more important than their taxonomic composition (Louca et al., 2016; Wallace et al., 2018).
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Succession is generally well described above-ground in the boreal forest, and several studies have demonstrated the role of interspecific facilitation in tree species establishment. However, the role of mycorrhizal communities for tree establishment and interspecific facilitation, has been little explored. At the ecotone between the mixed boreal forest, dominated by balsam fir and hardwood species, and the boreal forest, dominated by black spruce, several stands of trembling aspen can be found, surrounded by black spruce forest. Regeneration of balsam fir seems to have increased in the recent decades within the boreal forest, and it seems better adapted to grow in trembling aspen stands than in black spruce stands, even when located in similar abiotic conditions. As black spruce stands are also covered by ericaceous shrubs, we investigated if differences in soil fungal communities and ericaceous shrubs abundance could explain the differences observed in balsam fir growth and nutrition. We conducted a study centered on individual saplings to link growth and foliar nutrient concentrations to local vegetation cover, mycorrhization rate, and mycorrhizal communities associated with balsam fir roots. We found that foliar nutrient concentrations and ramification indices (colonization by mycorrhiza per length of root) were greater in trembling aspen stands and were positively correlated to apical and lateral growth of balsam fir saplings. In black spruce stands, the presence of ericaceous shrubs near balsam fir saplings affected ectomycorrhizal communities associated with tree roots which in turn negatively correlated with N foliar concentrations. Our results reveal that fungal communities observed under aspen are drivers of balsam fir early growth and nutrition in boreal forest stands and may facilitate ecotone migration in a context of climate change.

Keywords: Abies balsamea, boreal forest, ectomycorrhiza, ericaceous shrubs, facilitation, Picea mariana, Populus tremuloides


INTRODUCTION

Tree establishment, growth and survival in a new area are primarily dependent upon seed availability and local environmental conditions. For a given tree species, its capacity to establish under new biotic conditions is predominantly driven by either facilitation or competitive processes (Callaway and Walker, 1997). Within a multi-species environment, species can compete for resources such as light, nutrients or water. At the same time, survival of one species can be facilitated by another species providing protection against predators or extreme climate events (Stachowicz, 2001), or by the presence of their mycorrhizal symbionts which could result in mycorrhizal networks (Simard et al., 2015; Pickles and Simard, 2017), or exchanges of resources (Brooker et al., 2008; Teste et al., 2009). Among the consequences of climate change, changes in species distribution are already observed and could result in new or modified species interactions. Changes in distribution range of species are particularly visible at ecotones between forested ecosystems (Messaoud et al., 2007; Barbeta and Peñuelas, 2017) or at the northern tree line (Harsch et al., 2009; Ratcliffe et al., 2017).

In Québec (Canada), the 49th parallel represents the ecotone between the southern balsam fir-paper birch (mixedwood boreal forest) and the northern black spruce-feather moss (boreal forest) bioclimatic domains. It has been suggested that this ecotone is likely to migrate northward with climate change (Messaoud et al., 2007). South of this ecotone, forest stands are mixed and dominated by Abies balsamea [L.] Mill. (balsam fir-BF), Picea glauca [Moench] Voss (white spruce), Populus tremuloides Michx.(trembling aspen-TA), and Betula papyrifera Marsh. (paper birch), whereas Picea mariana [Mill.] BSP (black spruce-BS), and Pinus banksiana Lamb.(Jack pine) dominate north of the ecotone (Robitaille and Saucier, 1996). In the southern part of the black spruce-feather moss domain, small stands of trembling aspen occur, in which trembling aspen can be dominant (more than 75% of the canopy cover) or mixed with black spruce (between 25 and 75% of the canopy cover; Légaré et al., 2005; Cavard et al., 2011). Following classical forest dynamics in these forests, TA would eventually be replaced by BS in the absence of disturbance (Lecomte and Bergeron, 2005; Belleau et al., 2011), thereby maintaining BS dominance in the area. In areas where balsam fir establishes under BS- and TA-dominated stands, a greater abundance of more vigorous saplings has been observed under TA (Arbour and Bergeron, 2011). As those two types of stands are very close geographically and grow under similar climate, slope and substrates (Légaré et al., 2005; Cavard et al., 2011), the idea of an abiotic determinism could be rejected. On the contrary, aspen-dominated and spruce-dominated stands have different understorey plant and fungal communities, and soil organic contents (Légaré et al., 2005; Cavard et al., 2011; Nagati et al., 2018), suggesting that biotic factors could explain differences in balsam fir growth. Indeed several mechanisms resulting from microbe–mediated interactions could enhance or reduce BF nutrition and growth, and may be involved in plant–plant interactions in the boreal forest.

Among the fungi that interact with tree roots, including BF roots, ectomycorrhizal fungi (EMF) are particularly abundant in boreal soils (Taylor et al., 2013). These fungi improve tree growth and foliar nutrient status in ecosystems where nutrients are mainly found in organic forms, as in boreal forests (Smith and Read, 2008; Inselsbacher and Näsholm, 2012; Franklin et al., 2014). At a worldwide scale, closely related host species tend to share more similar EMF communities than more phylogenetically distant host species (Tedersoo et al., 2013), which may result in greater similarity between BF and BS fungal communities. However, at the local scale, cases of facilitation through mycorrhizal symbioses have rather been detected between phylogenetically distinct plants (Nara and Hogetsu, 2004; Dickie et al., 2006; van der Heijden and Horton, 2009). Mycorrhizal fungi could also shape plant–plant interactions through indirect interactions with plants (Bever et al., 2010). The understorey vegetation under TA is dominated by various ectomycorrhizal tree saplings, endomycorrhizal (AM) shrubs and herbaceous species (Légaré et al., 2005; Cavard et al., 2011) while BS stands understorey is covered by a thick layer of bryophytes and ericaceous shrubs. Limitations to tree establishment and growth for EMF tree species that are adjacent to ericaceous shrubs, which are associated with ericoid fungi, have been documented many times in various ecosystems (e.g., Peterson, 1965; Zackrisson et al., 1997; Yamasaki et al., 1998; Walker et al., 1999; Mallik, 2003). Although the mechanisms explaining such regeneration failures of EMF plant species near ericoid shrubs are not clearly understood (Peterson, 1965; Gallet, 1994; Collier and Bidartondo, 2009; Richard et al., 2009), potential alterations to BF mycorrhizal colonization and mycorrhizal networks cannot be excluded in our system that would explain BF growth differences between TA- and BS-dominated stands.

Our aim was to disentangle the processes controlling BF early growth and nutrition at this boreal ecotone. To achieve this goal, we monitored growth parameters of individual BF saplings for two consecutive years and investigated their EMF communities and their foliar nutrient concentrations under BS and TA stands. We hypothesized that (1) local conditions under TA would lead to greater mycorrhization rates and different EMF communities than under BS and (2) the presence of ericaceous shrubs near BF saplings would reduce growth and mineral nutrition through their effects on EMF symbioses.



MATERIALS AND METHODS


Site Description and Fir Sapling Selection

The study was located across a 36-km2 area within the Clay Belt of northern Québec and Ontario (Canada). Four paired and unmanaged sites within the black spruce-feather moss domain were selected for study (Table 1). Each pair of stands contained one that was dominated by TA, while the other one was dominated by BS (for more information on sites, see Nagati et al., 2018). At each site, 15 BF saplings that were 25–75 cm tall and separated from one another by at least 5 m were selected: five in TA stands; five in BS stands at least 4m away from an ericaceous shrub; and five in BS stands at a maximum distance of 3 m from an ericaceous shrub [BSE, Labrador tea (Rhododendron groenlandicum [Oeder] Kron and Judd) or sheep-laurel (Kalmia angustifolia L.)]. Our sampling design permitted to sample 15 saplings per site (10 in BS stands and 5 in TA stands), resulting in 60 saplings.

TABLE 1. GPS coordinates of sites.
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Balsam Fir Measurements

Annual apical growth (cm) was measured in August 2015 and 2016 with calipers and the two measures were summed. Annual lateral growth was measured on two randomly selected branches per sapling in August 2015 and 2016 with calipers, averaged by year, and then summed. In 2016, the basal diameter of stems (cm) was measured with calipers. Fir needles were harvested in August 2016, forced air-dried at 30°C for 12 h, and sent to the Laurentian Forestry Centre, Canadian Forest Service (Quebec) for chemical analyses. Percentage foliar C and N were measured with a Leco TruMac CNS mass spectrometer (LECO Corporation, St. Joseph, MI, United States). Minor and major cation concentrations (g/kg of needles) were obtained by ICP-OES with a Perkin-Elmer Optima 7300 DV (Waltham, MA, United States), following the method proposed by Kalra (1998).



Characterization of Local Biotic Environment

Given that the main goal of our study was to determine whether biotic interactions affected BF growth and foliar nutritional status, we characterized their local biotic environment. Forest composition within a 3 m radius around each balsam fir sapling was evaluated by measuring the percentages of TA, BS and BF relative to their diameter at DBH (diameter at breast height, 1.3 m). Only trees >5 cm DBH were taken into account. These data allowed to calculate the percent of each tree species (TA, BS, and BF) in the canopy around each BF sapling.



Mycorrhizal Root Tip Counts, Mycorrhizal DNA Extraction, Amplification, and Sequencing

Mycorrhizal communities were assessed for each sapling to test their effect on individual BF growth and foliar nutrient status. The root system of each sapling was gently excavated in August 2016 and washed to preserve mycorrhizal root tips. Mycorrhizal root tip counts were performed the same day that the roots were extracted. For each sapling, we randomly selected three 10-cm root fragments for live mycorrhizal root tip counts under a magnifying glass to calculate mycorrhization rate (number of EMF root tips/total number of root tips) and ramification index (number of EMF root tips per 10 cm root). For each fir sapling, 50 mycorrhizal root tips were sampled and stored in CTAB 2X at −20°C until DNA extraction. Root tips were pooled by tree sapling and manually ground with a pestle before DNA extraction. DNA was extracted with a PowerSoil DNA extraction kit (MoBio, Carlsbad, CA, United States) following the manufacturer’s instructions. A negative blank extraction (extraction without any material) was performed for every set of 23 extractions. In addition, a tool control was performed on tools that were used for field and laboratory work by extracting DNA from distilled water that was used to wash tools. DNA amplification was performed using the method described in Nagati et al. (2018). Briefly, the fungal ITS1 region (Forward: ITS5 GGAAGTAAAAGTCGTAACAAGG, White et al., 1990; and a modified version of Reverse: 5.8S_Fungi CAAGAGATCCGTTGTTGAAAGTK, Epp et al., 2012) was amplified for 35 PCR cycles. PCR samples were sent to GENETOUL GetPlaGe (Toulouse, France) for sequencing on an Illumina MiSeq platform with the TruSeq Nano PCR-free kit. Sequencing was conducted using the paired-end sequencing technology (2 × 250pb) with the chemistry V2.



Bioinformatics and Sequence Analysis

An abundance matrix was constructed with OBITool packages (Boyer et al., 2016) and R script (R Core Team, 2018, version 3.2.3, 2017) based upon the occurrence of sequences among samples. We performed read-pairing assembly, read attribution to samples, read dereplication, and removal of low-quality sequences (shorter than expected, containing ambiguous nucleotides, displaying low score paired-end alignments, or corresponding to singletons). OBITool Sumaclust was used to cluster sequences as OTUs (Operational Taxonomic Units) at a 97% identity threshold (Nilsson et al., 2008). Taxonomic assignment was performed with the OBITool Ecotag function against the GenBank extracted database1. As was the case for our previous dataset that was collected in the same geographic area (Nagati et al., 2018), taxonomic assignments were more accurate with Genbank than with the UNITE public database2. Trophic guild assignment was based upon FUNguild software outputs (Nguyen et al., 2016). Sequences belonging to the same OTU were then summed by sample. Lastly, we removed OTUs that were dominant (with the highest read count) in negative or tool extraction and amplification controls, OTUs not belonging to fungi, or OTUs with coarse-resolution taxonomic assignments (i.e., assigned to Eukaryota).



Statistical Analyses

Statistical analyses were performed in R (R Core Team, 2018). Data are available at Dryad repository (doi: 10.5061/dryad.914j5m0) Our main goal was to compare individual traits and fungal communities among sapling types (BS, BSE, and TA). Abundance of each OTU was used to avoid giving too much importance to rare OTUs, as recommended for fungal ITS (Unterseher et al., 2011; Lindahl et al., 2013). Ectomycorrhizal species richness, Shannon index (H’), ramification index and mycorrhization rate were each calculated and compared according to one-way ANOVA (three levels), followed by Tukey post hoc tests of the means. Foliar nutrient status among saplings growing under BS, BSE, and TA, were compared for each nutrient (N, P, K, Ca, and Mg) with non-parametric Kruskall–Wallis tests, given that the data were not normally distributed, followed by Dunn’s post hoc tests with Bonferroni corrections. As well, sapling growth between the three modalities was compared with Kruskall-Wallis tests and Dunn’s post hoc tests with Bonferonni corrections.

Differences in abundance of each ectomycorrhizal family represented in root tip samples were tested between sapling types with Kruskall–Wallis tests, followed by Dunn post hoc tests with Bonferroni corrections. We only tested differences in abundance at the family level, given that about 30% of OTUs could not be assigned to a genus. Differences in ectomycorrhizal community structure between the roots of the three sapling types were visually described with Non-Metric Multidimensional Scaling (NMDS, vegan package in R; Oksanen et al., 2017) and coordinates of scores on the first two axes of NMDS were extracted for further analyses. Correlation between the NMDS space and individual measures of fir saplings (nutrient concentrations and growth) were tested with envfit (vegan package). Envfit vectors of individual measures were plotted on the NMDS space when p-Values where significant (p < 0.05). Differences in ectomycorrhizal community structure between sites, dominant plant communities (BS, BSE, and TA) were tested with PERMANOVA (Adonis function, vegan package; Oksanen et al., 2017) with nested factors (site/plant community).



Path Analysis

To test direct and indirect effects of the local biotic environment on growth (for this analysis, growth measures from 2015 to 2016 were summed) and foliar N concentrations, we compared three hypotheses by fitting structural equation models (SEM) to the data (with lavaan package; Rosseel et al., 2018). We included only foliar N concentrations in our model, as it was the only nutrient concentration available for all saplings. We constructed three SEMs to represent three a priori hypotheses. Each of the hypotheses is rooted in current knowledge regarding the processes that have been described in the literature, and which are described below. All models were fitted to centered and reduced data.


Complete Model Mod1

Considering direct links, we formulated five hypotheses. The first was that foliar N concentration was positively correlated with growth (Pallardy and Kozlowski, 2008). The second one was that EMF abundance and communities were positively correlated with growth and foliar N concentrations (Smith and Read, 2008). The third hypothesis was that BS stands and the percent of BS near fir saplings were negatively correlated with BF growth and foliar N concentrations (Arbour and Bergeron, 2011). The fourth hypothesis was that the presence of ericaceous shrubs near saplings was negatively correlated with BF growth and nutrition (Peterson, 1965; Yamasaki et al., 1998; Mallik, 2003). Finally, we hypothesized that the percentage of conspecific mature trees near BF saplings was positively correlated with their growth and foliar N, given that local conditions have permitted their growth and survival. Lateral and apical growth were added as co-variables in the model and together co-varied with basal diameter of BF saplings.

For this model, we also formulated indirect linkage hypotheses. The relative percentage of BF was correlated with stand type (Arbour and Bergeron, 2011). The relative percentage of BS was correlated with the stand (Cavard et al., 2011). The presence of ericaceous shrubs was correlated with the stand type (BF saplings in TA stands were never next to ericaceous shrubs). The ramification index was correlated with the stand (see Figure 3), and percent of BF (the presence of mature trees near BF saplings increased the probability of encountering EMF partners). The NMDS first axis was correlated with the stand and the second axis negatively with the presence of ericaceous shrubs (see Figure 5 and PERMANOVA results). The complete model is presented in Figure 1.
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FIGURE 1. Direct acyclic graph of Mod1 (red, blue, and black arrows), Mod2 (blue and black arrows), and Mod3 (black arrows).





Nutrient Model Mod2

The indirect links are the same as for Mod1 but in this model we assumed that foliar N concentration was the only variable that was correlated to growth.



Fungi Centered Model Mod3

The links are the same as for Mod2, but in this model we assumed that only variables linked to EMF were correlated with foliar N concentrations. In this model, NMDS first and second axes and ramification index were the only variables directly linked to N concentrations.

To ensure that our models respected independence between non-linked variables, we performed Fisher’s C test (ggm package, Marchetti et al., 2015). Models with p-Values greater than 0.05 are considered to have respected claims of independence (Shipley, 2000). A model was considered to be representative of the population if the p-Value of the Chi-square test was greater than 0.05. For each model, we calculated the Comparative Fit Index (CFI) and the Tucker-Lewis Index (TLI) to evaluate how each model fits to the data. Values greater than 0.95 were considered to be good fits (Hu and Bentler, 1999). Each structural equation model with Fisher’s C test and Chi-Square p-values > 0.05, CFI > 0.95, and TLI > 0.95 could describe the data well, we used these values as a primary filter to ensure that models fit well the data and are representative of the population. After applying this filter our aim was to select the best model based on AIC criterion, however, only Mod1 passed the primary filter and was de facto selected.





RESULTS


Fir Sapling Traits and Differences Between Stands

Given that 6 of the 60 BF saplings were missing after the first year of fieldwork, the results presented here are based on 18 saplings for each sapling type (i.e., 54 saplings). For 11 saplings, the quantity of needles was insufficient to measure minor and major cations, thereby further reducing the sample size.

Mean foliar N concentrations of BF saplings were highest in TA stands compared to BS and BSE stands (p < 0.05, Figure 2A). Mean foliar K concentration was higher in TA than in BSE stands (p < 0.05, Figure 2C). Foliar P (Figure 2B), Ca, and Mg did not vary between sapling types (p > 0.05). No significant differences were found in root tip EMF richness and Shannon index among sapling types (Figure 3A, p > 0.05). Mean lateral growth of fir saplings did not differ between stands in 2015 and 2016. Apical growth was greater in TA than in BSE stands in 2015, while no difference was detected for apical growth in 2016. Summed lateral and apical growth did not differ between stands. Ramification index of BF roots was higher in TA than in other stands (Figure 3B, p < 0.05).
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FIGURE 2. Boxplot chart representing foliar (A) N, (B) P, and (C) K concentrations of BF needles sampled in different stands (BS, black spruce; BSE, black spruce plus ericaceous shrubs; TA, trembling aspen). Different letters indicate differences between modalities.
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FIGURE 3. Boxplot charts showing (A) EMF richness and (B) number of EMF root tips per 10 cm roots of BF saplings sampled in different stands. BS, black spruce; BSE, black spruce plus ericaceous shrubs; TA, trembling aspen. Different letters indicate differences between modalities.





Ectomycorrhizal Community

A total of 400 EMF OTUs (655,495 reads) were found in EMF root tips from BF saplings, representing 19.5% of OTUs and 59.7% of reads, with an average of 35.4 OTUs and 12,056.8 reads per sample. Variation in EMF root tip communities was explained by plant community (p-Value = 0.035, F = 1.1852, R2 = 0.169), but no effect of site was detected (Table 2). Clavulinaceae were only found under TA. Further, the abundance of Cortinariaceae was higher under BS compared to TA stands, that of Gloniaceae was higher under TA than under BSE, and that of Helotiaceae was higher under BSE than under TA. Finally, abundance of Inocybaceae and Thelephoraceae were greater under TA than under BS and BSE (Kruskal-Wallis and Dunn post hoc tests, p < 0.025, Figure 4). According to the NMDS, EMF communities on root tips from the TA stands were distinct from those under BS and BSE, while communities in BS and BSE overlapped (Figure 5). Envfit test demonstrated that N concentration were significantly associated with NMDS structure (p < 0.05, Figure 5).

TABLE 2. Results of PERMANOVA conducted on EMF community of balsam fir saplings.
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FIGURE 4. Pie chart representing percent of EMF families per stand type for root tips samples of BF saplings (based on the abundance of reads). BS, black spruce; BSE, black spruce plus ericaceous shrub; TA, trembling aspen.
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FIGURE 5. Non-metric multidimensional scaling (NMDS) plots representing similarity between EMF communities of BF root tips in black spruce (BS, red), black spruce + ericaceous shrubs (BSE, green) and trembling aspen (TA, blue) stands. Arrow represents the correlation between N concentration in fir needle and NMDS space.





Path Analysis

The p-Values of the Fisher’s C-tests were greater than 0.05 for the three models, indicating that all models could be accepted. The p-Values of the associated Chi-Square tests ranged between 0.019 and 0.401. CFI ranged between 0.930 and 0.997, while those for TLI ranged between 0.901 and 0.991 (Table 3). Given these results, the interactions model Mod1 was the only one passing the primary filter. Here, we present direct and indirect links for which p-Values were significant at p < 0.05 (for a summary of the parameter estimates, see Supplementary Table 1). Apical and lateral growth was directly correlated with foliar N concentrations (path coefficients were 0.547 and 0.609, respectively) and the ramification index (0.253 and 0.254). Of interest, foliar N concentrations were negatively correlated with NMDS second axis (−0.226) and the percentage of BS (−0.469). The ramification index was negatively correlated with BS stand (−1.573). NMDS first axis was positively correlated with BS stands (1.499), while the second axis was positively correlated with the presence of ericaceous shrubs (0.773). The presence of ericaceous shrubs, in turn, was positively correlated with BS stands (0.500). Percentage of BS was positively correlated with BS stands (1.708), while the percentage of BF was negatively correlated with BS stands (−1.306). Significant direct and indirect links between variables are presented in Figure 6. All significant and non-significant parameter estimates are presented in Supplementary Table 1.

TABLE 3. Statistics of each structural equation models.
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FIGURE 6. Direct acyclic graphs corresponding to Mod1, only significant links between variables are shown, path coefficients are indicated above each arrow.






DISCUSSION

The role of biotic interactions was investigated here to explain observed growth differences in balsam fir saplings growing at a northern ecotone of the boreal forest. We hypothesized that biotic interactions could explain the greater nutrition under aspen than under spruce. Our results suggest that facilitation through ectomycorrhizal fungi, together with competition with ericaceous shrubs under BS, are significant drivers of BF growth and nutrition.

As soil EMF communities were strongly divergent between TA and BS-dominated stands (Nagati et al., 2018), we hypothesized that young BF would associate with distinct EMF in the two stands, and that BF would have greater mycorrhization rates under TA stands. Contrary to our hypothesis, observation of BF root tips revealed EM root tips in all conditions, with similar mycorrhization rate. Sequencing of EM root tips confirmed our observation as species richness was not different between stands. We rather detected differences of root architecture and community composition. Indeed, we observed a higher ramification index under TA than under BS stands, probably leading to differences in abilities to explore soil for resources. Our path analyses suggested that soil conditions in TA stands led to a higher ramification index, which in turn improved BF early growth, likely by enhancing foliar nutrient concentrations. Moreover we detected that percent BS around saplings was negatively correlated to sapling N content, this is probably linked to the greater N availability in TA than in BS stands (Nagati et al., 2018). As demonstrated by path analysis, N availability (reflected by the stand and so on, by the percent of BS) was not the only factor affecting sapling needle N content and EMF community structure was also correlated to N nutrition. There are therefore complex interactions leading to a better nutrition of young BF, and path analyses highlighted the importance of both stand dominance and EMF community.

Between stands, communities of EMF on BF roots were not distinct in species richness but rather in composition, and for example Clavulinaceae were only detected under TA stands. Based on soil sequencing, our previous study also revealed a difference of composition but not species richness between stands (Nagati et al., 2018). More generally, changes in plant dominance rather shape EMF community structure than the species richness (Tedersoo et al., 2012). Such a change in EMF community can have strong functional consequences. Based on our results, changes in community composition were correlated with changes in N concentration. We detected a higher abundance of Inocybaceae and Thelephoraceae in BF roots tips in TA than in BSE and BS stands, and Helotiaceae were more abundant in BSE than TA stand. These differences of EMF abundance between stands could partly explain differences in N uptake by BF saplings. Depending on site conditions, different EMF species or assemblage could have different abilities to uptake nutrients in soil and to transfer these nutrients to plants (Jonsson et al., 2001; Buée et al., 2007). This result could suggest that some fungi are more efficient provider of N to young BF. Nara (2006) experiments illustrated how variable can be the result of EM interactions with distinct EMF fungi. By artificially connecting two different tree species through a common mycorrhizal network from different EMF species, Nara (2006) showed that N nutrition could be 6 times higher when trees were connected by Hebeloma mesophaeum as compared to trees connected by Laccaria amethystina. As BF needles were generally richer in N under TA, the question remain if this benefit under TA could be due to N transfer through a common mycorrhizal network (Simard et al., 2012) involving BF and TA, or only to better soil conditions under TA. We did not sequence TA roots, to detect possible shared fungi and experimental manipulations may be necessary to test whether TA could bring a direct benefit to young BF saplings. As suggested by the models of Bever et al. (2010), the facilitation of BF by TA may not only be explained by shared fungi, but simply by changes in EMF abundance, which we detected between the two stands. The higher abundance of Helotiaceae associated with BF roots near ericaceous shrubs is also interesting. Several studies have demonstrated that some fungi in this family could have a dual-mode of root colonization and forms ectomycorrhiza as well as ericoid mycorrhiza (Vrålstad et al., 2000; Villarreal-Ruiz et al., 2004; Grelet et al., 2010). These species could be more efficient to provide nutrients to ericaceous shrubs than to BF saplings and could explain the lower N nutrition of BF near ericaceous shrubs.

The lower nutrient concentrations found in fir needles (N and K) under BSE stands compared to TA stands (Figure 2), suggest a negative effect of black spruce and ericaceous shrubs association on BF seedlings. These results are consistent with previous studies where ericaceous shrubs that are associated with non-EMF fungi may compete with EMF-associated trees (Yamasaki et al., 1998; Walker et al., 1999; Mallik, 2003). Ericoid mycorrhizal fungi are particularly competitive for recalcitrant organic matter (ROM) decomposition and uptake of N and P (Read, 1996) and probably have the ability to take up nutrient from ROM found around ericaceous shrubs (Joanisse et al., 2018) contrarily to BF-associated EMF communities. In hardwood forests of the southern Appalachians, the presence of Rhododendron maximum L. reduced the ramification index of eastern hemlock (Tsuga canadensis [L.] Carrière) saplings four-fold (Walker et al., 1999). In our study, the presence of ericaceous shrubs (associated with ericoid fungi) close to fir saplings rather affected their root EMF communities than reduced the ramification index. Numerous studies have already shown how ericaceous shrubs affect EMF communities associated with trees, such as red oak (Quercus rubra L.), hemlock (Walker et al., 1999), pine (Pinus strobus L., P. sylvestris L.) (Kohout et al., 2011), and black spruce (Yamasaki et al., 1998; Kennedy et al., 2018). In the boreal forest, ericaceous shrubs not only compete with fir growth and nutrition, but also modify forest dynamics and lead to thick accumulation of soil organic matter and soil acidification. This phenomenon, is a recurrent problem within boreal forests that are situated in the Ontario-Quebec Clay Belt and is often associated with the presence of ericaceous shrubs and Sphagnum mosses (Fenton et al., 2005) and a loss of forest productivity (Simard et al., 2007). The thickness of the soil organic layer is correlated with a decrease in TA establishment and growth within the black spruce-feather moss domain (Lafleur et al., 2015), together with a decrease in black spruce establishment in sites that are dominated by K. angustifolia L. (Mallik and Kravchenko, 2018). Our results suggest that forest regeneration failure in areas with high ericaceous shrub abundance could be explained by their effect on EMF communities, and reciprocally, invite to consider below-ground interactions to avoid or limit regeneration failure.

Whilst our study focused on fir growth, we revealed stronger differences in foliar N concentrations and ramification indices between stands. Indeed difference in annual growth between stands was detected only in 2015. Annual growth of trees is relatively slow in the boreal forest and is correlated with the length of the growing season, which can differ from 1 year to the next (Jarvis and Linder, 2000). Differences in early growth could thus be difficult to detect over a short period of time and would be probably more pronounced when studying several years of growth (see Arbour and Bergeron, 2011). Measuring fitness is always difficult for young trees over a short period of study and measures of foliar nutrient concentrations were more useful to detect differences between stands, and reflected the benefits of EMF symbiosis. Foliar nutrient concentrations were generally greater under TA compared to BS and correlated with growth, which confirmed our hypothesis. This result could be linked to the greater availability of nutrients in TA stands than in BS stands (Cavard et al., 2011; Nagati et al., 2018).

A major goal of forest ecology today is to determine ecosystem trajectories in a context of climate change. In the case of the balsam fir-black spruce forest ecotone, it appears that trembling aspen stands would provide a favorable niche for fir establishment and growth. As demonstrated by Arbour and Bergeron (2011), the higher abundance of balsam fir in TA than BS stands is more pronounced for saplings than seedlings. This result translates a lower mortality and better growth of balsam fir in TA stands which leads to a greater abundance of mature and reproductive trees in these stands. This in turn may result in an increase of mixed forests and deep changes in ecosystem functioning. The distributional ranges of numerous tree species are likely to change within the context of climate change (Bellard et al., 2012; Iverson and McKenzie, 2013; IPCC Climate Change, 2014). Migration has already begun for many tree species in North America (Brandt, 2009; Woodall et al., 2009). Their geographic ranges have been extending northward rapidly (up to 100 km/century; Woodall et al., 2009). Our results suggest that the climatic niche could not alone explain species abilities to establish and that the mutualistic niche (sensus Peay, 2016) have to be explored to ensure a better comprehension of tree migration processes.
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SlZRT2 Encodes a ZIP Family Zn Transporter With Dual Localization in the Ectomycorrhizal Fungus Suillus luteus
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Ectomycorrhizal (ECM) fungi are important root symbionts of trees, as they can have significant effects on the nutrient status of plants. In polluted environments, particular ECM fungi can protect their host tree from Zn toxicity by restricting the transfer of Zn while securing supply of essential nutrients. However, mechanisms and regulation of cellular Zn homeostasis in ECM fungi are largely unknown, and it remains unclear how ECM fungi affect the Zn status of their host plants. This study focuses on the characterization of a ZIP (Zrt/IrtT-like protein) transporter, SlZRT2, in the ECM fungus Suillus luteus, a common root symbiont of young pine trees. SlZRT2 is predicted to encode a plasma membrane-located Zn importer. Heterologous expression of SlZRT2 in yeast mutants with impaired Zn uptake resulted in a minor impact on cellular Zn accumulation and growth. The SlZRT2 gene product showed a dual localization and was detected at the plasma membrane and perinuclear region. S. luteus ZIP-family Zn uptake transporters did not show the potential to induce trehalase activity in yeast and to function as Zn sensors. In response to excess environmental Zn, gene expression analysis demonstrated a rapid but minor and transient decrease in SlZRT2 transcript level. In ECM root tips, the gene is upregulated. Whether this regulation is due to limited Zn availability at the fungal–plant interface or to developmental processes is unclear. Altogether, our results suggest a function for SlZRT2 in cellular Zn redistribution from the ER next to a putative role in Zn uptake in S. luteus.
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INTRODUCTION

Mycorrhizae are omnipresent mutualistic associations between fungi and plant roots. Mycorrhizal fungi provide their host plants with nutrients in exchange for sugar and/or lipids (Martin et al., 2016; Keymer et al., 2017). In addition to the supply of nutrients, host plants may benefit from an improved resistance for organic and inorganic pollutants (Adriaensen et al., 2004; Cabral et al., 2015; Ferrol et al., 2016). Therefore, the use of mycorrhizal plants is considered in phytoremediation applications (Coninx et al., 2017a) and in strategies to improve the nutritional quality of crops (Sharma et al., 2017). As Zn deficiency and Zn toxicity are frequently observed in plants, mycorrhizal fungi with the ability to enhance or reduce Zn transfer to the plant can be crucial for the success of phytoremediation or biofortification applications (Adriaensen et al., 2004; Cavagnaro, 2008; Yang et al., 2015; Miransari, 2017). Zn deficiency is the most widespread and recurrent micronutrient deficiency in pasture and crop plants worldwide (Alloway, 2004), whereas the less prevalent Zn toxicity is generally reported for plants growing in the vicinity of mining or metallurgic plants (Ernst, 1990; Alloway, 2004; Nagajyoti et al., 2010).

Zn deficiency can have severe physiological consequences in plants and mycorrhizal fungi, as Zn is an essential micronutrient that ensures the structural stability and catalytic activity of many proteins. Organisms must maintain adequate intracellular concentrations of Zn (usually between 0.1 and 0.5 mM total cellular Zn), even when extracellular Zn levels are low (Eide, 2006). In order to meet this high demand for Zn, cells primarily rely on integral membrane transport proteins (Gaither and Eide, 2001). Yet, unbound cytoplasmic Zn levels are kept to a minimum in the cell, since free Zn ions can cause harmful effects. Proteins can be damaged or inactivated by the uncontrolled binding of Zn ions to functional groups in these proteins (Gaither and Eide, 2001). In order to avoid Zn toxicity, cells rely on a wide range of Zn homeostasis mechanisms that are strictly regulated. Upon entry into the cell via specialized transporter systems, Zn is either chelated intracellularly by various ligands (e.g., metallothioneins) or sequestered into subcellular compartments by transporter proteins (Becquer et al., 2019). Excess Zn can be removed from the cell via an enhanced efflux (Becquer et al., 2019). Given their crucial role in Zn efflux, uptake, and sequestration, transporter proteins are considered indispensable for the cellular Zn metabolism.

Fungal Zn transporters have mainly been identified in two protein families: the ZIP (Zrt/Irt-like protein) and CDF (Cation Diffusion Facilitator) transporter families (Eide, 2006). These two protein families also include iron (Fe) and manganese (Mn) transporters. Several CDF and ZIP proteins have been demonstrated to transport, to a lesser extent, other divalent metal ions, such as cadmium (Cd), cobalt (Co), and nickel (Ni) (Guerinot, 2000; Montanini et al., 2007). While ZIP transporters are known to transport extracellular or stored Zn into the cytoplasm (Kambe et al., 2006), CDFs decrease cytoplasmic Zn levels by transporting Zn into organelles or out of the cell (Montanini et al., 2007). Several CDFs have been described in ectomycorrhizal (ECM) fungi. In Hebeloma cylindrosporum, Zn storage in endoplasmic reticulum (ER)-derived vesicles is mediated by HcZnT1 (Blaudez and Chalot, 2011). Vacuolar Zn storage in Suillus luteus (Ruytinx et al., 2017) and in Russula atropurpurea (Sacky et al., 2016) is governed by the CDF transporters SlZnT1 and RaCDF1, respectively. Zn export in R. atropurpurea is accomplished by the RaCDF2 transporter (Sacky et al., 2016). Two ZIP transporters, RaZIP1 and SlZRT1, which are involved in high-affinity Zn uptake, were described in R. atropurpurea (Leonhardt et al., 2018) and S. luteus (Coninx et al., 2017b).

Recently, it has been reported that the ZIP transporter ScZRT1, which is one of the two principal plasma membrane-located Zn uptake systems of yeast, has a role in Zn sensing (Schothorst et al., 2017). ScZRT1 governs rapid activation of the PKA (protein kinase A) pathway upon Zn repletion of Zn-deprived yeast cells. This results in a quick exit from the stationary growth phase and a rapid surge in the activity of trehalase, which is a well-established PKA target (Thevelein and de Winde, 1999). ScZRT1 is likely crucial for a swift response to abrupt changes in environmental Zn availability, illustrating the significance of ZIP transporters not only in maintaining the cellular Zn homeostasis but also in regulating the adaptive growth response. In the present study, we aim at characterizing a putative plasma membrane-located ZIP transporter, SlZRT2, in the ECM fungus S. luteus and investigate whether S. luteus ZIP transporters have the potential to function as Zn sensors. S. luteus is an ECM model system and a cosmopolitan pioneer fungus that associates with the roots of young pine trees. The species supports pine seedling establishment (Hayward et al., 2015) and Zn-tolerant suilloid isolates have been demonstrated to protect their host plants from Zn toxicity in Zn-polluted soils (Adriaensen et al., 2004). These features make S. luteus an interesting candidate for use in phytostabilization applications (Coninx et al., 2017b). However, a comprehensive understanding of Zn metabolism in S. luteus and how the fungus affects the host’s Zn status is crucial for the development of such a strategy. While the ability of ECM fungi to decrease or increase the transfer of Zn to the host plant is well-recognized (Colpaert et al., 2011; Langer et al., 2012; Becquer et al., 2019), little is known of the molecular mechanisms involved.



MATERIALS AND METHODS


S. luteus Strains and Culture Conditions

The dikaryotic S. luteus isolate UH-Slu-P4 (Colpaert et al., 2004) was used in this study. The fungal isolate was maintained in culture on modified solid Fries medium (Colpaert et al., 2004). Liquid cultures of UH-Slu-P4 were initiated for use in the gene expression assay as described by Nguyen et al. (2017). Cultures were treated to induce Zn deficiency, Zn sufficiency, and mild Zn toxicity (0, 20, 500, or 1000 mM ZnSO4.7H2O) according to Coninx et al. (2017b). Zn-exposed mycelia (400 mg) were sampled at 1, 2, 4, 8, and 24 h after initiation of Zn treatment, flash frozen with liquid N2, and stored at −70°C.



SlZnT2 Sequence Analysis

The ZIP transporter SlZRT2 was previously identified in the genome of S. luteus UH-Slu-Lm8-n1 v2.0 (Coninx et al., 2017b). The corresponding amino acid sequence was further investigated in silico. Transmembrane domains (TMDs) were predicted by the topology prediction program TMHMM2.0 (Krogh et al., 2001). Amino acid sequence similarities were calculated with Sequence Manipulation Suite version 2 (Stothard, 2000). A subcellular localization prediction was performed with “ProtComp v.9.0. Identifying sub-cellular location (Animals and Fungi)” from Softberry1. SlZRT2 and ScZRT2 (Eide, 1996) were aligned with Multiple Alignment using Fast Fourier Transform version 7 (MAFFT) (Katoh and Standley, 2013).



SlZRT2 Cloning and Heterologous Expression in Yeast

A cDNA library of the sequenced isolate UH-Slu-Lm8-n1 (Kohler et al., 2015) was constructed according to Coninx et al. (2017b). A gene-specific primer pair was developed to amplify the full-length coding sequence of SlZRT2 (forward primer: 5′ TCAGCACTTCACCACAGGCTTACTATC 3′; reverse primer: 5′ CATCCCCACGAGCGCCAT 3′). A 30-μl PCR reaction was performed according to Coninx et al. (2017b). Reaction specificity and amplicon length were verified by visualization of 5-μl PCR product on a 1.5% agarose gel with GelRed® Nucleic Acid Gel Stain (Biotium, Fremont, CA, United States). The remaining PCR product (25 μl) was processed with the GeneJet PCR purification kit (Thermo Scientific, Waltham, MA, United States). Subsequently, the purified amplicon was cloned into the gateway entry vector pCR8/GW/TOPO (Invitrogen, Carlsbad, CA, United States) and transferred to the destination vectors pAG426GAL-ccdB-EGFP (Alberti et al., 2007) and pYES-DEST52 (Invitrogen, Carlsbad, CA, United States) with the Gateway LR-clonase II Enzyme Mix (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions.



Yeast Mutant Phenotype Complementation

The following yeast strains were used for the heterologous expression of SlZRT2: CM30 (MATa, ade6, can1-100, his3-11, 15leu2-3, trp1-1, ura3-52), CM34 or Δzrt1Δzrt2 (CM30, zrt1:LEU2, zrt2:HIS3) (MacDiarmid et al., 2000), BY4741 (MAT a; his3Δ1; leu2Δ; met15Δ0; ura3Δ0), Δsmf1 (BY4741; MATa; ura3Δ0; leu2Δ0; his3Δ1; met15Δ0; YOL122c:kanMX4), and Δftr1 (BY4741; MATa; ura3Δ0; leu2Δ0; his3Δ1; met15Δ0; YER145c:kanMX4) (EUROSCARF, Frankfurt, Germany). High-efficiency yeast transformation was performed with the LiAc/PEG method as described by Gietz and Woods (2002). Selection of the transformed yeast cells and phenotypic screening (drop assays) of the yeasts were performed as described by Coninx et al. (2017b). To induce protein production using the GAL1 promoter, induction SD-URA medium (synthetic defined medium with 20 g l–1 galactose instead of glucose and without uracil) was used. Yeast assays with Δzrt1Δzrt2 strains were performed in petri dishes with solid SD-URA induction medium supplemented with 1 mM ZnSO4.7H2O (control) or 0.5 and 2 mM trisodium citrate to restrict Zn availability in the growth medium. SD-URA induction medium supplemented with 100 μM MnSO4.H2O (control) or 8 and 15 mM egtazic acid (EGTA) was used in the complementation assays with Δsmf1 strains. Assays with Δftr1 strains were performed on SD-URA induction medium supplemented with 100 μM FeCl.6H2O (control) or 10 and 25 μM ethylenediaminetetraacetic acid (EDTA). EGTA and EDTA were supplemented to the SD-URA induction medium to limit the availability of Mn and Fe, respectively. All assays were performed in triplicate using independent yeast clones.



Subcellular Localization of the SlZRT2:EGFP Fusion Protein

Yeast Δzrt1Δzrt2 cells expressing SlZRT2:EGFP (enhanced green fluorescence protein) translational fusion proteins were grown to mid-log phase OD600 = 1 on SD-URA induction medium with 100 μM ZnSO4.7H2O. Staining of the plasma membrane and vacuolar membrane was performed with FM4-64 (Molecular Probes, Invitrogen, Carlsbad, CA, United States) at 0 and 30°C, respectively, as described by Vida and Emr (1995). When applied at 30°C, this lipophilic dye ends up in the vacuolar membrane of living yeast cells through an endocytic pathway. Application of the same dye in yeast cultures kept on ice (0°C) results in plasma membrane staining due to the inhibition of endocytosis by low temperatures (Vida and Emr, 1995). Nuclei were visualized with the cell-permeant nuclear counterstain Hoechst 33342 (Invitrogen, Carlsbad, CA, United States). Hoechst 33342 was added at a final concentration of 10 μg ml–1 to an aliquot of yeast culture in liquid SD-URA induction medium with 100 μM ZnSO4.7H2O. Yeast cells were incubated in the dark at 30°C for 40 min.

Imaging of the FM4-64 vacuolar and plasma membrane staining in EGFP-expressing yeast cells was performed with a Zeiss LSM 880 laser scanning confocal microscope (Carl Zeiss, Jena, Germany) mounted on an inverted microscope Axio observer (Carl Zeiss, Jena, Germany) using a Zeiss 63 × NA1.2 water immersion C-Apochromat objective. EGFP and FM4-64 were simultaneously excited using, respectively, the 488-nm laser line of an argon-ion laser and the 633-nm laser line of a helium–neon laser. An MBS 488/543/633 beam splitter was used to separate fluorescence emission light from this excitation light. The resulting emission light of EGFP and FM4-64 was detected using, respectively, the wavelength range of 490 to 570 nm of the spectral GaAsP detector and the wavelength range of 637 to 758 nm detected by a PMT. An image resolution of 512 by 512 pixels was used, with a pixel dwell time of 8.19 μs and a pixel size of 70 nm.

Hoechst 33342-stained EGFP-expressing yeast cells were analyzed with an Elyra PS.1 (Carl Zeiss, Jena, Germany), using a Zeiss 100 × NA1.46 oil immersion alpha Plan-Apochromat objective. A sequential recoding of two channels was performed. Hoechst 33342 was excited using a 405-nm laser line and emission was collected through a BP 420–490 nm band-pass filter. EGFP was excited using a 488-nm laser line and emission was collected through a BP 495–575 nm band-pass filter. The image was recorded using an EM-CCD camera (Andor) with a resolution of 512 by 512 pixels, a pixel size of 100 nm, and an exposure time of 300 ms. Image processing was carried out with ZEN 2.3 (blue edition) Service Pack 1 Software (Carl Zeiss, Jena).



Zn Content Analysis of Transformed Yeasts

Transformed yeast cells were grown in liquid induction medium with 100 μM ZnSO4.7H2O at 30°C to mid log phase (OD600 ± 1.5). After dilution to OD600 = 1, 1 ml of yeast suspension was added to 20 ml of liquid induction medium with 100 μM ZnSO4.7H2O. Five independent yeast clones of each transformed yeast strain were tested. Cultures were grown for 24 h at 30°C. Yeast cells were collected by centrifugation and washed three times with 20 mM PbNO3 and milli-Q water. Collected cells were resuspended, lyophilized, and acid digested according to Coninx et al. (2017b). Zn content was analyzed with inductively coupled plasma optical emission spectrometry (ICP-OES).



Trehalase Activity in Transformed Yeasts

Transformed yeast cells were grown in liquid induction medium supplemented with 500 μM trisodium citrate at 30°C until culture saturation. Saturated yeast suspension (0.5 ml) was re-inoculated in fresh induction medium with 500 μM trisodium citrate. Zn-deprived cells were grown for 2 h in Zn limitation medium containing 10 mM trisodium citrate and 1 mM EDTA and treated with 5 mM ZnCl2. Culture aliquots containing 75 mg (wet weight) cells were taken at −5, 0, 1, and 4 min after treatment with Zn. Yeast cells were resuspended in 45 ml of ice-cold water and harvested by centrifugation. Crude protein extracts were prepared according to Pernambuco et al. (1996).

Crude extracts were dialyzed as described by Van Houtte and Van Dijck (2013) with the PierceTM 96-well Microdialysis Plate (10K MWCO) (Thermo Fisher, Waltham, MA, United States). Trehalase activity assay and data analysis were performed according to Van Houtte and Van Dijck (2013).



Gene Expression Analysis in S. luteus

The effect of the extracellular Zn concentration on the expression of SlZRT2 was analyzed in the isolate UH-Slu-P4 via reverse transcription quantitative polymerase chain reaction (RT-qPCR). The experimental setup and data analysis were performed as described by Coninx et al. (2017b). For the amplification of SlZRT2, a gene-specific primer pair was designed using Primer3web version 4.1.0 (Rozen and Skaletsky, 2000) (forward primer: 5′ TTCTACGCTCTCACTCGAAG 3′; reverse primer: 5′ CGGTGAACTGTATGACTGGA 3′, primer efficiency = 96.9%). Expression data were normalized with the reference genes TUB1, ACT1, AM085296, AM085296, and GR97562 (Ruytinx et al., 2016). Reference gene expression stability was confirmed within the current experimental setup using GeNorm (Vandesompele et al., 2002). The geometric mean of the relative expression levels of the reference genes was calculated and applied as a normalization factor. Gene expression data were expressed relative to the sample with the highest expression level via the formula 2–Δ Ct.

Mean values of the biological replicates (n = 4) were calculated, rescaled to the 20 μM Zn (control) condition within each time point, and log2 transformed. To assess differences in SlZRT2 expression levels, a two-way analysis of variance (ANOVA) followed by a Tukey’s HSD test was performed in “R” version 3.2.2 (R Core Team, 2012).

The transcript profiles of SlZRT1 and SlZRT2 were analyzed in free living mycelium (FML) UH-Slu-Lm8-n1 (Kohler et al., 2015) and in symbiotic S. luteus–Pinus sylvestris ECM root tips. Expression data were obtained from the GSE63947 expression data set, which is published (Kohler et al., 2015) and can be accessed via the Gene Expression Omnibus at the NCBI website (National Center for Biotechnology Information2). Significant differences in SlZRT1 and SlZRT2 expression were assessed with the Welch Two Sample t test using “R” version 3.2.2 (R Core Team, 2012).



Zn Accumulation in S. luteus

The Zn content of the S. luteus isolate UH-Slu-P4 was analyzed at multiple time points following Zn exposure. The experimental setup was identical to the one used in the RT-qPCR assay. At each exposure time point, four aliquots of mycelium (± 50 mg wet weight) were collected in 2-ml Eppendorf tubes and washed three times with 20 mM PbNO3 and milli-Q water. Mycelial samples were lyophilized and acid digested, and Zn content was determined by ICP-OES.



RESULTS


SlZRT2 Sequence Analysis

SlZRT1 and SlZRT2, two homologs of the yeast ZIP transporters ScZRT1 and ScZRT2, were recently identified in the genome of S. luteus. SlZRT1 functions as a high-affinity plasma membrane-located Zn transporter (Coninx et al., 2017b).

SlZRT2 is predicted to have a 1678-bp open reading frame consisting of eight exons. These eight exons encode a 425-amino-acid polypeptide (jgi prot ID 720881), which demonstrates several typical ZIP transporter features (Figure 1). SlZRT2 is predicted to localize to the plasma membrane and to have eight TMDs and a long variable cytoplasmic loop between TMD3 and TMD4. The variable cytoplasmic loop contains several histidine-rich motifs (HHXH, CXHXXHH, HXHXHX) that could function as binding site(s) for Zn and/or other metals, so-called metal binding domains (MBDs). ZIP signature sequence (Eng et al., 1998) and typically conserved histidines were identified (Figure 1). First two histidine-rich motifs are separated by only five amino acids and might be considered as one. As the previously characterized SlZRT1, SlZRT2 shows a high degree of sequence similarity with the yeast ZIP transporters ScZRT1 and ScZRT2. Though considerable sequence variation is observed within the cytoplasmic loop between TMD3 and TMD4. In SlZRT2, the first histidine-rich motif is preceded by a long amino acid stretch and is somehow shifted toward the second histidine-rich motif when compared with ScZRT2.
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FIGURE 1. SlZRT1, SlZRT2, ScZRT1, and ScZRT2 protein sequence. Transmembrane domains (TMDs) as predicted by TMHMM2.0, are indicated in green, putative histidine-rich metal binding domains (MBDs) in blue, and the ZIP signature sequence (Eng et al., 1998) in red. Two among ZIP proteins conserved histidines (located in TMD4 and TMD5) are indicated with an asterisk.




Heterologous Expression of SlZRT2 in Yeast

Heterologous expression with the empty vector (EV) did not result in complementation of any metal uptake-deficient phenotype (Figures 2A–C and Supplementary Figures S1A,B), whereas growth of the Zn uptake-deficient yeast mutant Δzrt1Δzrt2 was partially restored by heterologous expression of SlZRT2 (Figure 2A and Supplementary Figures S1A,B). When compared to SlZRT1, SlZRT2 is less able to complement the Zn-deficient phenotype of Δzrt1Δzrt2. SlZRT2 is not able to complement the Fe uptake-deficient phenotype of Δftr1 (Figure 2B). However, growth of the Mn uptake-deficient yeast mutant Δsmf1 is marginally restored (Figure 2C).
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FIGURE 2. Functional complementation assays of Zn, Fe, and Mn uptake-deficient yeast strains Δzrt1Δzrt2 (A), Δftr1 (B), and Δsmf1 (C). Cultures of wild-type (WT) and mutant yeast cells (OD600 = 1) were 10-fold serial diluted (100, 10–1, 10–2, and 10–3) and spotted on control (first column) or selection SD medium (second and third column). Control medium was supplemented with Zn, Fe, or Mn and selection medium with different concentrations of citrate, EDTA, or EGTA. WT cells were transformed with the empty vector (EV, pYES-DEST52; Invitrogen). Yeast mutants were transformed with the EV or the vector containing SlZRT2 or previously characterized SlZRT1. Pictures were taken after 3 days of growth and experiments were carried out for three independent clones.


Yeast cells expressing the SlZRT2:EGFP fusion protein (Figures 3A,B and Supplementary Figure S2A) displayed GFP fluorescence at two distinct subcellular locations. An outer green fluorescent ring co-localizes with FM4-64 plasma membrane staining at 30°C (Figure 3A) and GFP fluorescence in the perinuclear region surrounding the Hoechst33342 nucleic acid stain (Figure 3B). No co-localization of EGFP fluorescence with FM4-64 vacuolar staining (0°C) was observed (Supplementary Figure S2A). EGFP fluorescence of EV transformed yeast cells was solely detected in the cytoplasm (Supplementary Figures S2B,C).


[image: image]

FIGURE 3. Localization of the SlZRT2:EGFP fusion protein in yeast. (A) FM4-64 plasma membrane staining on ice to avoid endocytosis of the dye and (B) Hoechst 33324 nuclear staining. From left to right, pictures visualize the EGFP (green) fusion protein (left), FM4-64 (red) or Hoechst (blue) staining (middle), and the merged image (right).




Zn Content Analysis of SlZRT2 Transformed Yeast Cells

Yeast cultures were grown in standard growth medium supplemented with 100 μM Zn to ensure adequate growth of all yeast mutants. Wild-type (WT) cells transformed with an empty vector (EV) contain significantly more Zn than Δzrt1Δzrt2 mutant cells transformed with the same EV (Figure 4). Δzrt1Δzrt2 mutants transformed with SlZRT2 have a significantly higher Zn content than the Δzrt1Δzrt2 transformations with the EV. Yet, the Zn content of SlZRT2 transformed mutant cells is still significantly lower than the WT transformations. Similar differences in Zn content were observed in yeast strains transformed with the SlZRT2:EGFP fusion protein (Supplementary Figure S3). No differences in Mn or Fe content were observed in yeast strains with either SlZRT2 or SlZRT2:EGFP heterologous expression (Supplementary Figures S4A,B).


[image: image]

FIGURE 4. Zn content of WT and Δzrt1Δzrt2 transformed yeast cells transformed with the EV (pYES-DEST52; Invitrogen) or the vector containing SlZRT2. Data are the average ± standard error (SE) of five replicates; significant differences (p < 0.05) are indicated by different letters.




Trehalase Activity in Zn-Depleted Yeast Cells Re-supplemented With Zn

Trehalase activity was assessed in Zn-depleted WT and Δzrt1Δzrt2 cells upon Zn repletion. WT cells were transformed with the EV (Figure 5A) and Δzrt1Δzrt2 yeast cells with the EV (Figure 5B and Supplementary Figures S5A,B), SlZRT1 (Figure 5C and Supplementary Figures S5A,B), or SlZRT2 (Figure 5D and Supplementary Figures S5A,B).


[image: image]

FIGURE 5. Trehalase activity in Zn-depleted yeast cells after the re-supplementation of Zn. Trehalase activity was assessed in yeast cells maintained on Zn starvation medium (in gray; negative control) and after the addition of 5 mM ZnCl2 (in black). (A) WT cells transformed with the EV (pYES-DEST52; Invitrogen). Data are the mean ± SE of three biological replicates. Cells were cultured for 2 days in SD medium supplemented with 10 mM citrate and 1 mM EDTA to trigger Zn starvation. (B,C) Trehalase activity of Δzrt1Δzrt2 yeast mutant cells. The trehalase assay with Δzrt1Δzrt2 cells was performed three times, each time under a different Zn starvation regime. Representative results from one starvation regime are shown. Cells were cultured for 2 h in SD medium supplemented with 10 mM citrate and 1 mM EDTA to trigger Zn starvation. Δzrt1Δzrt2 cells were transformed with the EV (B; pYES-DEST52; Invitrogen), SlZRT1 (C), or SlZRT2 (D). (Results from the two other Zn starvation regimes are shown in Supplementary Figure S5.)


Rapid Zn-induced signaling to the PKA pathway via an increase in trehalase activity was only observed in WT yeast cells. Re-addition of Zn to the Zn-deprived WT cells resulted in a significant 1.5-fold increase in trehalase activity after 1 min (p = 0.0414, unpaired t test) (Figure 5A). No changes in trehalase activity were observed for Δzrt1Δzrt2 cells transformed with the EV, SlZRT1, or SlZRT2.



Effect of Extracellular Zn on SlZRT2 Expression in S. luteus

SlZRT2 gene expression was analyzed after short exposure times (1, 2, 4, 8, and 24 h) to different Zn concentrations [0, 20 (control), 500, and 1000 μM]. Figure 6A illustrates that SlZRT2 mRNA levels are rapidly affected by changes in external Zn concentration. A significant downregulation is observed after 2-h exposure to mildly toxic Zn concentrations (500 and 1000 μM). Despite the difference in Zn concentration, exposure to 500 and 1000 μm Zn resulted in a similar SlZRT2 expression pattern. Moreover, when external Zn is absent, the SlZRT2 expression level is also observed to fluctuate in the initial time points (1, 2, and 4 h). At the later time points (8 and 24 h), SlZRT2 mRNA levels of all the Zn treatments converge and no differences in gene expression are observed.
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FIGURE 6. SlZRT2 expression (A) and Zn content (B) in S. luteus mycelium after 0-, 1-, 2-, 4-, 8-, and 24-h exposure to different concentrations of Zn. Significant differences within each time point are indicated by different letters (p < 0.05). (A) SlZRT2 expression data are the average ± SE of three biological replicates and expressed relative in log2(fold change) to the control condition (20 μM Zn) within each time point. (B) Mycelial Zn content data are the average ± standard error (SE) of four biological replicates.




Zn Accumulation in S. luteus Exposed to Different Concentrations of Zn

Internal mycelial Zn concentrations were measured 1, 2, 4, 8, and 24 h following Zn treatment [0, 20 (control), 500, and 1000 μM] to observe the Zn accumulation pattern in S. luteus. While no difference in the Zn accumulation pattern of the 20 μM (control) and 0 μM Zn treatment was observed, treatment with 500 and 1000 μM Zn resulted in a significantly higher Zn uptake (Figure 6B). Although more Zn is accumulated in the 1000 μM treatment, compared to the 500 μM treatment, both Zn exposures have a similar accumulation pattern, with a drop in Zn content at 4 h. This drop occurs shortly after the downregulation in SlZRT2 expression.



SlZRT1 and SlZRT2 Transcript Levels in Free-Living S. luteus Mycelium and Mycorrhizal Root Tips

To assess whether SlZRT1 and SlZRT2 are differentially expressed in S. luteus FLM and ECM root tips, RNA-Seq data of these morphological structures were analyzed. Indeed, transcript levels of both ZIP genes are significantly higher in the ECM root tips of the S. luteus–P. sylvestris association, when compared to the in vitro FLM (Table 1; p values <0.05). A sevenfold increase in the expression of SlZRT1 was observed in ECM root tips. This change in gene activity was less pronounced for SlZRT2, for which the transcript levels were 2.3 times higher in the ECM root tips.


TABLE 1. SlZRT1 and SlZRT2 transcript levels in S. luteus–P. sylvestris mycorrhizal root tips (ECM) and S. luteus free-living mycelium (FLM).

[image: Table 1]


DISCUSSION

Zn is estimated to interact with ∼9% of the eukaryotic proteome to support their structure or catalytic function (Andreini et al., 2006). A tightly controlled cytoplasmic Zn concentration is essential to supply these proteins and overcome malfunction through deficiency or excess. Main gateways for Zn to the cytoplasm are ZIP transporters (Guerinot, 2000). Here, we report on the characterization of a second ZIP transporter, SlZRT2, in the ECM fungus S. luteus. SlZRT2 has a high sequence similarity with the previously characterized plasma membrane localized Zn importer, SlZRT1, of the same species (Coninx et al., 2017b) and both high- and low-affinity Zn importers ScZRT1 and ScZRT2 of budding yeast. Nevertheless, considerable sequence variation was observed between TMD3 and TMD4, including two histidine-rich domains. First, the SlZRT2 histidine-rich domain differs in size and position when compared to its homologs. Histidine-rich domains are potential metal binding domains and are assumed to determine substrate specificity and affinity of transporters (Guerinot, 2000). Site-directed mutations of the histidines in the histidine-rich domains of several yeast and human ZIP transporters resulted in a reduced or disrupted Zn uptake capacity (Gitan et al., 2003; Milon et al., 2006; Mao et al., 2007). The variations between the histidine-rich domains of SlZRT2 and ScZRT2 could therefore reflect an altered affinity for Zn or a modified metal specificity.

Heterologous expression of SlZRT2 in yeast identified Zn as primary substrate and indicated a minor role for SlZRT2 in Zn uptake. SlZRT2 restored the Zn uptake-deficient phenotype of the Δzrt1Δzrt2 yeast mutant only partly and performed significantly less than the previously characterized SlZRT1 considering Zn uptake. Cellular Zn concentrations in SlZRT2 overexpressing Δzrt1Δzrt2 yeast clones were only slightly higher than those in EV transformed Δzrt1Δzrt2 clones (Figure 4). Under the same conditions, SlZRT1 was shown to restore cellular Zn concentrations to the WT level (Coninx et al., 2017b). As mentioned previously, in budding yeast, Zn uptake is governed by two ZIP family transporters, ScZRT1 and ScZRT2. ScZRT1 functions as a high-affinity uptake system in severe Zn limiting conditions (Zhao and Eide, 1996a). Under mild Zn deficiency, ScZRT2 mediates Zn uptake (Zhao and Eide, 1996b). This low-affinity transporter is repressed in low zinc and induced upon re-supplementation (Bird et al., 2004). A similar regulation of Zn uptake might operate in S. luteus, using SlZRT1 and SlZRT2 as high- and low-affinity Zn importers, respectively. Next to Zn import, SlZRT2 might contribute at Mn uptake as shown by a reduced sensitivity toward Mn deficiency of SlZRT2 overexpressing Δsmf1 yeast mutants (Figure 2A and Supplementary Figures S1A,B). Different secondary substrates, including Mn, Fe, Cu, and Cd, were suggested for many ZIP proteins (Guerinot, 2000).

The SlZRT2:EGFP fusion protein was observed at two subcellular locations in yeast: the perinuclear region and the plasma membrane (Figures 3A,B and Supplementary Figure S2A). The EGFP signal observed at the perinuclear region likely corresponds to the ER membrane and also the putative plasma membrane localized signal might be mainly due to ER localization. In yeast, the ER is composed of perinuclear ER, which surrounds the nucleus, and of peripheral ER, which is juxtaposed to the plasma membrane (Preuss et al., 1991; Prinz et al., 2000). An ER localization of fungal ZIP family Zn importers was observed previously as an artifact of GFP labeling for ScZRT1 of Saccharomyces cerevisiae in particular conditions (Schothorst et al., 2017) or of overexpression for RaZIP1 of R. atropurpurea (Leonhardt et al., 2018). We do not expect ER localization of SlZRT2:EGFP to be due to artifacts. In contrast to ScZRT1 and RaZIP1, which are both able to restore the Zn-deficient phenotype of Δzrt1Δzrt2 yeast mutants to a large extent (Zhao and Eide, 1996a; Leonhardt et al., 2018), SlZRT2 makes only a minor contribution to Zn uptake when overexpressed in the Δzrt1Δzrt2 mutant (Figures 2, 4). These results for SlZRT2 were independent of the presence/absence of the EGFP tag (Supplementary Figures S1A, S3). A primary function of SlZRT2 in Zn redistribution from the ER and secondary function as low-affinity Zn uptake mechanism is likely.

Next to their transport function, some plasma membrane-localized transporters function as nutrient sensors (Steyfkens et al., 2018). ScZRT1 of budding yeast is such a protein with dual Zn transport and receptor function. This high-affinity Zn importer activates the PKA pathway and induces downstream trehalase activity upon Zn repletion after a prolonged period of starvation (Schothorst et al., 2017). As the previously characterized SlZRT1, SlZRT2 was not able to induce trehalase activity in yeast (Figures 5B–D and Supplementary Figures S5A,B) and thus translate environmental Zn availability to an adaptive growth response. A currently unknown mechanism, independent from Zn membrane importers, might connect Zn availability to an adaptive growth response in S. luteus.

Zn uptake in yeast and many other organisms is controlled at the transcriptional level by Zn availability (Jung, 2015; Wilson and Bird, 2016). In S. luteus, transcripts of the high-affinity Zn uptake transporter SlZRT1 swiftly accumulate upon Zn starvation, normalize after a few hours, and are more abundant again after 24 h. In conditions of Zn excess, transcription is significantly downregulated within 2 h and remains low over time (Coninx et al., 2017b). Cellular Zn accumulation pattern in S. luteus (Figure 6B) follows the SlZRT1 transcription level. Zn was also observed to regulate SlZRT2 transcript levels (Figure 6A). However, the impact of external Zn concentration on transcription level was low and only significant at the early time points upon growth in excess Zn. These gene expression results in S. luteus suggest a major function for SlZRT2 in cellular Zn redistribution rather than Zn uptake from the environment, as was also indicated by the heterologous expression experiments in yeast.

In ECM root tips, SlZRT2 transcript levels are 2.4-fold higher when compared to those in free-living mycelium. This might indicate a need for redistribution of ER-stored Zn pool and a low cytosolic Zn state. Indeed, also high-affinity Zn importer SlZRT1 is highly regulated in ECM root tips with a sevenfold increase in transcript levels. It is unclear (1) whether this high demand for Zn is induced by a low availability of Zn at the plant–fungal interface and (2) if both symbiotic partners are competing for this important micronutrient. Similar increases in transcript level (8×) were noted for the putative ZIP-family Zn importer of the arbuscular mycorrhizal fungus Rhizophagus irregularis when comparing intraradical (i.e., symbiotic) and extraradical mycelium (Tamayo et al., 2014). However, increases in transcript level of nutrient uptake transporters in ECM root tips are not restricted to Zn-transporting ZIP-family proteins but were previously observed for the nitrate/nitrite transporter TbNrt2 of Tuber borchii (Montanini et al., 2006) and the phosphate transporter HcPT2 of H. cylindrosporum (Becquer et al., 2019). Interestingly, the phosphate uptake transporter HcPT2 of H. cylindrosporum is indispensable for phosphate release toward the host plant (Becquer et al., 2019). This induces the question whether gene expression of nutrient uptake transporters at the symbiotic interface is regulated by substrate availability or other developmentally related cues and whether they might alter function due to unknown (post-translational) regulatory mechanisms. Rapid mobilization of ER-stored Zn was observed in the fungus Candida albicans in response to glucose availability (Kjellerup et al., 2018). A response of ER-localized SlZRT2 to glucose or other plant-derived cues and subsequent Zn release might be part of developmental signaling pathways in S. luteus. Zn released from the ER is known to function as a secondary messenger, transducing external signals to result in an adaptive response in animal cells (Yamasaki et al., 2007).



CONCLUSION

In conclusion, we characterized a second ZIP transporter, SlZRT2, in S. luteus. SlZRT2 localizes to the ER and plasma membrane and likely mediates Zn redistribution in response to Zn availability and developmental stage. A small contribution of SlZRT2 to Zn uptake as a low-affinity plasma membrane-localized transporter is expected. It is unclear whether a putative cytoplasmic Zn release by SlZRT2 in ECM root tips is a response to low Zn availability at the plant–fungal interface or functions as a secondary signal coordinating developmental growth responses. Further investigations of Zn mobilization and involved transporters, including their regulation mechanisms, are necessary to understand how mycorrhizal fungi contribute at an improved Zn status of plants.
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FIGURE S1 | Functional complementation assays of the Zn uptake-deficient yeast strain Δzrt1Δzrt2. Cultures of WT and mutant yeast cells (OD600 = 1) were 10-fold serial diluted (100, 10–1, 10–2, and 10–3) and spotted on control (first column) or selection SD medium (second and third columns). Control medium was supplemented with Zn and selection medium with EDTA or citrate, since both substances are known to limit Zn availability in the medium. The supplement concentrations are indicated above the pictures. Pictures were taken after 3 days of growth and experiments were carried out for three independent clones. (A) WT cells were transformed with the EV (pAG306GAL-ccdB-EGFP; Alberti et al., 2007). Yeast mutants were transformed with the EV or the vector containing SlZRT2:EGFP or SlZRT1:EGFP. (B) Δzrt1Δzrt2 complementation assay according to Coninx et al. (2017b) with EDTA supplementation in the growth medium. Culture conditions were identical to the ones used in the complementation assay of SlZRT1 (Coninx et al., 2017b). WT cells were transformed with the EV (pYES-DEST52; Invitrogen). Yeast mutants were transformed with the EV or the vector containing SlZRT2.

FIGURE S2 | Fluorescence of Δzrt1Δzrt2 yeast cells expressing SlZRT2:EGFP (A) or an EV control (B,C; pAG306GAL-ccdB-EGFP; Alberti et al., 2007). Cells were visualized for EGFP (left), the counterstaining (middle), or merged images (right). (A) FM4-64 vacuolar staining at 30°C to allow endocytosis of the dye by Δzrt1Δzrt2 cells expressing SlZRT2:EGFP. (B) FM4-64 vacuolar staining (30°C) and (C) Hoechst 33324 nuclear staining of EV transformed Δzrt1Δzrt2 cells.

FIGURE S3 | Zn content of WT and Δzrt1Δzrt2 transformed yeast cells transformed with the EV (pAG306GAL-ccdB-EGFP; Alberti et al., 2007) or the vector containing SlZRT2. Data are the average ± standard error (SE) of five biological replicates; significant differences are indicated by different letters (p < 0.05). For a borderline significant difference, the letter is placed within brackets (p ≤ 0.07).

FIGURE S4 | Mn (A) and Fe (B) content of WT and Δzrt1Δzrt2 transformed yeast cells transformed with the EV or the vector containing SlZRT2. Yeast cells were transformed with the vector pYES-DEST52 (Invitrogen, left) or with pAG306GAL-ccdB-EGFP (Alberti et al., 2007; right). Data are the average ± standard error (SE) of five replicates; significant differences (p < 0.05) are indicated by different letters.

FIGURE S5 | Trehalase activity in Zn-depleted Δzrt1Δzrt2 cells after the re-addition of Zn. Δzrt1Δzrt2 cells were transformed with the EV (triangles, pYES-DEST52; Invitrogen), SlZRT1 (circles), or SlZRT2 (diamonds). All yeast cultures were grown for 2 days on SD medium with 0.5 mM citrate to induce Zn starvation. Trehalase activity was assessed in yeast cells maintained on Zn starvation medium (in gray; negative control) and after the addition of 1 mM ZnCl2 (in black) (A) 4.5 h prior to the experiment, yeast cultures were transferred to fresh SD medium with 0.5 mM citrate and 200 μM EDTA. (B) 4 h prior to the experiment, yeast cultures were transferred to fresh SD medium with 10 mM citrate and 1 mM EDTA.
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Past endosymbiotic events allowed photosynthetic organisms to flourish and evolve in terrestrial areas. The precursor of chloroplasts was an ancient photosynthetic cyanobacterium. Presently, cyanobacteria are still capable of establishing successful symbioses in a wide range of hosts. One particular host plant among the gymnosperms is cycads (Order Cycadales) in which a special type of root system, referred to as coralloid roots, develops to house symbiotic cyanobacteria. A number of studies have explained coralloid root formation and cyanobiont invasion but the questions on mechanisms of this host-microbe association remains vague. Most researches focus on diversity of symbionts in coralloid roots but equally important is to explore the underlying mechanisms of cycads-Nostoc symbiosis as well. Besides providing an overview of relevant areas presently known about this association and citing putative genes involved in cycad-cyanobacteria symbioses, this paper aims to identify the limitations that hamper attempts to get to the root of the matter and suggests future research directions that may prove useful.

Keywords: cyanobacteria, cycads, coralloid roots, symbiosis, cyanobionts, endosymbiosis, heterocyst, hormogonia


INTRODUCTION

Cyanobacteria are the ancestors of chloroplasts. Gaining a deeper understanding on how communication between a symbiont and a host occurs at the molecular level may provide insights on the evolution of green plants. Studies addressing the function and symbiotic mechanisms between cycads and cyanobacteria in coralloid roots are scant when compared to studies of associations of cyanobionts with other host plants such as the angiosperm Gunnera, the water fern Azolla and the bryophytes Blasia and Anthoceros, to cite a few (Adams et al., 2013; Warshan, 2017). Most of the literature on cyanobacterial associations with cycads are old. Recent publications (Bergman et al., 1992; Kluge et al., 1992; Adams and Duggan, 2008; Rikkinen, 2015; Pereira, 2017) based their analyses on other host-symbiont models in an attempt to explain this ancient partnership. Therefore, this review aims to summarize current knowledge about endosymbiosis and highlighting past and present work on cycads-cyanobacterial associations. A section is also dedicated to briefly citing symbiosis-associated genes already identified from other symbiotic models that are relevant in trying to determine the core functions and mechanisms of maintaining stable symbiotic relationships. This review targets readers whose knowledge about coralloid roots of cycads are limited with the aim to spark interest in this infrequently-studied root symbiosis. This paper also aims to tackle the hindrances in this field of research and to suggest where future research may prove productive.


Early Symbiosis

The capacity of various microbes to interact with other life forms existed even before plants flourished – an evolutionary event triggered by symbiotic microbes (Suárez-Moo et al., 2019). Plastids originated from cyanobacteria (Douglas, 1998), also known as blue green algae, through the process of endosymbiosis which gave rise to the photosynthetic eukaryotes we now refer to as plants and algae (de Vries and Gould, 2017). Chloroplasts became an important component of plant cells because during the past endosymbiotic event by which a heterotrophic unicellular protist engulfed a free-living photosynthetic organism, the former did not allow digestion of the latter – a cyanobacterium. This is the brief story of how plastids originate (Chan and Bhattacharya, 2010). The endosymbiotic cyanobacterium became a plant organelle that harnesses solar energy and converts it to sugar and starch for food and in the process generated the oxygen in the atmosphere that is vital to most life forms (Sarma et al., 2016). In contrast to how free-living cyanobacteria evolved to become chloroplasts (de Vries and Gould, 2017), the event of symbiotic cyanobacteria that entered the roots of cycads had a different outcome. Instead of co-evolving and the symbiont being inherited intracellularly by the host from generation to generation, or giving rise to another organism, symbiotic cyanobacteria just enter and reside in cycad roots in a later part of its host’s development (Norstog and Nicholls, 1997) in an engorged and dichotomously-branched root modification called coralloid roots (Ahern and Staff, 1994). Similar to this is the evolution of modified plant roots observed in pines (Faye et al., 1981) and legumes (Long, 1989) to house their respective microsymbionts for a specialized function (Suárez-Moo et al., 2019). Still, regardless of how symbionts invade and evolve in their hosts, life as we know it would not have flourished if not for endosymbiosis (Govindjee and Shevela, 2011; Shestakov and Karbysheva, 2017). Research focusing on endosymbiosis is interesting, since intimate associations between two unrelated species may trigger another critical event that might cause changes in the Earth’s atmospheric composition which would impact many life forms (Raven and Allen, 2003; Green, 2011; Martin et al., 2015).

Based on evidence obtained from fossils, cyanobacteria are known to be among the earliest groups of microorganisms that dominated the Earth since the late Archean to early Paleoproterozoic eon around 3500 to 2700 MYA (Krings et al., 2009; Falcon et al., 2010; Schopf, 2011; Shestakov and Karbysheva, 2017). Free-living and symbiotic cyanobacteria vary from spherical and cylindrical unicellular to filamentous multicellular forms (Narainsamy et al., 2013). Known symbiotic cyanobacteria are mostly filamentous members of the genus Nostoc (Adams and Duggan, 2008).

Cycads are the only members of gymnosperms currently capable of forming new associations with cyanobacteria. Initially reported by Reinke in 1872 (cited in Adams et al., 2013), all known species of cycads form symbiotic associations with cyanobacteria in specialized structures called coralloid roots. Similar to cyanobionts (endosymbiotic cyanobacteria), cycads belong to the earliest members of the five major groups of seed plants – the gymnosperms Cycadales, Coniferales, Ginkgoales, Gnetales, and angiosperms. Cycads are sisters with Ginkgo (Wu et al., 2013) and both share a common ancestor with gnetophytes and conifers (Wu et al., 2007; Roodt et al., 2017). Cycads are assumed to have coexisted with dinosaurs during the Mesozoic era around 300 MYA and thus are often referred to as “living fossils” (Wu et al., 2007; Wu and Chaw, 2015; Jiang et al., 2016). Since cycads and cyanobacteria date back to ancient times, the symbiotic partnership and coevolution formed between the two may have developed millions of years ago (Usher et al., 2007). The origin of this association is still debated and questions regarding the purpose of this symbiosis and why it still prevails remains to be answered.



Implications of Symbiosis Between Cycads and Cyanobacteria

Since ancient soils 300 million years ago (Brenner et al., 2003) were not as fertile as they are today, it was thought that cycads developed a mechanism to harbor cyanobacteria to withstand poor-nutrient soils (Halliday and Pate, 1976). Specialized root structures to house endosymbiotic cyanobacteria were formed and a mutualistic association was maintained by both partners (Gutiérrez-García et al., 2019). Whether coralloid roots were formed by cycads only for the purpose of hosting cyanobionts is an open question. As opposed to cycads, terrestrial cyanobacteria can live in diverse and harsh environments (Sand-Jensen, 2014) and are considered to be the most successful group of microorganisms on Earth (Stewart and Falconer, 2011). Free-living cyanobacteria also form associations with other life forms such as plants and fungi and in some cases with tripartite-structured cyanolichens made up of fungi, green algae and cyanobacteria (Henskens et al., 2012). As to why they need a host to spend a part of their life cycle, some scientists believe that terrestrial cyanobacteria also prefer a stable environment to survive and prevent predation and desiccation from intense heat (Adams et al., 2013). Thus, mutualistic relationships between hosts and endosymbionts are formed wherein the host provides shelter while the symbiont performs specialized functions, such as supplying the host with various needs (Walsh et al., 2011; Haselkorn, 2016). Additionally, it was suggested that cyanobacteria produce arabinogalactan-proteins (AGPs) that contribute to helping plants grow and develop (Pennell, 1992) by assisting in plant cell proliferation, expansion and differentiation (Steele-King et al., 2000). Moreover, AGPs are known to have a role in cell signaling in plant-microbe interactions (Seifert and Roberts, 2007; Jackson et al., 2012).

In a symbiotic relationship, cyanobacteria fixes nitrogen for their hosts. Naturally-occurring dinitrogen in the atmosphere is unreactive with other chemicals, thereby preventing formation of essential and useful compounds. This is where endosymbiotic cyanobacteria enter the Earth’s nitrogen cycle and play a major role. Cyanobionts are able to break down the triple bonds from atmospheric dinitrogen (N2) using the enzyme nitrogenase to convert the inert compound into useful forms of nitrogen. The N2 atoms can then be converted to ammonia (NH3) (Hoffman et al., 2014), which facilitates plant growth and soil fertilization (Halliday and Pate, 1976). Other nitrifying microbes such as Nitrospira sp. assist in oxidation of ammonia to nitrite and nitrate followed by the action of denitrifying microbes that completes the nitrogen cycle (Kuypers, 2015). Nitrogen fixation in Nostoc, the dominant species symbiotic to cycads coralloid roots (Gehringer et al., 2010), occurs in structures called heterocysts, which occur as chain of cells forming a filament. Sufficient evidence shows that nitrogenase activity of cyanobacteria in symbiosis is significantly higher than in their free-living counterparts, as shown by a 25–35% increase in heterocyst formation in cyanobionts (Lindblad et al., 1985a).

Studies show that cyanobionts in symbiosis with cycads maintain complete photosynthetic apparatus – thylakoids, phycobilisomes, phycobiliproteins, and carboxysomes, associated pigments and enzyme levels comparable with free-living cyanobacteria (Lindblad et al., 1985b; Adams et al., 2013). However, as coralloid roots grow beneath the soil surface where light is insufficient or lacking, the photosystems of cyanobionts may be inactive as shown in an in vivo study conducted by Lindblad et al. (1987) where coralloid roots of Cycas revoluta showed no evidence of carbon fixation activities when compared under light and dark conditions. It was suggested that enzymes specific for efficient function of the Calvin cycle may be missing in the cyanobacteria in coralloid roots (Lindblad et al., 1987). Since cyanobionts have no sufficient light source, they are capable of heterotrophic metabolism relying on carbon solely supplied by their hosts (Lindblad, 2009). However, it is noteworthy that coralloid roots grow apogeotropically as if phototropism is occurring, and based on personal observations (Figure 1A), they oftentimes reach the soil surface exposed and thus, may become capable of receiving substantial amount of light probably through dermal breaks.
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FIGURE 1. Coralloid roots of Cycas fairylakea (A) growing apogeotropically at Shenzhen Fairy Lake Botanical Garden, (B) showing dichotomous branching of coralloid roots, (C) cross-section of coralloid root showing a distinct green layer – the cyanobacterial zone (the green ring pointed by the red and while arrows) and (D) microscopic image of filamentous cyanobacteria residing in the cyanobacterial zone. Heterocysts are marked with white arrows.



The association of cyanobacteria and cycads was also found prevalent in an incident in Guam that led to the detection of neurotoxins contained in cycad seeds. The neurotoxins cause an amyotrophic lateral sclerosis/parkinsonism-dementia complex (ALS-PDC) (Brownson et al., 2002; Meneely et al., 2016). ALS-PDC is a progressive neurodegenerative disease that infected high number of Chamorro people in Guam (Metcalf et al., 2017; Zurita et al., 2019). The disease was believed to be transmitted by flying foxes that consumed cycad seeds. Flying foxes are eaten by the inhabitants of the island (Cox and Sacks, 2002; Banack and Cox, 2003). A case of “biomagnification” was said to have occurred wherein the toxin becomes more potent after being transferred from one organism to the other (Banack and Cox, 2003; Cox et al., 2003; Banack et al., 2006). But this premise remains highly debated (Snyder and Marler, 2011). In contrast, Marler et al. (2010) suggested that coralloid roots do not synthesize or biomagnify these toxins but rather, may act as toxin sinks explaining the high amounts of toxins found in the coralloid root tissues obtained from previous studies. Cyanobacteria-free cycad seedlings were in fact, found to increase in these toxins compared to symbiont-infected coralloid roots therefore refuting the role of endophytic cyanobacteria causing increase of these toxic substances in the host plant (Marler et al., 2010; Snyder and Marler, 2011). Free-living cyanobacteria are known to produce various toxins and thus it is not surprising that symbiotic cyanobacteria synthesize toxins as well (Cox et al., 2005). This neurotoxin was claimed to be β-methylamino-L-alanine (BMAA), a non-proteinogenic amino acid produced by cyanobacteria. Even though some studies have showed that cycad host plants contain BMAA (Vega and Bell, 1967; Polsky et al., 1972; Brownson et al., 2002; Banack and Cox, 2003; Cox et al., 2003), an accurate detection method of BMAA is still being perfected until the present (Metcalf et al., 2017; Zurita et al., 2019) due to various structural isomers (Rosén and Hellenäs, 2008; Banack et al., 2010; Jiang et al., 2012) making it difficult to correctly identify the compound as BMAA. And thus, all previous claims that BMAA was detected still needed further validation.



Cyanobacterial Diversity and Development in Cycads

Cyanobionts found in cycads are predominantly species of Nostoc, but in some studies, species of Calothrix, Scytonema and Richelia were also identified (Grobbelaar et al., 1987; Costa and Lindblad, 2002; Gehringer et al., 2010). Most symbiotic cyanobacteria belong to the orders Nostocales and Stigonematales (Castenholz et al., 2001). Multiple strains of cyanobacteria can be housed in a single cycad host (Zheng et al., 2002; Thajuddin et al., 2010) and a single species of cyanobacterium can be isolated in multiple cycad hosts as well (Gehringer et al., 2010). However, in a study by Gehringer et al. (2010), only a single symbiotic Nostoc strain was found harboring the coralloid roots of the genus Macrozamia (Yamada et al., 2012). Reports indicate that other heterotrophic bacteria reside with cyanobacteria in coralloid roots (Chang et al., 1988), but only in limited populations. According to Grilli Caiola (1980), this is due to the ability of cycads to produce secondary metabolites that inhibit the growth of microorganisms, but not cyanobacteria. A concerted communication between the host and a bacterium, probably through production of certain substances, may also play a role in preventing other bacteria to overpopulate the cyanobacterial layer inside the coralloid roots (Obukowicz et al., 1981; Adams et al., 2013).

Cycads form three types of roots: (1) a primary tap root similar to the root system of most terrestrial plants, (2) lateral roots and (3) coralloid roots (Figure 1B). The latter are distinct types of roots that grow laterally and are solely in cycads that house cyanobacteria (Norstog and Nicholls, 1997; Lindblad, 2009). Prior to coralloid root formation, young, apogeotropic papillose roots called precoralloid roots are formed (Ahern and Staff, 1994). During this phase, cyanobacteria are absent and their presence is not required in initiating the development of precoralloids. At this early stage, invasion by cyanobionts happen but note that cases of uninfected precoralloids also occur (Milindasuta, 1975). This raises the question whether precoralloid roots are formed by cycads to specifically host cyanobacteria or also to serve another purpose. Nevertheless, the affinity of cyanobacteria to enter into a symbiotic relationship with coralloid roots instead of with the primary and lateral roots promotes the idea that precoralloid and coralloid roots are organs developed by cycads to facilitate symbiosis. The tips of cyanobacteria-free precoralloid roots produce papillose tissue continuously (Ahern and Staff, 1994). Upon maturity, the sheath covering the papillose tissues will be replaced by a thin, external layer that generates scattered lenticels (Milindasuta, 1975; Ahern and Staff, 1994). These morphological changes, or other environmental factors, may cause disruptions in the dermal tissues of mature precoralloid roots. When cyanobacteria in the surrounding soil come in contact with the surface of coralloid roots, they gain access through the dermal breaks (Milindasuta, 1975) to eventually colonize the internal layers of the roots (Grilli Caiola and Canini, 1993; Ahern and Staff, 1994; Lindblad, 2009). At this point, the morphologically distinguishable, engorged and dichotomously-branching coralloid roots start to form. Following initial entry, cyanobacteria migrate toward the cortex and form a distinct, circular, blue-green layer dividing the cortical layer into two (Ahern and Staff, 1994). This is called the cyanobacterial zone (Figure 1C) containing filamentous cyanobionts (Figure 1D). When coralloid roots reached this stage, the process is irreversible and a permanent symbiotic relationship between cycads and cyanobacteria has been successfully established (Grilli Caiola and Canini, 1993; Ahern and Staff, 1994; Lindblad, 2009).



Associated Structures Required for Establishment of Symbiosis

Cyanobacteria that can form associations with cycads as well as with other compatible host plants are capable of cell differentiation exhibiting various morphologies (Flores, 2012). All symbiotic cyanobacterial strains from the genus Nostoc fix nitrogen in cells called heterocysts (Adams and Duggan, 2008). At low levels of nitrogen, cyanobionts form heterocysts to facilitate nitrogen metabolism (Bergman et al., 1996). Forming heterocysts was how nitrogen fixers evolved to protect the enzyme nitrogenase from inactivation due to exposure to oxygen (Bernhard, 2010). These cells are thick-walled allowing them to block available oxygen in diffusing inside the cells making a suitable, low-oxygen microenvironment for efficient synthesis of nitrogenase for nitrogen metabolism (Tikhonovich and Provorov, 2007). Heterocysts are specialized elliptical-shaped cells produced at regularly-spaced intervals along the cyanobacterial linear cell clusters and are distinguishable due to their larger size compared to neighboring vegetative cells (Kumar et al., 2010). Cyanobionts in coralloid roots form heterocysts at higher frequency compared to free-living cyanobacteria but morphological changes are minimal (Adams et al., 2013). For cyanobacteria living within coralloid roots, a significant increase (up to 80%) in heterocyst frequency was observed (Norstog and Nicholls, 1997; Adams and Duggan, 1999; Zhang et al., 2006). The increase in formation of heterocysts is said to be triggered by nitrogen starvation (Zhang et al., 2006). Therefore, an effective partnership with a plant host relies on the ability of the cyanobacteria to differentiate into heterocysts for a stable symbiosis (Meeks and Elhai, 2002).

Cyanobacteria can also form filaments called hormogonia. Hormogonium lacks heterocysts and can be morphologically distinguished from the latter as the former is capable of locomotion appearing as short motile filaments (Hernández-Muñiz and Stevens, 1987). Hormogonia play a role in self-dispersal and in forming symbiotic association during the early stages of infection by responding to chemical signals produced by prospective host plants (Khayatan et al., 2017). Chemoattractants are said to be involved in stimulating hormogonia formation and directing the cyanobacteria toward the targeted plant tissue that will house the cyanobionts (Meeks et al., 2001; Meeks and Elhai, 2002; Bergman et al., 2007).

Filamentous, heterocyst-forming cyanobacteria are also capable of differentiating into spores called akinetes (Kaplan-Levy et al., 2010; Adams et al., 2013). When environmental conditions become unfavorable (e.g., low salinity, temperature fluctuations, lack of phosphates, low light, insufficient nutrients), active cells transform into a resting state that may last for up to 60 years in which they can be restored to their vegetative cell state when favorable conditions arise (Kaplan-Levy et al., 2010). Although not resistant to intense heat, akinetes can survive cold and desiccation (Adams and Duggan, 1999). Akinetes are rare but were reported to occur in strains of Nostoc isolated from coralloid roots (Grilli Caiola, 1980; Grobbelaar et al., 1987) and more are common in Azolla-Anabaena symbioses (Peters and Perkins, 1993). Additionally, Sukenik et al. (2007) state that resting cells can still perform minimal metabolic activities such as photosynthesis, carbon fixation and protein synthesis. Aside from akinetes, lysing or dying cells called necridia, which allow excision of cells along the filament, also occur in cyanobacteria. Characterized by thickened walls and non-granulated cells, these are commonly referred to as deteriorating cells that were unable to differentiate into heterocysts (Grilli Caiola and Pellegrini, 1979).



General Mechanism of Symbiosis

All known plant-cyanobacterial symbioses are acquired from the environment. The only exception is seen in the fern Azolla, where the cyanobiont is an integral part of the host throughout its developmental stages and gets inherited to the next generation (Bergman et al., 1996). Thus, for most symbioses, efficient communication between the host and cyanobacterium must be carried out to ensure successful entry of the symbiont (Figure 2). This requires signal molecules induced by the host and/or the symbiont during the initial stages of invasion. The general mechanism based on other host plant-cyanobacterial symbioses, as controlled by a set of regulatory genes, is that the host elicits hormogonium-inducing factors causing the surrounding cyanobacteria to transform into motile hormogonia (Adams and Duggan, 2012; Warshan, 2017). Chemotactic signals permit entry into the partner plant, subsequently demanding the host to produce hormogonium-repressing factors to allow the cyanobacteria to develop heterocysts for nitrogen fixation to occur (Warshan, 2017).
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FIGURE 2. General mechanism of symbiosis based on other host plant-cyanobiont models. (1) HIF is released by host and (2) triggers cyanobacteria in surrounding soil to (3) transition into motile filaments. (4) Through chemotaxis, host attracts hormogonia following cyanobacterial entry. (5) Host releases HRF and (6) signals hormogonia that entered the host successfully to (7) transition into heterocysts-forming cells. (8) Symbiosis at this stage becomes irreversible.



Formation of motile hormogonia is essential for successful migration of a cyanobiont to the internal tissues of its potential plant partner. Certain compounds which may be produced by the host, trigger this phenomenon and initiate cell differentiation (Khayatan et al., 2017). In plants known to accommodate symbiotic cyanobacteria, modified structures can be formed regardless of whether a cyanobiont will be present in its life cycle (Meeks and Elhai, 2002) such as the case in coralloid roots. Unlike Rhizobia, which requires specialized symbiosomes to be formed by its host, cyanobionts of coralloid roots do not need similar structures to survive within its host. However, particular spaces are dedicated to symbionts. Cyanobacteria resides in the cyanobacterial zone in the roots of cycads, in the red stem glands of Gunnera, in dorsal leaf cavities of Azolla water fern, in slime cavities within the thallus of hornworts, in auricles underneath the thallus of liverworts, and in the bladders of the fungi Geosiphon pyriformis (Adams et al., 2013). Among these plant-cyanobacterial symbioses, it is only in Gunnera where the cyanobiont invasion occurs intracellularly (Meeks and Elhai, 2002; Adams et al., 2013). In the coralloid roots, an acidic viscous mucilage in the cortex (Grilli Caiola, 1980), also observed by the authors, is present in the cortex layer probably involved in attracting motile hormogonia filaments as this was the case observed in Gunnera (Nilsson et al., 2006). Mucilage-filled cavities were also observed in hornworts and liverworts and this heat-labile putative signal inducer is yet to be characterized, but was estimated to be a low molecular mass protein around 12 kDa (Adams et al., 2013). In line with this, root extracts from cycad coralloid roots were found to significantly initiate hormogonia formation in strains of Nostoc (Campbell and Meeks, 1989; Bergman et al., 1996; Meeks, 1998) suggesting hosts produce hormogonia-inducing factors (Nilsson et al., 2006). In an in vitro study, hormogonia-inducing factor (HIF) was not released in a culture medium with excess nitrogen. Thus, HIF production is assumed to be stimulated when nitrogen levels are depleted (Campbell and Meeks, 1989; Adams et al., 2013). Aside from the HIF signal, plant hosts are believed to release various chemoattractants to entice potential symbionts. These were hypothesized to be sugar-based molecules, since simple sugars were proven to be attractants for hormogonia initiation (Nilsson et al., 2006; Adams et al., 2013). Recently, a bioassay was conducted using crude methanolic extracts of Cycas revoluta coralloid roots that transformed symbiotic Nostoc filaments into motile hormogonia. This led to the successful isolation of a hormogonium-inducing factor from cycads characterized as diacylglycerol 1-palmitoyl-2-linoleoyl-sn-glycerol (Hashidoko et al., 2019).

Once a cyanobiont successfully enters its host, the plant partner must stop releasing hormogonia-inducing factors to halt hormogonia formation. The reason is to direct the cyanobiont to the next stage of symbiosis and to start forming heterocysts for nitrogen fixation to occur – a task that cannot be performed by hormogonia filaments. Therefore, the release of hormogonia-repressing factors (HRF) hinders HIF activities. Cohen and Meeks (1997) observed this phenomenon using aqueous tissue extracts of Anthoceros wherein activation of two genes blocks hormogonium formation and the expressions are only induced by HRF but not HIF.

Besides inducing and repressing factors, high amounts of phenolic substances are also present in the mucilaginous material embedded in the cyanobacterial zone of coralloid roots and surrounding cortical layers (Lobakova et al., 2004). Phenolic substances are rich sources of antimicrobial compounds and secondary metabolites (Obukowicz et al., 1981). Interestingly, phenolics are also known to participate in cell signaling and might play a role in establishing and maintaining stable cycad-cyanobacterial symbioses (Grilli Caiola, 1980; Obukowicz et al., 1981).



An Overview of Genes Involved in Cycads-Cyanobacteria Symbiosis

Though still limited, sequencing of representative complete genomes of hosts and cyanobionts led to the identification of genes involved in plant host-cyanobacterial symbiosis (Ran et al., 2010; Li et al., 2018). This section aims to list some studied genes and their functions significant in the establishment of symbiosis as well as other genes they interact with (Table 1). Although most of the genes cited here were not studied using cycad coralloid roots, a similar, if not exact, genetic mechanism in cycad-cyanobacterial symbiosis seems to be occurring as the genes discussed in this section were commonly found among plant-cyanobacterial symbioses.

TABLE 1. Symbiosis-related genes from host-symbiont models cited in this manuscript.

[image: image]

As mentioned previously, HRF are involved in halting hormogonium formation after initial migration of the symbiont into its target organ in the host that varies among plant hosts as mentioned in the previous section. Using Anthoceros tissue extracts, hrmU and hrmA genes were discovered that suppresses hormogonia formation and allow differentiation of cells into heterocysts (Cohen and Meeks, 1997). The expression of these two genes appears to be controlled by the host, which hinders further activities attempted by HIF (Cohen and Meeks, 1997; Meeks et al., 1999). Other open reading frames (ORFs) – hrmI, hrmR, hrmK and hrmE – were identified that were similar to a family coding for transcriptional inhibitor proteins (Campbell et al., 2003). It was proposed that external repressing signals can possibly be detected by Nostoc incapacitating Hrm proteins in successfully binding to hrm operons and this affects transcription of genes that induce hormogonium formation (Meeks et al., 1999; Campbell et al., 2003; Adams et al., 2013).

The ability to form heterocysts is a vital feature for a cyanobiont to establish symbiosis with a host. Without heterocysts, a cyanobiont cannot fix nitrogen for its host. Mutations in hetR and hetF did not allow one strain of Nostoc to differentiate into heterocysts and thus, those genes were determined to be directly responsible for heterocyst formation (Wong and Meeks, 2001). The main activator for the development of heterocysts is the hetR gene, which works simultaneously with hetF gene coding, which gives rise to a protein that enhances subsequent transcription of hetR (Wolk, 2000; Wong and Meeks, 2002; Zhang et al., 2006). The expression of ntcA gene is necessary for the production of proteins that cyanobacteria use to regulate nitrogen and in addition, is involved in activating the transcription of various genes, including the hetR gene (Herrero et al., 2001). Studies showed that a mutant species of Nostoc with a defective ntcA gene failed to infect its host despite retention of hormogonia-forming capacity and therefore might be linked with the activation of other genes required for a successful symbiotic relationship to be established (Vega-Palas et al., 1992; Herrero et al., 2001; Adams et al., 2013). A study by Leganes et al. (1994) in Anabaena showed that an altered hepA gene disrupts proper formation of the cell envelope in both heterocysts and akinetes. The thickened walls, made up of a polysaccharide layer, are essential for nitrogen fixation activities to be concentrated in the heterocyst cells and prevent oxygen diffusion (Tikhonovich and Provorov, 2007). As a consequence of a non-functional hepA gene, normal development of the cell envelope is impossible and affects the ability of the cyanobiont to fix nitrogen in its host (Leganes et al., 1994). Both free-living and symbiotic bacteria have nif genes not restricted to cyanobacteria (Corbin et al., 1982; Fay, 1992). Those genes are responsible for forming nitrogenase complexes that convert unusable atmospheric dinitrogen to useful forms like ammonia and in this process, the nifD and nifK genes encode a dinitrogenase heterotetramer that contains an active site to reduce dinitrogen atoms (Dos Santos et al., 2012). The nifDK genes work together with it redox partner, an iron protein encoded by nifH gene, to complete the structure and function of nitrogenase complex (Jasniewski et al., 2018). Therefore, these genes are important for maintaining mutual associations with a host because defects in the genes may affect the nitrogen-fixing capacity of the symbiont (Spaink, 1998).

Several genes have been identified, but their significance in symbioses is still poorly understood. A sigma factor gene, sigH, which appears to be directed by HIF, might play a role in the ability of symbionts to increase invasion success in a targeted host (Campbell et al., 1998). Likewise, the ctpH gene, which is in close proximity with the sigH gene, is also controlled by HIF in Nostoc (Adams et al., 2013) and has a function in the photosystem II mechanisms in Synechocystis (Anbudurai et al., 1994). This gene is interesting as it may have varying physiological roles in different symbiotic strains. Another gene, tprN, codes for proteins known to be necessary in various functions, such as regulating the cell cycle, suppressing transcription mechanisms and transporting proteins (Lamb et al., 1995). This gene is also essential for heterocyst maturation process (Campbell et al., 1996). In line with this, Meeks et al. (1999) observed that a silenced tprN gene in N. punctiforme caused no phenotypic change but the infection rate doubled compared to the wild-type strain, and its transcription elevated when exposed to both HIF and HRF exudates of A. punctatus. However, the implications and its involvement in the infection process are still unknown.




LIMITATIONS IN CYCAD-CYANOBACTERIA RESEARCH

A substantial number of studies have focused on the growth and development of coralloid roots and the diversity of the endosymbiont community within the cyanobacterial zone using cultures and 16S identification methods (Costa et al., 1999; Thajuddin et al., 2010; Yamada et al., 2012). The underlying mechanisms, however, have been left unexplored. Probable reasons challenging the study of symbiosis compared to other hosts with a cyanobacterial partner are discussed in this section.

One of the difficulties in this field of research is studying the in vivo development of cycad – cyanobacterial symbiosis. To determine the mutualistic interactions exhibited by both partners, a significant length of time, which may take years of research, might be needed to confirm and validate hypotheses as development in cycads takes much time. Tissue culture methods are also lacking for most cycads to facilitate in vitro experimental assays that could be used to compare wild-type and symbiont-free conditions. Another reason is the availability of coralloid roots of good quantity and quality. According to McLuckie (1922) cited in Milindasuta (1975) and also based on personal observations, even when coralloid roots are present, a green layer in the cortex may be absent (Nilsson et al., 2006). Moreover, the availability of both root tissue samples and cyanobionts per plant host are often insufficient for experiments, especially when replicates are needed. Thus, samples are usually pooled using a number of representative hosts. Also, most studies obtain their samples from botanic gardens and not from the wild. Although promising results can still be achieved, gathering samples from natural habitats could add more interesting findings.

Another frustration in this field of research is trying to separate root tissues from the endosymbiont as well as the endosymbiont from the sticky mucilaginous material. Various methods have been proposed (Ferris and Hirsch, 1991; Lindblad et al., 1991; Gehringer et al., 2010), but completely separating them from each requires improvement as most requires manually scraping off the green symbiont from the roots. In determining the functions of cycads and their cyanobionts during symbiosis, the gene expression must be analyzed capturing the symbiotic condition while both partners are together. This eliminates the need to separate them because it would cause changes in gene expression, but poses the more difficult task of how to monitor their association in vivo.



CONCLUSION AND FUTURE PERSPECTIVES

Research on coralloid roots is not new, but progress has been quite slow compared to research on Rhizobia and other host-cyanobiont associations. Due to the limitations mentioned above, the research field has been confined to studying the diversity of symbionts obtained from various cycad hosts and revalidating previous hypotheses on how both partners benefit from each other. Cruz-Morales et al. (2017) identified novel biosynthetic gene clusters unique to cycad coralloid roots-cyanobacteria symbiosis through genome mining, a research area worth undertaking to understand coevolution and to discover pathways responsible for the synthesis of natural products. With the advancements in genomic research that are becoming more affordable, even for small-scale laboratories, studying cycad host-cyanobiont symbiosis may now move forward at a quicker pace. First, whole genome and transcriptomic sequencing proved to be a valuable source of information regarding genetic functions and evolution (Ran et al., 2010; Li et al., 2018; Eily et al., 2019). In line with this, DNA microarray technology can now be used for analysis of expressed genes of microbes from multiple genomes simultaneously using probes to determine up or downregulated genes. Alternatively, RNA sequencing (RNA-Seq) of cyanobiont genomes approximately 5.4–9.0 Mbp – in obligate cyanobiont Nostoc azollae and facultative cyanobiont Nostoc punctiforme PCC 73102 of Azolla filiculoides, respectively (Ran et al., 2010) and 6.7 Mbp in Nostoc cycadae of Cycas revoluta (Kanesaki et al., 2018) – can be utilized that could detect new genes and splicing events. Aside from ruling out the need for manual separation of microbe from host tissues, Next generation sequencing (NGS) technology provides high resolution data. Likewise, tissue-specific whole transcriptome profiling might be applied to coralloid root tissues with genome size of about 20–30 Gbp (Wang et al., 2018) for determining expressed genes during symbiosis. Furthermore, gaining bioinformatics skills is necessary to maximize the analysis of the outputs obtained from huge amounts of genomic data.

Cyanobacteria are also valuable sources of metabolites (Haque et al., 2017). Thus, venturing into cycad and/or cyanobiont metabolomics research might help to identify useful products, such biofertilizers, antimicrobials and other natural products of economic importance. It may also facilitate studies on cyanotoxins and biomagnification theories. Likewise, metabolites are also believed to play major roles in cell signaling and communication and could also assist in providing insights on symbiotic pathways and identification of enzymes involved in symbiosis. Many areas of cycad-cyanobacteria symbiosis are still waiting to be explored. With technology rapidly advancing simultaneously with the skills of researchers, restrictions previously deemed overwhelming currently appear to be promising.
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Organisms rely on symbiotic associations for metabolism, protection, and energy. However, these intimate partnerships can be vulnerable to exploitation. What prevents microbial mutualists from parasitizing their hosts? In legumes, there is evidence that hosts have evolved sophisticated mechanisms to manage their symbiotic rhizobia, but the generality and evolutionary origins of these control mechanisms are under debate. Here, we focused on the symbiosis between Parasponia hosts and N2-fixing rhizobium bacteria. Parasponia is the only non-legume lineage to have evolved a rhizobial symbiosis and thus provides an evolutionary replicate to test how rhizobial exploitation is controlled. A key question is whether Parasponia hosts can prevent colonization of rhizobia under high nitrogen conditions, when the contribution of the symbiont becomes nonessential. We grew Parasponia andersonii inoculated with Bradyrhizobium elkanii under four ammonium nitrate concentrations in a controlled growth chamber. We measured shoot and root dry weight, nodule number, nodule fresh weight, nodule volume. To quantify viable rhizobial populations in planta, we crushed nodules and determined colony forming units (CFU), as a rhizobia fitness proxy. We show that, like legumes and actinorhizal plants, P. andersonii is able to control nodule symbiosis in response to exogenous nitrogen. While the relative host growth benefits of inoculation decreased with nitrogen fertilization, our highest ammonium nitrate concentration (3.75 mM) was sufficient to prevent nodule formation on inoculated roots. Rhizobial populations were highest in nitrogen free medium. While we do not yet know the mechanism, our results suggest that control mechanisms over rhizobia are not exclusive to the legume clade.
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Introduction

Symbiotic partnerships have transformed the Earth’s nutrient cycles and facilitated rapid adaptation of species to divergent new niches (Joy, 2013; McFall-Ngai et al., 2013; Oldroyd, 2013). Because almost all organisms rely on symbiotic associations for some form of metabolism, protection, or energy (Bronstein, 2015), this immense symbiotic microbial world has been called “the biggest frontier that biology has presented us in a long time” (Carey, 2015).

Despite their importance, understanding the origins and evolutionary trajectories of symbiotic partnerships remains a major challenge. The problem is that mutual benefit does not guarantee evolutionary stability, and partnerships can be vulnerable to exploitation (Sachs and Simms, 2006; Kiers and Denison, 2008; Sachs et al., 2011; Sachs and Hollowell, 2012). What prevents microbial mutualists from defecting from symbiotic cooperation and parasitizing their hosts? This is a question being asked across a diversity of host organisms, from plants and insects to humans (Werner et al., 2014; Hallam and McCutcheon, 2015; Keeling et al., 2015; Werner et al., 2015). While it is appreciated that symbiosis is a key underlying mechanism behind the complexity of life, we do not have a general understanding of how symbiotic associations are controlled and harnessed (Keeling et al., 2015).

The legume-rhizobia N2 fixing symbiosis has become an emerging model system in evolutionary biology to study host control (Kiers et al., 2006; Kiers et al., 2007; Oono et al., 2009; Porter and Simms, 2014; Regus et al., 2015; Westhoek et al., 2017; Porter et al., 2019). Host plants employ a range of (non-exclusive) strategies to maximize rhizobial benefits, including: 1) pre-nodule control in which the plant evolved high levels of specificity to achieve species, or even strain-specific selection on rhizobial partners, and 2) control based on rhizobial performance, such that higher performing nodules receive proportionally more resources than poor performing nodules (Kiers and Denison, 2008; Westhoek et al., 2017). Because signaling (i.e., pre-nodule control) can be vulnerable to partners that cheat by evolving the correct signal while providing few resources (Edwards and Yu, 2007), it is thought that some form of basal nodule-level control is necessary to prevent rhizobial exploitation (Denison and Kiers, 2011; Regus et al., 2017a; Kiers et al., 2003; Kiers et al., 2006; Oono et al., 2011).

Control of exploitation is particularly important when plant hosts have direct access to high levels of nitrogen in the soil. Under these conditions, the nitrogen benefits provided by the rhizobial symbiont become redundant with nitrogen provided by the environment. Hosts are therefore expected to evolve mechanisms which prevent nodule formation when grown in high nitrogen soils (Regus et al., 2017b). While such regulatory pathways have been documented in legume species (Streeter and Wong, 1988; Cabeza et al., 2014; Soyano et al., 2014; Nishida et al., 2016; Nishida and Suzaki, 2018), the generality of these control mechanisms are unknown (Heath et al., 2010; Regus et al., 2014; Regus et al., 2015).

Our aim was to study host control mechanisms outside the legumes. We focused on the non-legume Parasponia andersonii (Cannabaceae). The genus Parasponia is composed of pioneer plant species typically found on nitrogen poor slopes of volcanic hills in the Malay Archipelago. Parasponia is the only lineage outside the legume family to be able to form a nodule symbiosis with rhizobium (Trinick, 1973; Trinick and Galbraith, 1980; Trinick and Hadobas, 1988). Recent phylogenomic studies suggest that nodule symbioses with diazotrophic bacteria share a single evolutionary origin (Griesmann et al., 2018; van Velzen et al., 2019). As the Parasponia and legumes diverged >100 million years ago, microbial partner selection strategies were shaped independently in both lineages (van Velzen et al., 2019). Therefore, Parasponia is a unique evolutionary replicate of rhizobium symbiosis that allows us to better understand the evolutionary origins of control mechanisms.

In legumes, such Glycine max, past work has shown that the severity of symbiont control is mediated by the addition of external nitrate—as nitrogen availability increases, the host reduces resources allocated to the symbiont. Because soil nitrate is generally less costly for legumes compared to biologically fixed nitrogen, this leads to an inhibition or severe reduction of legume nodule formation (Streeter and Wong, 1988; Voisin et al., 2002; Wendlandt et al., 2018; Regus et al., 2017b). This process, however, is not well understood in non-legumes. In  Parasponia, early work has shown nodules can continue to form in high nitrogen environments (Becking, 1983b), but whether rhizobia remain viable in nodules under high nitrogen conditions is unknown. This is important because in Parasponia nodules, rhizobium are not terminally differentiated (Alunni and Gourion, 2016). This means that the endosymbiont population within nodules can replicate, and will be added to the soil population upon nodule senescence. Can non-legumes control symbionts under conditions when the symbionts become a cost rather than a benefit? Studying the existence of control patterns has been particularly challenging in Parasponia nodules due to the difficulty of growing these tropical trees in greenhouses, and the small size of their nodules compared to most model legumes. Typical metrics, such as growth parameters of individual nodules, poly-3-hydroxybutyrate (PHB) content, and rhizobial fitness measures, have been historically difficult to obtain.

Here we study the effects of increasing nitrogen fertilization on the symbiosis between P. andersonii and the rhizobial symbiont Bradyrhizobium elkanii. Our aim was to ask if fertilization: 1) reduced or eliminate the growth benefits of rhizobial nodulation for P. andersonii, and 2) reduced the fitness benefits for the rhizobial symbiont. If Parasponia has evolved effective mechanisms to control nodulation under high nitrogen, then we expect increasing fertilization to be correlated with negative fitness consequences for rhizobia. If these mechanisms are costly for the host to enact, then we expect to see a host growth depression in the presence—but not absence—of a rhizobial symbiont under the high nitrogen treatments.

We grew plants under 0, 0.0375, 0.375, 3.75 mM ammonium nitrate concentrations, either with or without rhizobial inoculation. Our four levels were chosen to represent specific ecological challenges for the host-symbiont, namely: i) when Parasponia depends entirely on its symbiont for nitrogen input (0 and 0.0375 mM), ii) when benefits from inoculation are minimal (0.375 mM), iii) when benefits from inoculation are absent/negative (3.75 mM). After 4 weeks, we quantified shoot and root dry weight, nodule number, and nodule fresh weight. We developed an imaging protocol to measure the projected surface of individual nodule areas and then converted it to volume as a second metric for rhizobia benefit. We crushed nodules for measures of colony forming units (CFU) to determine rhizobial populations per nodule. Together, these metrics (nodule number, biomass, volume, and CFUs) provided us with a proxy for in planta rhizobial fitness that allowed us to better understand host control in non-legumes.



Materials and Methods


Seed Germination

We harvested fresh berries from in-vitro propagated Parasponia andersonii trees genotype W1-14 (Van Velzen et al., 2018) maintained in a tropical greenhouse. We extracted the seeds from the berries by soaking them in water and gentle rubbing against a fine sieve. We surface sterilized all seeds in 4% sodium hypochlorite for 15 min and washed seven times with sterile MQ water. We induced germination by temperature cycle (4 h 28°C, 4 h 7°C) for 12 days. We incubated seed on Schenk and Hildebrandt medium agar plates for 10 days until cotyledons were fully emerged.



Experimental Design and Plant Growth

We prepared the growing medium of sterile perlite and sterile river sand. We added 210 g of each perlite mixture to 10 sterile polypropylene containers (OS140box, Duchefa Biochemie) allowing for better gas exchange. Per pot, we placed 4 cm3 of the river sand mixture to transfer the seedling and avoid root desiccation. We used a factorial design experiment consisting of two rhizobia conditions, four nitrogen levels, and 10 replicates per treatment (2 x 4 x 10 = 80 pots).



Inoculation and Nitrogen Treatments

To inoculate P. andersonii, we chose the highly efficient nodulating strain B. elkanii WUR3 (Op den Camp et al., 2012). To prepare the inoculum, we grew a WUR3 pre-culture from a single colony in liquid peptone-salts-yeast (PSY) medium at 28°C, 60 rpm (Regensburger and Hennecke, 1983). One milliliter of the pre-culture OD600 = 0.8 was used to inoculate a 200 ml Erlenmeyer culture. We harvested the culture by centrifugation [10 min at 3,500 x relative centrifugal force (rcf)] at OD600 = 0.8. We suspended the cells in the different EKM (Becking, 1983a) solutions to an OD600 = 0.05. The nitrogen treatments were based on an EKM-medium with four levels (0, 0.0375, 0.375, and 3.75 mM) ammonium nitrate. Nitrogen and rhizobia inoculum were added by saturating the perlite and river sand with the four EKM-medium prior to transferring the seedlings to pots. Non-inoculated controls received EKM solutions (see below) but without the rhizobia culture. We then randomly placed the pots on a growth chamber table under a 16/8 h light cycle, temperature 26/24°C, light intensity 185 µmol/m2/s, and a relative humidity of 90%.



Harvest

We harvested plants after 30 days. We carefully washed off the perlite and sand from the root systems. We counted nodules and harvested each one individually. We then used binoculars equipped with a Nikon camera (DS–Fi2) to image each nodule. To obtain nodule volume, we extracted and measured the area and perimeter of the nodules photographed using FIJI (Schindelin et al., 2012). We calculated the corresponding prolate spheroid volume using the best fitted ellipse of each nodule based on a previously developed formula (Nedomová et al., 2014). We weighed nodules and kept them at 4°C in 0.9% NaCl solution until they could be crushed for fitness assays. We separated shoots and roots, dried them 72 h at 60°C, and weighed them.



Metrics for Rhizobial Fitness Proxies

To determine a fitness proxy for rhizobia per plant, we surface sterilized all nodules with 96% ethanol for 20 s, 4% sodium hypochlorite for 1 min, and washed seven times with sterile water. We crushed nodules in 150 µl 0.9% sterile saline solution. Fifty microliters of the crushed nodules was diluted in series and both 10,000 and 100,000 dilutions were streaked on PSY plates with sterile glass beads and incubated at 28°C for 7 days. We then counted colonies to determine total rhizobia per plant.



Statistical Analysis

We used R version 3.6.0 (2019-04-26) to conduct all statistical tests. In case of heteroscedasticity or non-normality, a decimal logarithm transformation of the data was performed to meet ANOVA assumptions. If ANOVA assumption could not be met with a transformation of the response variables, a non-parametric Kruskal test was conducted. To compare plant biomass among treatments, we tested the decimal logarithm mean plant dry biomass for significant differences with two-way ANOVA and a post-hoc Tukey tests for pairwise comparison with a 95% confidence interval. To test for differences in allocation to above and belowground parts, we compared mean root to shoot ratio with a pair-wise Wilcoxon test. To compare plant biomass as a function of rhizobial inoculation, we compared decimal logarithm relative plant biomass among nitrogen treatments with a one way ANOVA and a Tukey test for multiple group comparison with a 95% confidence interval. To test for differences in nodule formation, we compared mean nodule number and nodule fresh per plant with one-way ANOVA and a Tukey test for multiple group comparison with a 95% confidence interval. For nodule volume we used the Kruskal test and Dunn’s post-hoc. Rhizobial fitness components, defined as viable rhizobia per milligram of plant, nodule mass, or volume, were compared among the four nitrogen treatments of inoculated plants with Kruskal test and Dunn’s post-hoc. Dunn’s test is appropriate for groups with unequal numbers of observations (Zar, 2010), and was corrected for multiple comparisons following Benjamini and Hochberg method (1995) with a 95% confidence interval.




Results


Plant Biomass

We first asked how increasing soil nitrogen affected plant growth patterns in the presence and absence of rhizobial symbionts. We found that nitrogen treatment and rhizobial treatment both had a significant effect on total plant biomass (ANOVA; F3,72 = 330.6, p < 0.001 and F1,72 = 112.5, p < 0.001 respectively), with a significant interaction term between the two variables (ANOVA; F3,72 = 40.2, p < 0.001, Figure 1A). Specifically, we found the presence of rhizobia increased total plant biomass at 0, 0.0375, and 0.375 mM ammonium nitrate levels. At the highest nitrate level (3.75 mM), we found that the presence of rhizobia became a cost (Figure 1A). By quantifying the root to shoot ratio across these nitrogen levels, we found that at the highest nitrate level, the rhizobial cost was related to a  decrease in root biomass (Figure 1B).




Figure 1 | Inoculated and non-inoculated Parasponia andersonii plant mass under four nitrogen levels. (A) Mean total (shoot + root) plant dry weight. Asterisks show pair-wise comparison significance for each nitrogen level [ANOVA, Tukey honest significant difference (HSD) test]. (B) Mean root to shoot dry weight ratio. Asterisks show pair-wise comparison significance for each nitrogen level (Wilcoxon rank sum test) NR = non-rhizobial (blue), WUR3 = Rhizobial strain B. elkanii WUR3 (yellow). (C) Mean relative host growth response to rhizobia inoculation as the difference of the total dry weight of inoculated and non-inoculated control, divided by the total dry weight of non-inoculated control. Letters represent groups significantly different from each other (ANOVA, Tukey HSD test). Error bars show standard error.



To assess plant biomass relative to rhizobia inoculation under different nitrogen regime, we calculated the relative growth benefit of inoculation for the plant (Figure 1C). Here, we took the difference of the total dry weight of the size-matched inoculated and non-inoculated control, divided by the total dry weight of non-inoculated control. We found that the relative growth benefits of rhizobial inoculation decreased with nitrogen fertilization (ANOVA; F3,36 = 2,685, p < 0.001).



Formation of Symbiotic Organs

We then asked how nitrogen fertilization affected the formation of symbiotic organs, namely nodule number, total nodule fresh weight, and nodule volume. We found a significant effect of fertilization on all three parameters: nodule number (one-way ANOVA; F3,35 = 16.5, p < 0.001) nodule weight (one-way ANOVA; F3,36 = 41.08, p < 0.001), and nodule volume (Kruskal-Wallis test; chi-squared = 23.07, df = 3, p-value < 0.001) (Figure 2). This effect was driven largely by the highest nitrogen concentration. In the three lowest nitrogen concentrations, we found no difference in nodule number (~4–5 per plant, Figure 2A), fresh weight (~6 mg, Figure 2B), or volume (~70 mm3, Figure 2C). However, when fertilization was increased to 3.75 mM NH4NO3, all nodule parameters were reduced to nearly zero, across all replicates. This demonstrates that with enough exogenous nitrogen available, P. andersonii is able to prevent nodule organogenesis, similar as reported for legumes and actinorhizal plants.




Figure 2 | Inoculated Parasponia andersonii nodulation under four nitrogen levels. (A) Mean nodule number per plant. (B) Mean nodule fresh weight per plant. (C) Mean nodule volume per plant. Letters represent groups significantly different from each other (ANOVA, Tukey HSD test and Kruskal test, Dunn’s test). Error bars show standard error.



In legumes, it has been demonstrated that the rhizobia—as well as exogenous fixed-nitrogen—can trigger expression of CLE peptide encoding genes, which can trigger systemic signalling and inhibit nodulation (Okamoto et al., 2009; Reid et al., 2011a). Studies in Lotus japonicus revealed that whereas LjCLE-RS1 and LjCLE-RS2 are induced upon rhizobium inoculation, only LjCLE-RS2 is induced by application of exogenous nitrogen (Okamoto et al., 2009). The latter gene is a close homolog of the soybean (G. max) CLE peptide encoding gene GmNIC1a that is induced by exogenous nitrate (Reid et al., 2011b; Hastwell et al., 2017). For P. andersonii, CLE genes have been annotated (Table S1). Of these, PanCLE5 and PanCLE9 showed to be close homologs of LjCLE-RS1 and LjCLE-RS2, and their counterparts MtCLE12 and MtCLE13 in Medicago truncatula (Van Velzen et al., 2018). To obtain insight whether any of the P. andersonii CLE genes is induced by exogenous nitrate, we exploited available RNA sequencing (RNA-seq) data (Van Velzen et al., 2018). This revealed that three CLE genes, namely PanCLE2, PanCLE8, and PanCLE9, have an increased expression in inoculated roots grown at relatively high exogenous nitrate levels (5 mM KNO3) (Figure S1). These three genes showed a similar induction in young, non-infected, nodule primordia (Figure S1). This suggests that in P. andersonii rhizobium and exogenous nitrate trigger an overlapping CLE gene repertoire to regulate nodulation.



Rhizobial Fitness Proxies

While nodule number and weight can give some rough estimates of rhizobial benefit, a key parameter is to directly quantify rhizobial densities in nodules. We therefore next measured CFUs per mg of plant and nodule biomass or volume (n = 2 for 3.75 mM as only two plants formed nodules). We found that as exogenous nitrogen levels increased, there was a concurrent decrease in CFUs per plant biomass (Kruskal-Wallis test; chi-squared = 9.1, df = 3, p-value = 0.028), and CFUs per mg of nodule (Kruskal-Wallis test; chi-squared = 8.2, df = 3, p-value = 0.041). But surprisingly, no significance difference was found for CFUs per nodule volume (Kruskal-Wallis test; chi-squared = 4.9, df = 3, p-value = 0.18). Despite the fact that nodule number and fresh weight remained the same across the lowest three nitrogen levels, we documented a decrease in viable rhizobial density in nodules as nitrogen levels increased (Figure 3).




Figure 3 | Rhizobia fitness under four nitrogen levels. (A) Mean colony forming units per mg plant dry weight. (B) Mean colony forming units per milligram nodule fresh weight. (C) Mean colony forming units per volume of nodule. Letters represent groups significantly different from each other (Kruskal test, Dunn’s test). Error bars show standard error.






Discussion

Plant species found in the nitrogen fixing clade rely on diazotrophic symbionts to acquire nitrogen in poor soils (McKey, 1994; Crews, 1999; Vitousek et al., 2002). The ability to control resource allocation to these symbionts is likely a key requirement for evolutionary maintenance of the symbiosis (Werner et al., 2015). We found evidence that the non-legume P. andersonii has likewise evolved mechanisms to control rhizobial fitness, despite an independent evolutionary trajectory from the legume lineage of >100 million years ago. Specifically, we found that increasing nitrogen levels lead to a decrease in rhizobial populations within nodules. In contrast, evidence for control of nodule formation (i.e., organogenesis) was only evident from the highest nitrogen level, in which nodule formation was almost completely suppressed. In the lower nitrogen treatments, we found no evidence for differences in nodule size, number, or volume. Together, these data suggest that despite the continued growth and formation of nodules at lower nitrogen levels, the host still can control the success of the rhizobial populations within those nodules.

An open question is whether Parasponia nodulation is somehow less advanced than in legumes (Behm et al., 2014): our results point to similar levels of nodulation control as found in some legume species. Specifically, it has been shown that at high nitrogen levels, legumes can control nodule formation and mass—a process known as autoregulation of nodulation (Cho and Harper, 1991; Sueyoshi et al., 2003; Jeudy et al., 2010). This has also been demonstrated in nodulated actinorhizal plants, which likewise show a reduced investment in nodulation with application of exogenous nitrogen (Kohls and Baker, 1989; Thomas and Berry, 1989; Arnone et al., 1994; Markham and Zekveld, 2007; Wall and Berry, 2007). Our findings are therefore in line with the idea that a shared mechanism to control nodulation investment across the nitrogen fixing clade was in place before the evolutionary diversion of the nodulating lineages.

How does such control operate? New work has shown that legumes employ a nitrate response to inhibit rhizobial symbiosis by upregulating specific transcription factors (Nishida et al., 2018). Autoregulation of nodulation works as a negative feedback from the key transcription factor NIN targeting CLE peptides, which induces a shoot response, production of cytokinin and inhibition of nodulation (Nishida and Suzaki, 2018). The nitrate-induced inhibition induces the NIN-like transcription factor NRSYM1 targeting the same CLE peptides. Furthermore, in the actinorhizal plant Casuarina glauca, RNA interference (RNAi) NIN knockdown also showed the essential role of NIN in controlling nodule formation (Clavijo et al., 2015). While it is unknown if Parasponia employs these same mechanisms, CLE peptides are expressed in P. andersonii nodules (Figure S1), suggesting it could be the case (Van Velzen et al., 2018).

However, the ability to control resource allocation to nodules may be less important to Parasponia hosts, given the extremely nutrient poor soils in which they are typically found (Achmad and Hadi, 2016). In this ecological niche, we would not expect hosts to be exposed to high nitrogen conditions, nor the concurrent selection pressures against nodulation. There is also evidence that host responses to nitrate may evolve differently across different plant lineages. Studies of the legume Acmispon strigosus found increases in nodule number and size at low nitrate levels, as expected, but also revealed that nodulation suppression was linked with high plant mortality suggesting a high, direct sensitivity to nitrate (Regus et al., 2017b). In L. japonicus, fertilization reduced nodule size and nodule number, but with no apparent cost on plant fitness (Nishida et al., 2018). In actinorhizal plant lineages closely related to P. andersonii, added nitrate reduces and blocks nodule formation of the Frankia symbiosis. In a split root experiment, Casuarina cunninghamiana showed localized control depending on exogenous nitrate concentration (Kohls and Baker, 1989; Arnone et al., 1994). In Parasponia, nodule size and number did not vary with nitrogen concentration. Instead, nodulation was nearly eliminated for the highest level of fertilization.

Our data show that P. andersonii can block nodulation, but that this might entail a cost. We found that at the highest nitrogen level, plant root biomass was reduced in the presence of rhizobia compared to non-inoculated controls. But this growth depression was not observed at lower nitrogen concentrations. Moreover, we observed a linear decrease in the benefit to plant growth conferred by rhizobia as nitrogen increased. Specifically, our data show that resource allocation to root growth was negatively impacted under high N when rhizobia were present (Figure 1B). This cost in high nitrogen context was not linked with allocation to resources to nodules organogenesis because nodule formation was suppressed. Instead, this may be linked to the presence of intercellular bacteria, nutrient uptake, or plant defense mechanisms (Bakker et al., 2018). A similar result was also found in A. strigosus, whereby the authors noted a cost to the presence of rhizobia under high nitrogen, even though the cost was also not linked to nodule formation (Regus et al., 2017b). They point to past work showing the cost of chemically induced plants defense response to pathogens (Heil et al., 2000). Whether our reduction in root growth (Figure 1B) is linked to the costs of upregulating plant defense response is unknown.

Although our data suggest that Parasponia employs a mechanism to control nodulation upon presence of exogenous nitrogen—and that this is likely linked to CLE signaling—we also find that rhizobial density may be likewise regulated within nodules. Specifically, we found that P. andersonii controlled rhizobial colonization levels at a per nodule milligram and per plant milligram basis. While plants had similar numbers of nodules and equivalent nodule weights across three nitrogen levels, we found that the amount of viable rhizobia hosted in host cells varied. Control of rhizobial fitness within nodules has been shown in legumes, most recently in L. japonicus, in which there is evidence that plants can differentially control fitness of effective and ineffective rhizobia within a single nodule (Quides et al., 2017). Similarly, sanction strength—meaning the ability to control rhizobial fitness in individual nodules—was also predicted (West et al., 2002) and shown (Kiers et al., 2006) to increase with addition of external nitrate in soybeans.

While our data suggest that within nodule regulation of rhizobial fitness depends on nitrogen levels, a broader question is whether Parasponia has evolved a similar response to ineffective rhizobia that fail to provide nitrogen. Increasingly, work has shown that allocation to nodules will depend on the quality of the rhizobial partners, such that nodules containing low-quality partners will be sanctioned, and experience a reduction in resources (Regus et al., 2017a; Kiers et al., 2003; Oono et al., 2009; Oono et al., 2011). For example work in Lupinus arboreus has shown that the size of the nodule is linked with the quality of its occupant (Simms et al., 2006). While we used a well-characterized effective strain, future work should aim to understand how rhizobial partner quality and nitrogen levels interact in the Parasponia-rhizobia symbiosis, studied in some legumes (Grillo et al., 2016; Regus et al., 2017a; Regus et al., 2014; Wendlandt et al., 2018).

A second open question is how the physiology of Parasponia nodules affects the potential for hosts to control rhizobial fitness. P. andersonii has indeterminate nodule with a central vasculature, meaning a meristem sustains a continuous growth of the nodule such that cells become colonized with infection threads containing rhizobia (Behm et al., 2014). When the cells are fully colonized, the rhizobia cells are kept in fixation threads and do not differentiate to bacteroids (i.e., swollen bacteria unable of cell division) (Trinick and Galbraith, 1976). Because of this mode of growth, we had expected P. andersonii to reduce nodule growth (meristematic cell division) upon fertilization, yet we observed similar nodule size with an overall lower cell colonization by rhizobia. While the mechanisms is still unknown, this result suggests that P. andersonii can directly reduce rhizobia cell division within its nodules or reduce rhizobia nodule occupancy by inducing cell senescence.

More generally, future work is needed to better characterize the costs and benefits of the symbiosis physiologically. For example, from the host side, measurements of %Ndfa (nitrogen derived from the atmosphere) can help us more accurately understand the contribution of nitrogen fixation under different fertilizer regimes. Likewise, detailed microscopy of P. andersonii nodules could be conducted. Here, electron microscopy would be useful to study the integrity of the fixation threads and endosymbiotic bacteria, whereas light microscopy on replicate nodules could help develop reliable quantifying techniques based on visual inspection [as in (Regus et al., 2017a)]. From the symbiont side, quantification of metrics such as (PHB), could be helpful in understanding rhizobial fitness, specifically how PHB is linked to reproduction and survival during starvation [e.g., (Ratcliff et al., 2008)].

Overall our work suggests that rhizobial control mechanisms are not exclusive to legumes. While there was evidence that the relative host growth benefits of inoculation decreased with nitrogen fertilization, we found that Parasponia controls rhizobial fitness, likely by mediating rhizobial density, depending on ammonium nitrate availability. A key open question is how these processes operate in the field, where Parasponia evolved on nutrient poor volcanic soils. Given increasing global nutrient inputs, even to pristine ecosystems, more data are needed to understand fitness alignment in the Parasponia—rhizobium symbiosis under changing nutrient conditions.
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Figure S1 | Expression profile of P. andersonii CLE peptide encoding gene. Expression profile of P. andersonii CLE genes in non inoculated roots, nodule promordia and inoculated roots under low (0.5 mM KNO3) and high nitrate (5.0 mM KNO3) conditions. Expression is given in DESeq2-normalized read counts; error bars represent SE of three biological replicates. Dots represent individual expression levels.
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Arbuscular mycorrhizal fungi (AMF) form symbioses with the roots of most plant species, including cereals. AMF can increase the uptake of nutrients including nitrogen (N) and phosphorus (P), and of silicon (Si) as well as increase host resistance to various stresses. Plants can simultaneously interact with above-ground insect herbivores such as aphids, which can alter the proportion of plant roots colonized by AMF. However, it is unknown if aphids impact the structure of AMF communities colonizing plants or the extent of the extraradical mycelium produced in the soil, both of which can influence the defensive and nutritional benefit a plant derives from the symbiosis. This study investigated the effect of aphids on the plant-AMF interaction in a conventionally managed agricultural system. As plants also interact with other soil fungi, the non-AMF fungal community was also investigated. We hypothesized that aphids would depress plant growth, and reduce intraradical AMF colonization, soil fungal hyphal density and the diversity of AM and non-AM fungal communities. To test the effects of aphids, field plots of barley enclosed with insect proof cages were inoculated with Sitobion avenae or remained uninoculated. AMF specific and total fungal amplicon sequencing assessed root fungal communities 46 days after aphid addition. Aphids did not impact above-ground plant biomass, but did increase the grain N:P ratio. Whilst aphid presence had no impact on AMF intraradical colonization, soil fungal hyphal length density, or AMF community characteristics, there was a trend for the aphid treatment to increase vesicle numbers and the relative abundance of the AMF family Gigasporaceae. Contrary to expectations, the aphid treatment also increased the evenness of the total fungal community. This suggests that aphids can influence soil communities in conventional arable systems, a result that could have implications for multitrophic feedback loops between crop pests and soil organisms across the above-below-ground interface.

Keywords: arbuscular mycorrhizal fungi, community diversity, amplicon sequencing, Hordeum vulgare, Sitobion avenae, rhizosphere, multitrophic interactions


INTRODUCTION

Arbuscular mycorrhizal fungi (AMF) form obligate symbioses with the roots of c. two-thirds of land plant species, including agriculturally important cereals (Smith and Read, 2008; Fitter et al., 2011). Enhancing this symbiosis has been proposed as an important tool for increasing food security and agricultural sustainability (Gosling et al., 2006; Fitter et al., 2011; Jacott et al., 2017; Thirkell et al., 2017). Whilst the host plant provides a fixed carbon (C) source for AMF, AMF transfer nutrients such as nitrogen (N) and phosphorus (P) to the plant (Hodge et al., 2001; Smith et al., 2009; Hodge and Fitter, 2010; Karasawa et al., 2012). AMF colonization affects multitrophic interactions between above- and below-ground herbivores (Yang et al., 2014) and may also enhance the uptake of silicon (Si), which can alleviate the impact of both biotic and abiotic stress (Dias et al., 2014; Garg and Bhandari, 2016; Frew et al., 2017).

The bottom-up effect of below-ground AMF on the performance of above-ground herbivores such as aphids can range from positive to negative (Gange and West, 1994; Wurst et al., 2004; Ueda et al., 2013; Simon et al., 2017; Wilkinson et al., 2019). These impacts on aphid performance likely occur because of alterations to plant defense and nutrition due to the AMF symbiosis (Wurst et al., 2004; Meir and Hunter, 2018b) and can depend on the level of AMF colonization of the host plant (Tomczak and Müller, 2017; Maurya et al., 2018; Meir and Hunter, 2018a). In turn, aphids may impose top-down effects on AMF colonization via the host plant (Babikova et al., 2014; Meir and Hunter, 2018a). Top-down and bottom-up effects can therefore modulate the outcome of each other, potentially resulting in above-below-ground multitrophic feedback loops (Meir and Hunter, 2018a). Thus, if aphids influence AMF colonization this could impact how AMF affect plant nutrient uptake and tolerance to abiotic stress in multitrophic systems. The AMF extraradical mycelium (ERM) phase is of also of key importance for interactions between plants and other rhizosphere organisms (Perotto and Bonfante, 1997; Jones et al., 2004; Hodge and Fitter, 2013) and can be directly related to AMF derived plant nutrient acquisition (Hodge et al., 2001; Barrett et al., 2011). Additionally, the ERM can be involved in plant defense, carrying signals of aphid attack to neighboring plants connected via ERM underground networks (Babikova et al., 2013). Elucidating how intra- and extraradical structures of AMF respond to top down effects is therefore important in understanding their potential for use in complex agro-ecosystems. However, current knowledge of how AMF respond to aphids sharing the same host plant is limited to the impact on AMF colonization (Babikova et al., 2014; Vannette and Hunter, 2014; Maurya et al., 2018; Meir and Hunter, 2018a).

The identity of the taxa within the AMF community colonizing the host plant can be important in determining the nutrient uptake or defense benefit gained from the symbiosis. In small, artificially selected AMF communities, AMF species identity determines the level of protection the AMF provides for the host plant against biotic stressors (Pozo et al., 2002; Sikes et al., 2009; Malik et al., 2016), and certain AMF species may deliver more or less nutrients to their host plant (Jansa et al., 2008; Leigh et al., 2009; Thirkell et al., 2016). Similarly, soil community transfer experiments suggests the AMF community structure can also be important in determining nutrient acquisition and plant growth responses (Hodge and Fitter, 2013; Williams et al., 2014; Manoharan et al., 2017; Jiang et al., 2018). Large vertebrate grazing can affect AMF communities (Ba et al., 2012; Guo et al., 2016), and insect herbivory can alter below-ground ectomycorrhizal (Gehring and Bennett, 2009), non-mycorrhizal fungi (Kostenko et al., 2012) and rhizosphere bacterial community characteristics (Kong et al., 2016), but the impact of arthropod herbivory on AMF communities is currently unknown.

The impact of herbivory on AMF structures is variable (Barto and Rillig, 2010), and phloem feeding aphids can increase or decrease the intraradical AMF colonization of their host plant (Babikova et al., 2014; Meir and Hunter, 2018a). The C limitation hypothesis proposes that above-ground removal of fixed C by herbivory will result in less C available below-ground (Wallace, 1987), although the subsequent allocation of this limited amount of C between roots and AMF contained within roots is unknown. The reduced C availability might result in changes to the AMF community because only a limited number of AMF species can be supported and thus the number and relative abundance of less competitive species might be reduced (Gange, 2007; Ba et al., 2012). Alternatively, low levels of herbivory could lead to more C allocated below-ground in an attempt for the plant to take up more nutrients for regrowth (Wamberg et al., 2003), which could increase fungal diversity (Ba et al., 2012). There are also examples of herbivory affecting the composition of ectomycorrhizal communities rather than species richness, and thus altering the beta diversity of communities, making communities more distinct (Gehring and Bennett, 2009).

Arbuscular mycorrhizal fungi communities in conventionally managed agricultural systems are often distinct from AMF communities in other settings and often have low diversity due to tillage, chemical fertilizer, pesticide and fungicide regimes (Jansa et al., 2002; Gosling et al., 2006; Wetzel et al., 2014; Hartmann et al., 2015; Manoharan et al., 2017). We selected a conventionally managed system to investigate agriculturally relevant AMF communities that are tolerant to such practices. Apart from AMF, other fungi also associate with plant roots, including other endophytic mutualists (Murphy et al., 2015; Lugtenberg et al., 2016). As some of these other fungi and their community composition can influence aphid performance (Hartley and Gange, 2009; Battaglia et al., 2013; Kos et al., 2015), the AMF community must be placed in the context of any changes in the wider fungal community.

Here, we investigate the impact of aphids on the below-ground fungal community with a focus on AMF given their key role as ecosystem engineers. Specifically, we tested the following hypotheses: (1) As aphids will depress plant growth and nutrient status, the AMF will benefit less from the association with the plant, and consequently AMF structures, both internal and external to the root, will be reduced. (2) Aphids will cause a reduction in both the alpha diversity and evenness of the soil communities, which results in a distinct soil fungal community composition (increased beta diversity).



MATERIALS AND METHODS

Site Selection

Spring barley (Hordeum vulgare L., cultivar: Planet) was drilled into silty clay loam over chalk (Towthorpe, North Yorkshire, SE 91086 62387, GPS: 54.049412, -0.610267, elevation above sea level: 100 m) on March 15th, 2017. Average soil characteristics of the whole field were sampled on May 12th, 2017 and analyzed by NRM Laboratories (Berkshire, United Kingdom; Table 1). The field had been conventionally cropped with wheat and oats for the previous 5 years and was treated with conventional agrochemical inputs throughout the duration of this study (Table 1).

TABLE 1. Fieldsite soil chemical analyses and agrochemical inputs used throughout the study.
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Aphid Treatments

On the April 21st, 2017, lidless and bottomless PVC boxes (40 cm × 40 cm × 25 cm) were inserted 2–3 cm below the surface of the soil around sections of developing three leaf stage seedlings, averaging 26 ± 1.7 SE plants per box. This shallow insertion, so as not to disturb plant roots, allowed an aphid impermeable seal to form between the soil and a cage structure. The interior of each box thus formed an experimental “plot.” Experimental plots were assigned to “+Aphid” or “-Aphid” treatments and arranged in a randomized block design. As the site lay on a North Western slope, plots were set out in two rows perpendicular to the slope, in a North East direction. The location of the plots in the North East and North West direction were coded as the NE and NW coordinate (respectively) of each plot within the field site. This attempted to account for any locational environmental gradients within the site, and are referred to as the NE and NW plot location hereafter (Figure 1).
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FIGURE 1. Field plot layout (3 m ×9 m). Plots of barley with (+) or without (–) aphids, Sitobion avenae, were arranged randomly in space within one of eight blocks (large squares) which were situated 1 m from each other. Plots were assigned a quarter of each block at random in order to reduce any positional bias within each block. The field site stood on a North West slope (NW direction of the site), and two rows were arranged perpendicular to this slope (in the North East direction; NE direction of the site).



One week later (April 28th, 2017) cages were constructed to cover all plots. The frames of the cage consisted of wooden posts inserted 20 cm into the soil and were attached to the interior of the PVC box. The cage extended 90 cm above the soil and was covered with polypropylene horticultural fleece (Figure 2), which intercepted c. 14% of the photosynthetically active radiation. English grain aphids (Sitobion avenae) (a single genotype, originally supplied by Koppert, Holland) were cultured on barley plants (cultivar Quench) at 20°C. From these cultures, ten 4th instar adults were taken at random and added to each +Aphid plot. All experimental plots (including -Aphid) were sealed with cages. S. avenae populations usually peak in the late summer months (Blackman and Eastop, 2000), however, aphids and cages were added to the crop in the current study earlier than this to stop the natural ingress of aphids into the plots. Initially, eight replicates of each treatment were set up, although one +Aphid replicate was discarded during the study due to damage to the cage caused by high wind speeds and so N = 8 for -Aphid treatments and N = 7 for +Aphid treatments. Cages remained over all treatments for the duration of the experiment, and may have reduced direct contact of some of the agrochemical inputs (see Table 1) with the plots after this date.
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FIGURE 2. (a) Photograph of a pair of completed aphid cages covering plots taken on 17th May 2017. (b) Schematic of cage design used to prevent aphid movement between the plots. Wooden posts reaching 90 cm high were inserted 20 cm into the ground to support a cage of polypropylene horticultural fleece sealed to a 40 cm × 40 cm PVC box reaching 22–23 cm above ground.



Harvest

Plots were harvested on the June 13th, 2017, 46 days post-aphid addition. The number of aphids on five tillers chosen at random within each plot were recorded, and plots were dug out to 20 cm soil depth before storage at 4°C overnight. Three soil cores at each plot location were taken with a 2 cm diameter cheese corer between 20 and 30 cm soil depth. These technical replicates were processed separately to assess for the fungal hyphal length density (HLD) from each core (Hodge, 2001) but then the resulting data was pooled to create a biological replicate. After storage, the aphids were washed from any above-ground material and plant roots were separated from the soil and washed whilst still attached to the above-ground biomass. Only those roots visibly attached to a plant were stored at -20°C for DNA extraction or in 40% ethanol for the staining of fungal structures. The above-ground plant material was oven dried at 70°C for at least 96 h and the total number of plants, tillers and fertile tillers were recorded. The above-ground plant material for each plot was separated into a combined stem and leaf fraction (henceforth referred to as stem material) as well as a separate grain fraction. It should be noted that due to the size of the stem and leaf material, the stem and leaf fraction was weighed to the nearest gram. These fractions were homogenized in a kitchen blender (Igenix ig 8330, Ipswich, United Kingdom) before ball milling to a fine powder (Retsch MM400, Retsch GmbH, Haan, Germany). The resulting material was then analyzed for C and N ratios via a Elementar Vario El Cube (Elementar UK, Ltd., Stockport, United Kingdom) and pelleted for X-ray fluorescence (XRF) analysis (Thermo Fisher ScientificTM portable X-ray fluorescence analyzer) to determine P and Si concentrations as described by Reidinger et al. (2012).

The roots stored in 40% ethanol were stained for fungal structures via the acetic acid–ink staining method (Vierheilig et al., 1998), modified as in Wilkinson et al. (2019). Structures were assessed under a Nikon 50i eclipse microscope (Nikon UK Ltd., Surrey, United Kingdom) under 200 X magnification. As fungi other than AMF colonize plant roots in natural systems, a method that calculates both the most conservative estimation of AMF root length colonization (RLC) (RLC min) and least conservative (RLC max) was employed (Brundrett et al., 1994).

DNA Extraction, PCRs, and Sequencing

Frozen root material was lyophilized for 36 h and ball milled to a fine powder. The DNA was extracted from this material using a DNeasy PowerPlant Pro Kit (QIAGEN N.V, Venlo, Netherlands) according to the manufacturer’s instructions with the exception that, in order to increase the DNA yield, the DNA solution was eluted twice through the membrane in the final step. DNA concentrations were assessed (NanoDropTM 8000 Spectrophotometer Thermo Fisher Scientific) and diluted to 20 ng μl-1 before the PCR analysis.

Two regions (amplicons) of fungal ribosomal DNA were amplified via PCR (Table 2); an amplicon that captures the diversity of the entire fungal community (total fungi), and an amplicon that captures AMF specific diversity at a higher resolution and species coverage (AMF specific). After initial amplification via primary PCRs, secondary PCRs attached illumina sequencing barcodes. For all PCRs the reaction consisted of 0.5 μl DNA, 0.1 μl of forward and reverse primers (20 mM) and 12.5 μl BioMix Red (Bioline, London, United Kingdom) made up to 25 μl reaction volume with molecular grade dH2O. PCRs were carried out using a T100TM Thermal Cycler (BioRAD, Hercules, CA, United States). The PCR products of the secondary PCRs were purified using a QIAquick PCR Purification Kit (Qiagen) and the purified concentrations were measured using a Qubit®3.0 fluorometer (Thermo Fisher ScientificTM, Waltham, MA, United States). To mix the products of the two amplicons at equimolar concentrations to reduce sequencing depth bias during simultaneous DNA sequencing, these products were lyophilized overnight and re-suspended in molecular grade H2O to achieve desired concentrations. Quality control and library preparation was carried out by the University of York Bioscience Technology Facility, and the resulting samples were sequenced using an illumina MiSeq system (illumina, San Diego, CA, United States) at 2 ∼ 300 bp: Briefly, unique barcode sequences (Nextera XT index primers, illumina) were added onto amplicons tagged with illumina adapter sequences via PCR. Amplicons were then purified and pooled at equimolar ratios and then diluted and denatured. Samples were spiked with PhiX library spikes (illumina) for added sequence variety to enhance the distinguishing of fluorescent signals of clusters during sequencing. Samples were run using the MiSeq 600 cycle kit (illumina).

TABLE 2. Primer sets and PCR conditions used in nested PCRs for “total fungi” and “AMF specific” amplicon sequencing.
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Bioinformatic Analysis

The raw forward and reverse reads were merged together resulting in a total of c. 1.5 million reads which were processed using QIIME21 (Caporaso et al., 2010). Reads were stripped of their primer and barcoding sequences and untrimmed reads were discarded (0.9%). Read quality of the merged reads were estimated using eestats2 and reads from AMF specific amplicons were truncated to 270 bp from the front end due to estimated sequence quality drop off at this point, whilst total fungal amplicons were not truncated. Reads were then dereplicated and clustered into operational taxonomic units (OTUs) using Usearch10 (Edgar, 2010) with 97% similarity. The resulting 517 total fungi amplicon OTUs were BLASTed against the UNITE ITS (Kõljalg et al., 2013) database and eight non-fungal OTUs were removed, resulting in 509 total fungi OTUs, with the total read number per sample ranging from 53,333 to 129,338. Samples were normalized to 70,000 reads per sample using Usearch10’s “norm” function. Identical virtual taxon accessions according to the UNITE database were merged together yielding the 155 total fungi amplicon OTUs used in subsequent analysis.

A total of 27 OTUs were identified for the AMF specific amplicon. These were BLASTed against the maarjAM database (Öpik et al., 2010) accessed on 13th June 2018 and five OTUs with less than 96% coverage or similarity to taxa in the database were discarded. This resulted in a total read number from 12,035 to 21,706 per sample. Reads per sample were normalized to 16,500. AMF virtual taxonomic (VT) identities were assigned to the OTUs according to the greatest BLAST coverage and similarity; where OTUs could not be assigned to a single VT, VTs were labeled as unassigned. A phylogenetic tree of the sequences was built to identify identical VT accessions. Identical VTs were merged together resulting in 15 OTUs used in subsequent analysis.

Statistical Analysis

Alpha diversity metrics [OTU/VT richness, Shannon’s Index (e), Peilou’s Evenness and Simpson’s Diversity] were calculated using Usearch10’s (Edgar, 2010) alpha diversity command and all subsequent analyses were carried out in R version 3.3.2 (October 31, 2016) (R Core Team, 2016). To test the effect of the aphid treatment on AMF and total fungi alpha diversity metrics, AMF family relative abundance, and plant and AMF structures, aphid presence was used as an explanatory variable in a linear model, using the R packages “lme4,” “lmerTest,” “lsmeans,” and “car.” Plot location, measured as the NE and NW distance of each plot from the NW corner of the field site, was used as a covariate (see Table 3). To identify fungal OTUs/VTs whose presence predicts aphid treatment we employed indicator species analysis using the “indicspecies” package. The identification and estimation of abundances of AMF is more accurate using the AMF specific amplicon (Berruti et al., 2017), thus total fungi OTUs corresponding to AMF taxa were excluded from the indicator species analysis of the total fungi amplicon. The effect of aphid presence on community composition between samples as measured via Bray-Curtis dissimilarity (Beta diversity) was analyzed using a PERMANOVA via the “Adonis” function in the “Vegan” R package. This was visualized via non-metric multidimensional scaling (NMDS). Relationships between community composition and plant biomass and nutrition, and AMF structures as well as plot location were tested by applying the “envfit” function to the NMDS.

TABLE 3. Mean (±SE) above-ground plant biomass and nutrient concentrations, and AMF structures of experimental barley plots treated with or without aphids, using the location of the plot in the NE and NW direction of the site as a model covariate.
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RESULTS

Effect of Aphid Presence on Plant Nutrition and Biomass, and AMF Structures

The mean number of aphids per tiller ± SE in “+Aphid” plots was 24.9 ± 8.2, and ranged from between 1.8 and 75, whilst no aphids were present on any tillers investigated for “-Aphid” plots. Whilst the majority of plant biomass and nutrition, and AMF physiological traits were not influenced by aphid treatment (Table 3), aphid treatment significantly increased the stem N:P ratio by 5.4% (Table 3), and there was a near significant increase of 8.9% (P = 0.052) of the grain N:P ratio. Grain P concentration and N:P ratio was associated with the position of the plot in the NE direction of the site (Table 3). While aphid treatment did not significantly impact any AMF structures, there was a trend that the vesicle frequency almost doubled in the roots of plants hosting aphids (P = 0.097). The frequency of vesicles was associated with the position of the plot in the NW direction (Table 3).

Effect of Aphid Presence on Total Fungal and AMF Communities in the Root

Within the entire fungal community in plant roots across both aphid treatments, 153 “total fungi” OTUs were identified from nine fungal phyla and 2 OTUs that could not be assigned at the phylum level. The highest abundance of sequences were assigned to Ascomycota (90.2%), followed by Basidiomycota (5.3%), unclassified fungi (3.5%), Glomeromycota (0.83%), and Chytridiomycota (0.08%). In contrast, sequences from Rozellomycota, Mortierellomycota, Entomophthoromycota, Mucoromycota, and Zoopagomycota contributed less than a combined 0.1% of sequence abundance. Within the AMF specific amplicon, 12 OTUs were assigned to VTs whilst three OTUs could not be assigned to a singular VT (see Supplementary Table S1). These VTs belonged to seven AMF families: Glomeraceae (6), Paraglomeraceae (1), Diversisporaceae (2), Ambisporaceae (1), Gigasporaceae (1), Archaeosporaceae (3), and Acaulosporaceae (1).

Aphid presence did not affect the species richness within the entire fungal community, but did increase its evenness (Table 4). Aphid presence also did not affect any AMF specific alpha diversity metrics. The Simpson’s diversity of the AMF specific community was linked to plot location in the NE direction of the field site (Table 4).

TABLE 4. Mean (±SE) Alpha diversity metrics for “total fungi” amplicon OTUs, and “AMF specific” amplicon VTs from barley plots without or without the presence of aphids, using the location of the plot in the NE and NW direction of the site as a model covariate.
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Aphid presence had no effect on the relative abundance of AMF reads within the entire fungal community. Within the AMF specific amplicon the relative abundance of the Gigasporaceae family tended to increase when aphids were present (Table 5). The relative abundance of AMF reads within the entire fungal community, and the relative abundance of the Gigasporaceae and Ambisporaceae families present in the AMF specific community were associated with the location of the plot in the NE direction of the site (Table 6).

TABLE 5. Mean (±SE) relative abundances of the AMF sequences within the “total fungi” amplicon, and of AMF family sequences from the “AMF specific amplicon,” from experimental barley plots infested with or without aphids, using the location of the plot in the NE and NW direction of the site as a model covariate.
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TABLE 6. Indicator species analysis of AMF specific amplicon VTs and total fungi amplicon OTUs as indicators of untreated or aphid treated barley plots.

[image: image]

All but two AMF specific amplicon VTs were found in both aphid and no aphid treatments, however, the exceptions were not strong indicators of aphid presence or absence (Table 6). Several Ascomycota taxa were strong predictors of the absence of aphids for the total fungi amplicon, whilst a member of the family Cystobasidiaceae indicated aphid presence.

The total fungi amplicon community composition between plots, measured as Bray-Curtis dissimilarity (beta diversity) was not significantly affected by aphid presence (PERMANOVA: F1,13 = 1.75, P = 0.131). However, community composition correlated with plot location in the NE direction of the site (R2 = 0.46, P = 0.031) and grain P concentration (R2 = 0.46, P = 0.021; Figure 3).


[image: image]

FIGURE 3. Total fungi community composition: Non-Metric Multidimensional Scaling (NMDS) of total fungi community distribution based on Bray-Curtis dissimilarity (stress = 0.158) obtained from the abundance of “total fungi amplicon” OTUs under “+Aphid,” or “–Aphid” treatments. Total fungi community composition was significantly associated with the grain P concentration (mg g-1) in the plots (Grain [P]) and the location of the plot in the NE direction of the site (NE).



The community composition of AMF specific VTs in the roots of barley plants between plots was not affected by the presence of aphids (F1,13 = 0.46, P = 0.604). However, the environmental factors of stem Si concentration and location of the plots in the NE direction of the field site were significantly correlated with the community composition (R2 = 0.39, P = 0.049 and R2 = 0.40, P = 0.049, respectively; Figure 4).
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FIGURE 4. Arbuscular mycorrhizal fungi specific community composition: Non-Metric Multidimensional Scaling (NMDS) of the AMF community distribution based on Bray-Curtis dissimilarity (stress = 0.154) obtained from the abundance of “AMF specific amplicon” VTs under “+Aphid” or “–Aphid” treatments. AMF specific community composition was significantly associated with the barley stem silicon Si (mg g-1) concentration in the plots (Stem [Si]), and the location of the plot in the NE direction of the site (NE coordinate).





DISCUSSION

This study aimed to investigate the impact of aphids on soil fungi in a conventionally managed agricultural system. It was hypothesized that by supressing plant nutrition and growth, aphid feeding would lead to negative impacts on AMF structures and species richness, as well as the evenness of the AMF and other fungi communities, measured here through analysis of an AMF specific amplicon and another less precise, but wider encompassing amplicon (total fungi). It was also proposed that the effects of aphids would impact the compositions of these communities (Gehring and Bennett, 2009), and the relative abundance of AMF taxa within them. In fact, aphid presence had less of an impact on AMF community structure than the location of the host plant in the field, although there was a trend of the abundance of AMF vesicles, and the abundance of the Gigasporaceae family to increase when aphids fed on the host plant. Within the total fungi community, the relative abundance of AMF was also affected by location rather than aphid presence. However, aphid presence increased evenness across the total fungi community.

Effects of Aphids on the Plant Biomass and Nutrition, and AMF Structures

Contrary to our hypothesis, S. avenae had little effect on the above-ground nutrition of barley in the field, although aphid presence tended to increase the above-ground plant N:P ratio (Table 3), possibly due to nutrient re-allocation caused by aphid feeding (Sandstrom et al., 2000; Thompson and Goggin, 2006; Nowak and Komor, 2010), or differences between the requirement for N and P by aphids (Tao and Hunter, 2012). Moreover, aphid presence did not reduce above-ground biomass in the present study. Since the aphids used in this experiment were cultured under controlled conditions it is likely that as the aphids did not vector any plant viruses that are a major contributor to aphid related yield loss in cereals (McKirdy et al., 2002). While it is possible that the agro-chemical inputs of fungicides, herbicides and plant growth regulators in this conventionally managed system may have influenced aphid development, the total number of aphids per tiller, and thus, estimated in each “+ Aphid” plot, remained high. However, the aphid population in the current experiment was launched at an earlier date than in non-controlled systems (Blackman and Eastop, 2000) which may have also influenced the results. AMF colonization of barley roots was high compared to that measured in field studies previously (Boyetchko and Tewari, 1995), and in certain glasshouse studies (Grace et al., 2009). Thus, while we originally hypothesized that aphids would have a negative impact on above-ground plant biomass and nutrition which in turn, would reduce both the internal and external phases of the AMF, no negative impact occurred. This may explain why both AMF RLC and hyphal length density were not affected by the presence of aphids in this study. However, there was a trend for aphids to increase the proportion of vesicles in plant roots. Mechanical defoliation has also been shown to influence the proportion of vesicles in plant roots when grown with a native AMF soil community (Garcia and Mendoza, 2012). As vesicles are lipid storage organs in AMF, and AMF derive lipids from the host plant (Keymer and Gutjahr, 2018), this might suggest that more fixed C is available to the AMF via the plant under aphid herbivory. Alternatively, AMF vesicle numbers may have increased in a response to less C flow from the plant in order to aid survival under stressed conditions, similar to the AMF response observed in cool conditions (Hawkes et al., 2008), It is also possible that the frequency of AMF with a propensity to form more vesicles occurred within the Glomeracea community. However, the tendency for aphid presence to increase the relative abundance of the AMF family Gigasporaceae, which do not develop vesicles (Smith and Read, 2008), suggests that this explanation is less likely.

Effects of Aphids on AMF and Total Fungal Communities

The second hypothesis proposed that the effects of aphid feeding on the host plant would reduce AMF and total fungal species richness and evenness. The low richness of AMF species identified in the current study is similar to that documented in other conventionally managed barley monoculture systems (Manoharan et al., 2017), and as the read depth achieved for the AMF specific amplicon is sufficient to capture AMF diversity (Vasar et al., 2017), it can be assumed that this is an accurate representation. The number of species of AMF were not impacted by aphid presence perhaps as there was no effect of aphid presence on above-ground plant biomass; however, this is similar to the lack of an effect of arthropod feeding on pinyon pine associated ectomycorrhizal communities (Gehring and Bennett, 2009). This was also reflected in the number of species in the entire fungal community in the current study. Moreover, and counter to expectations, aphid presence increased the evenness of the entire fungal community in the present study. Nutrient flows below-ground were not measured in the current study, but aphids can affect below-ground respiration depending on plant growth stage, potentially due to alterations in C availability to soil microbes (Vestergård et al., 2004). Aphids can also alter the profiles of compounds, released from plant roots (Hoysted et al., 2018) and can also change the profiles of sugars found in AMF hyphae sharing the same host plant (Cabral et al., 2018). Moreover, aphids excrete honeydew as a result of their C rich diet of phloem sap which can be utilized as a C source by soil microbiota, thus shaping community structure and biomass (Katayama et al., 2014; Milcu et al., 2015). As more C sources become available in the root, it is possible that niches may enlarge allowing less competitive fungi to compete, reducing the dominance of abundant taxa. However, it should be noted that aphid induced alterations to soil organisms can occur independently of honeydew C inputs (Sinka et al., 2009), and that soil microbes can be influenced by aphid induced changes to plant root exudates in systems where honeydew does not reach the microbe (Kim et al., 2016). Above-ground herbivory generally stimulates the cycling of nutrients by decomposers in the soil (A’Bear et al., 2014), which could partly explain increases in the N:P ratios of plant tissues infested by aphids in the current study.

It was hypothesized that the abundance of AMF taxa within the AMF community would be impacted by aphid presence, and there was a marginal increase in the abundance of Gigasporaceae under aphid infestation of the host plant. A recent meta-analysis revealed that members of this family are tolerant to fertilizer input disturbances, suggesting a role aside from nutrient acquisition, perhaps in plant defense (van der Heyde et al., 2017b). Species indicator analysis may also identify taxa affected by treatments, however, as low abundance taxa typically score as poor indicators, the results of this method may differ from those investigating relative abundances (Longa et al., 2017). None of the AMF VTs were indicators of either treatment, but several total fungi amplicon OTUs were significant indicators of aphid presence or absence. Currently, it is unclear whether these fungi are responding to changes in nutrient availability, whether the plant recruits them in response to aphid feeding to aid with defense (Kong et al., 2016; Pineda et al., 2017), or whether the recruitment of specific soil microbes ultimately benefits the aphid (Kim et al., 2016).

No clear effects of aphid presence were found on community composition, perhaps as a longer period of top down pressure is required to impact this metric. For example, the effects of grazing by large vertebrates on AMF community structure are strongly linked to the length of the grazing (van der Heyde et al., 2017a). However, as plant communities are removed regularly in cereal systems, and aphid feeding is seasonal (Blackman and Eastop, 2000), only a relatively short window is available for these interactions to occur. Plot location, grain P concentration and AMF abundance as well as community composition were tightly linked in the current study. AMF communities may be associated with environmental and nutritional gradients in soil systems (Bainard et al., 2014; Horn et al., 2014; Guo et al., 2016; Yao et al., 2018) which also likely reflects the spatial differences measured in above-ground plant nutrition and AMF physiology here. Although care was taken to reduce the spread of plots across the slope of the site, these spatial differences highlight the importance of environmental heterogeneity within relatively small distances (less than 10 m) in field sites, and this could have contributed to masking top down effects of aphids on community composition in the current study. Whether the associations between AMF community composition and plant Si are due to AMF uptake of Si (Garg and Bhandari, 2016; Frew et al., 2017), or an artifact of AMF responses to soil pH gradients or water availability (Bainard et al., 2014) requires further study.



CONCLUSION

Aphids increased the evenness of the entire fungal community within plant roots, and also tended to increase the level of vesicles and abundance of the AMF family Gigasporaceae. Whether these increases are due to increased C allocation below-ground by plants attempting to increase nutrient uptake, or the active selection of fungal taxa in response to herbivory requires elucidation. Whether these changes in the below-ground soil community feed back into altered aphid performance is currently unclear, but the response of agriculturally relevant fungal communities to top-down effects of herbivory suggests that above-below-ground community feedback could occur in agricultural systems.
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Chickpea (Cicer arietinum L.) is an important legume originating in the Mediterranean and the Middle East and is now cultivated in several varieties throughout the world due to its high protein and fiber content as well as its potential health benefits. However, production is drastically affected by prevalent water stress in most soybean-growing regions. This study investigates the potential of biochar to affect chickpea-Rhizobium symbiotic performance and soil biological activity in a pot experiment. Two different biochar types were produced from maize using different pyrolysis techniques, i.e., by heating at 600°C (MBC) and by batch-wise hydrothermal carbonization at 210°C (HTC), and used as soil amendments. The plant biomass, plant nutrient concentration, nodule numbers, leghemoglobin (Lb) content, soil enzyme activities, and nutrient contents of the grown chickpeas were examined. Our results indicated that plant root and shoot biomass, the acquisition of N, P, K, and Mg, soil nutrient contents, soil alkaline and acid phosphomonoesterases, and proteases were significantly increased by HTC char application in comparison to MBC char under both well-watered and drought conditions. Furthermore, the application of both biochar types caused an increase in nodule number by 52% in well-watered and drought conditions by improving the symbiotic performance of chickpea with Mesorhizobium ciceri. Rhizobial inoculation combined with HTC char showed a positive effect on soil FDA activity, proteases and alkaline phosphomonoesterases under well-watered and drought conditions compared to the control or MBC char-amended soils. This concept, whereby the type of producing biochar plays a central role in the effect of the biochar, conforms to the fact that there is a link between biochar chemical and physical properties and enhanced plant nutrient acquisition, symbiotic performance and stress tolerance.

Keywords: maize biochar, loamy sand, chickpea, rhizobia, nutrient acquisition, soil enzymes


INTRODUCTION

The long-term use of inorganic nitrogen fertilizers, or the application of such fertilizers at rates higher than the optimum, increases residual inorganic N with adverse effects such as soil degradation or the decline of soil biological health (Gong et al., 2013; Reckling et al., 2016). An alternative N resource to mitigate such drawbacks is biological nitrogen fixation by legumes, which plays a major role in sustaining or improving soil productivity (Santi et al., 2013; Egamberdieva et al., 2018). Legumes are grown in many countries of the world and are considered an important food source for human and animal nutrition (Lüscher et al., 2014; Egamberdieva et al., 2015). However, abiotic stresses such as drought and salinity threaten the growth and yield of legumes and other crops (Bodner et al., 2015; Egamberdieva et al., 2016a, 2017b; Abd Allah et al., 2017). Grain legumes are sensitive to drought stress, and the symbiotic performance of plants with rhizobia is known to be especially hindered by drought, resulting in decreased nodulation and nitrogen fixation (Bouhmouch et al., 2005; Farooq et al., 2017). Inhibition of root nodule formation in legumes can be attributed to the failure of rhizobial colonization in the rhizosphere, which indicates the susceptibility of bacterial proliferation to stress factors (Rehman and Nautiyal, 2002).

Chickpea (Cicer arietinum L.) is an important legume crop in many countries and is considered a functional food source, mostly due to its high protein content (17–31% protein) (Merga and Haji, 2019). Water deficit reduces chickpea growth and yield and leads to low N fixation due to the limitation of rhizobium survival and growth in the soil (Rahbarian et al., 2011). Furthermore, a reduction in photosynthetic pigments, CO2 assimilation rate, leaf water contents and disturbance in nutrient acquisition by plants were found under drought stress (Vadez et al., 2012; Siddiqui et al., 2015).

Different strategies have been developed to improve the tolerance of crops to drought, e.g., breeding for stress tolerant varieties (Witcombe et al., 2008), genetic engineering (Roy et al., 2011), and application of microbial inoculants (Hashem et al., 2016; Parray et al., 2016). Biochar amendment has also been repeatedly discussed as a technique to increase plant tolerance to various biotic and abiotic stresses (Akhtar et al., 2015). Biochar has been widely used as a soil amendment to improve soil fertility through improved water holding capacity (Yu et al., 2013; Lim et al., 2016), soil cation exchange capacity (Novak et al., 2009), nutrient retention, especially in soils deficient in organic matter content (Chan et al., 2007; Ibrahim et al., 2013), or soil microbial activities (Kolton et al., 2011; Egamberdieva et al., 2016b, 2017a; Soudek et al., 2016). Several reports have demonstrated improved plant growth of soybean (Glycine max L.) (Egamberdieva et al., 2016b), pepper (Capsicum annuum L.), tomato (Lycopersicum esculentum Mill.) (Graber et al., 2010), maize (Islami et al., 2011), and wheat (Alburquerque et al., 2014) after biochar amendment. Moreover, nodule number in the cases of soybean (Mete et al., 2015) and faba bean (Mohamed et al., 2017) significantly increased due to the addition of biochar to the soil, indicating improved symbiotic performance of the plant with rhizobia. Concerning soil biochemical properties, enzyme activities were studied to rate or monitor soil fertility and productivity (Dempster et al., 2012; Song et al., 2018). Several studies reported an increase in soil enzyme activity after biochar application; however, others reported a decrease in activity (Ameloot et al., 2013; Paz-Ferreiro et al., 2014). There is evidence accumulating that the response of plant growth, nutrient acquisition, soil biogeochemical processes and microbial communities to biochar depends on the type of feedstock and the thermal conditions during production (e.g., heating period and the final set point temperature) (Gul and Whalen, 2016).

According to Deenik et al. (2011), the chemical composition of biochar, especially pyrolysis conditions, plays a vital role in soil biological responses to biochar soil amendments. For example, Butnan et al. (2015) observed that plant growth was reduced in a sandy Ultisol amended with eucalyptus wood-derived biochar produced by high (800°C) temperatures, whereas biochar produced at 350°C enhanced plant growth. Moreover, the effect of biochar characteristics such as pyrolysis temperature and duration and the application rate of biochar on soil biological activities is highly variable (Paz-Ferreiro et al., 2014; Song et al., 2018).

In another study, straw gasification biochar increased the shoot and root growth of barley (Hordeum vulgare L.) in sandy soil compared to the addition of wood gasification biochar (Hansen et al., 2016). In addition, the interaction of biochar with environmental conditions is essential for determining any contrasting effects, which also depend on the physicochemical properties of biochar (Joseph et al., 2010). Therefore, elucidation of the effect of biochar type on plant growth, development and soil biochemical properties provides important guidance on the selection of feedstock type and production technology, which could be applied under specific environmental conditions. Only limited information is available in the literature regarding the effect of biochar types on the symbiotic performance of legume plants with rhizobia and plant growth under drought stress conditions.

We hypothesized that amending soil with biochar might alleviate drought stress in chickpea by improving its symbiotic interactions with rhizobia in a loamy, sandy soil. Moreover, considering that sandy loam has a pH value below 7, it was unknown whether using different biochar types would promote soil biological activity. We selected biochars produced from maize by two different pyrolysis techniques, i.e., heating at 600°C (MBC) and batch-wise hydrothermal carbonization at 210°C (HTC), and amended loamy, sandy soil under drought and well-watered conditions. The aim of the present study was (1) to evaluate the effect of two contrasting biochar types on chickpea growth, nutrient uptake (N, P, and K) and symbiotic performance with Mesorhizobium ciceri and (2) to determine the impact on soil nutrients and soil enzymes linked to carbon, nitrogen and phosphorus cycling.



MATERIALS AND METHODS


Soil, Biochars and Plant Material

The soil used in the study was sandy loam collected from the upper horizon (0–15 cm depth) of an experimental arable field under irrigation operated by the Experimental Field Station of Leibniz Centre for Agricultural Landscape Research (ZALF), Müncheberg, Germany. The soil consists of clay and fine silt (7%), coarse and medium silt (19%), and sand (74%) and is characterized by the following properties: pH, 6.2; organic C content (0.55%), total N content (0.07%), P content (0.03%), K content (1.25%), and Mg content (0.18%).

Two biochar materials were used in this study, supplied from the Leibniz-Institut for Agrartechnik Potsdam-Bornim e.V. (ATB), Germany (Reibe et al., 2015). Both biochar materials were produced from maize using two different pyrolysis techniques: (i) heating at 600°C for 30 min (MBC) and (ii) batch-wise hydrothermal carbonization at 210°C and 23 bar for 8 h (HTC). The biochar properties are presented in Table 1. Chickpea (Cicer arietinum L.) seeds (var. Xalima) were obtained from the International Centre for Agricultural Research in the Dry Areas (ICARDA), Tashkent, Uzbekistan.


TABLE 1. Chemical characterization of chars (Reibe et al., 2015).
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Plant Growth Experiment

The experiment was conducted in a plant growth chamber at the Leibniz Centre for Agricultural Landscape Research (ZALF), Germany. The following six treatments were set up under well-watered and drought conditions, for a total of 12 treatments:


(i)un-inoculated plants grown in soil without MBC or HTC biochar

(ii)un-inoculated plants grown in soil amended with MBC

(iii)un-inoculated plants grown in soil amended with HTC

(iv)inoculated plants with M. ciceri and grown in soil without MBC or HTC biochar

(v)inoculated plants with M. ciceri and grown in soil amended with MBC

(vi)inoculated plants with M. ciceri and grown in soil amended with HTC



Two different biochar types derived from maize, namely, MBC and HTC, were used as soil amendments. Pots (d = 0.16 m, v = 3016 cm3) were filled with 1000 g of air-dried soil mixed with crushed char (particle size < 3 mm) at a 2% (w/v) concentration. The chickpea seeds were surface-sterilized using 10% v/v NaOCl for 5 min and 70% ethanol for 5 min. Afterward, the seeds were rinsed five times with sterile distilled water and transferred to paper tissue for germination in a dark room at 25°C for 3–4 days. The bacterial strain Mesorhizobium ciceri HAMBI1750 was obtained from the Culture Collection of Helsinki University. The strain was grown in yeast mannitol broth (Sigma Aldrich, United States) for 4 days, 2 ml of the bacterial culture was pelleted by centrifugation (10,000 × g for 10 min), and the supernatant was discarded. The cell pellets were washed with 2 ml of PBS (20 mM sodium phosphate and 150 mM NaCl, pH of 7.0) and re-suspended in PBS to obtain a final bacterial density of 108 CFU ml–1. Germinated seeds were dipped in bacterial suspension for 5 min and transferred to pots. Three seeds were sown in each pot, and after 1 week, the seedlings were thinned to one plant per pot.

Each treatment was replicated for three times and was arranged in a randomized complete block design. Only one plant was cultured in each pot for nodule and plant analysis. The soil moisture levels, i.e., drought (40% soil moisture) and well-watered (80% soil moisture) conditions, were monitored using the commercially available UMP-1 BT soil moisture sensor (Umwelt-Geräte-Technik GmbH, Müncheberg, Germany). Plants were grown for 40 days at a temperature of 24°C/16°C (day/night) and humidity of 50–60%. Well-watered and drought conditions were controlled at 80 and 40% soil moisture, respectively. At harvest, the chickpea root system was carefully removed, and soil adhering to the roots was collected and considered root-associated soil. The number of nodules (nodule size > 1 mm) was counted for each plant visually. The roots and shoots were oven-dried at 70°C for 48 h. After determination of the dry weight, the materials were ground using a mill fitted with a 1 mm screen and then sub-sampled for analysis.



Plant and Leghemoglobin Content Analyses

After 40 days, the root and shoot dry biomass and nodule numbers were determined. The LB content of nodules was determined by the following method of Wilson and Reisenauer (1963). First, 0.5 mg of crushed and ground nodule tissue was mixed into 3 ml of Drabkin’s solution. The supernatant was transferred to a 10 ml tube after centrifugation at 500 g for 15 min. The nodule tissue was extracted twice more with 3 ml of Drabkin’s solution and combined with the supernatants. The volume was adjusted to 10 ml with Drabkin’s solution, mixed and centrifuged at 20,000∗g for 30 min. The assay was standardized with a freshly prepared solution of bovine hemoglobin.



Soil Nutrients and Soil Enzyme Measurements

The carbon (C), nitrogen (N), phosphorus (P), and potassium (K) concentrations in plant tissues were analyzed with an inductively coupled plasma optical emission spectrometer (ICP-OES; iCAP 6300 Duo). The total carbon (Ct) and nitrogen (Nt) of the soil samples were determined by the dry combustion method (Nelson and Sommers, 1996) using an elemental determinator (TruSpec CNS). P, K, and magnesium (Mg) were analyzed with an ICP-OES (iCAP 6300 Duo). Acid and alkaline phosphomonoesterase activities were assayed according to Tabatabai and Bremner (1969). Briefly, 0.5 g of moist soil was placed in a 15 ml vial, and 2 ml of MUB buffer (pH of 6.5 for the assay of acid phosphatase or pH of 11 for the assay of alkaline phosphatase) and 0.5 ml of p-nitrophenyl phosphate substrate solution (0.05 M) were added. The soil suspension was incubated in a water bath at 37°C with 300 rpm shaking after the vial was capped. After 1 h of incubation, the vial was removed from the water bath, and 2 ml of NaOH (0.5 M), 0.5 ml of CaCl2 (0.5 M) and 5 ml of distilled water were added to stop the reaction. One milliliter of soil suspension was centrifuged at 6500 rpm for 5 min. The concentration of p-nitrophenol (p-NP) produced in the assays of acid and alkaline phosphomonoesterase and phosphodiesterase activities was calculated from a p-NP calibration curve after subtracting the absorbance of the control at 400 nm wavelength using a Lambda 2 UV-VIS spectrophotometer (Perkin Elmer) (Acosta-Martínez and Tabatabai, 2011).

Protease activity was assayed using the method described by Ladd and Butler (1972). Briefly, 0.5 g of soil was weighed into a glass vial, and 2.5 ml of phosphate buffer (0.2 M, pH of 7.0) and 0.5 ml of N-benzoyl-L-arginine amide (BAA) substrate solution (0.03 M) were added. The vials were capped and shaken in a water bath at 37°C with a rotary speed of 300 rpm for 1 h. After the incubation, 2 ml of KCl (2 M) was added to the vials to stop the reaction. One milliliter of the solution was pipetted into a microcentrifuge tube and centrifuged at 6000∗g for 10 min. A total of 0.5 ml of the clear supernatant was mixed with 4.5 ml of distilled water, 2.5 ml of sodium salicylate-NaOH and 1 ml of sodium dichloroisocyanide solution. The reaction mixture was incubated at room temperature for 30 min. The absorbance of the colored mixture was measured at 690 nm against a blank reagent solution in a spectrophotometer. Controls were used to follow the procedure described for the assay, with the exception that the BAA substrate was added after the incubation. The ammonium released was calculated by relating the measured absorbance at 690 nm to that of a calibration graph containing 0, 1.0, 1.5, 2.0, and 2.5 μg of NH4+–N mL–1.

The FDA hydrolytic activity assay was performed according to Green et al. (2006). A total of 0.5 mg of soil was added to a 50 ml vial, with the subsequent addition of 25 ml of sodium phosphate (0.06 M; pH of 7.6). Then, 0.25 ml of 4.9 mM FDA substrate solution was added to all vials. The tightly capped vials were mixed and incubated in a water bath at 37°C for 1 h. A 1 ml soil suspension was transferred to a 1.5 ml tube and centrifuged at 8000 rpm for 5 min. The clear supernatant was measured at 490 nm against a blank reagent solution in a spectrophotometer. Controls were used according to the procedure described for the assay, but 0.25 ml of acetone was added instead of the FDA substrate solution. The concentration of fluorescein released was calculated by reference to a standard curve with 0, 0.001, 0.005, 0.05 and 0.15 mg of fluorescein.



Statistical Analysis

The data were subjected to univariate analysis using a general linear model in the statistical software package SPSS 22 (SPSS Inc., Chicago, IL, United States). Multiple comparisons between treatments were tested at the p < 0.05 level using Tukey’s honestly significant difference (HSD) test.



RESULTS


Plant Shoot and Root Growth


Well-Watered Conditions

The responses of chickpea to the two biochar types were different under well-watered conditions. The growth of chickpea was significantly (p < 0.05) higher in soil amended with HTC than in soil without HTC addition (Figure 1). The shoot and root biomass of un-inoculated chickpea increased by 36%, whereas the shoot and root growth of inoculated plants increased by 16 and 22%, respectively. However, there were no significant effects of MBC on the growth of un-inoculated or inoculated chickpea. MBC char improved the shoot biomass of un-inoculated and inoculated chickpea by 18 and 13%, respectively, but the effect was not significant. The root biomass of neither un-inoculated nor inoculated chickpea was changed in MBC-amended soil (Figures 1,2).
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FIGURE 1. The shoot and root growth of chickpea grown in soil amended with HTC (produced from maize by batch-wise hydrothermal carbonization at 210°C) and MBC (produced from maize through pyrolysis by heating at 600°C) under well-watered conditions. The plants were un-inoculated (control) or inoculated with M. ciceri. Column means with different letters are significantly different based on Tukey’s HSD test at P < 0.05.
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FIGURE 2. The growth of chickpea inoculated with M. ciceri in soil amended with 2% of HTC, MBC and without biochar (control) under the well-watered condition. Plants were grown for 40 days after the start of the experiment.




Drought Conditions

Overall, there were positive and significant effects of HTC on the root and shoot growth of both un-inoculated and inoculated chickpea grown under drought conditions. The soil amendment with MBC char produced more benefits to chickpea growth under drought stress than under the well-watered condition. The shoot growth was increased by 9% and root growth by 24% in both un-inoculated and inoculated plants (Figure 3). However, the stimulation was not significant when compared to control plants grown without biochar addition.
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FIGURE 3. The shoot and root growth of chickpea grown in soil amended with HTC and MBC under drought conditions. The plants were un-inoculated (control) or inoculated with M. ciceri. Column means with different letters are significantly different based on Tukey’s HSD test at P < 0.05.


The interrelation of biochar × moisture level and biochar × inoculation showed no effects but moisture level × inoculation revealed significant interaction effects on shoot biomass (Table 2). Biochar × moisture level showed a significant interaction effect but biochar × inoculation and moisture level × inoculation showed no interaction effect on root biomass. Biochar × moisture level × inoculation showed a significant interaction effect on root biomass but not on shoot biomass.


TABLE 2. Interaction effects of biochar, moisture level, and inoculation on plant biomass, LB content, and plant nutrients.
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Nodulation and Leghemoglobin Content


Well-Watered Conditions

It is notable that both biochars improved the symbiotic performance of chickpea with M. ciceri under well-watered conditions. The nodule numbers of inoculated chickpea were 17 ± 4.01, while HTC addition to soil increased nodule numbers to 52 ± 8.1 per plant, and MBC, by 23 ± 7.2 per plant (Figure 4A). The LB content was significantly higher (9.0 mg gFW–1) in the nodules of plants grown in HTC-amended soil than in plants grown in control and MBC-amended soil (Figure 4B). There was no significant difference in the nodule LB content between plants grown in MBC-amended soil and control plants.
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FIGURE 4. The nodule number (A) and LB content (B) of chickpea grown in soil amended with HTC and MBC under well-watered and drought conditions. The plants were inoculated with M. ciceri. Column means with different letters are significantly different based on Tukey’s HSD test at P < 0.05.




Drought Conditions

The nodule numbers decreased in chickpea grown under drought conditions for all variants (Figures 4A,B). The symbiotic performance of chickpea with M. ciceri was inhibited by drought stress, reducing nodule numbers from 17.6 to 3.4 per plant. The biochar addition increased nodule numbers to 25 ± 4.2 in HTC char-amended soil and 14.6 ± 3.1 in MBC char-amended soil, which were higher than the nodule numbers in control plants (3.4 ± 2.51) (Figure 4A).

The LB content per g of fresh weight of nodule tissue was considerably lower in the nodules of plants grown under drought conditions. The LB content in chickpea nodules was not changed in MBC-amended soil compared to control soil. However, there was a significant positive effect on the LB content in nodules of plants grown in soil with HTC addition.

The Interaction of biochar × moisture level showed no significant effect on LB content (Table 2).



Plant Nutrient Content


Well-Watered Conditions

In general, the concentrations of N, P, K, and Mg in plant tissues were affected by the type of biochar and by plant growth conditions. In HTC char-amended soil, the nutrient concentration of un-inoculated and inoculated plants with M. ciceri was higher than that of plants grown in soil without biochar addition. Significant (p < 0.05) increases in N, P, K, and Mg concentrations over those in the controls were observed after HTC amendment under the well-watered conditions, with increases of 15, 35, 17, and 51%, respectively. Only K and Mg concentrations increased significantly (20–26%) in shoot tissue. The soil amendment with HTC char positively affected inoculated chickpea as well, increasing mainly N, P, and K uptake (Table 3). In MBC-amended soil, only K concentrations in the roots and shoots of un-inoculated and inoculated plants were increased compared to those in control plants grown in soil without biochar addition. The K concentration in the root tissue of un-inoculated and inoculated plants was increased by 123 and 119%, respectively, whereas that in the shoot tissue was increased by 84 and 58%. Among the nutrients, only the N and Mg concentrations in the shoots of un-inoculated plants were significantly (p < 0.05) increased by MBC char (Table 3).


TABLE 3. Carbon and nutrient concentrations (%) in chickpea shoot and root tissue grown in soils after application of HTC and MBC chars under well-watered and drought conditions.
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Drought Conditions

Furthermore, a positive effect of MBC char on the nutrient uptake of plants was observed under drought conditions. The soil amended with MBC showed an increased concentration of N, P, and K contents in plant roots inoculated with M. ciceri by 20, 16, and 79%, compared to control plants, respectively (Table 3). The highest concentration of K in roots and shoots was also observed under drought conditions, increasing by 86% for un-inoculated plants and 78% for plants inoculated with M. ciceri. A notable result was observed where the MBC char amendment reduced the Mg concentration in plant tissue under drought conditions. The acquisition of N, P, K, and Mg by roots and shoots was improved under drought conditions by HTC char amendment, and significant stimulation was observed in inoculated plants (Table 3). For example, the concentrations of C, N, P, K, and Mg in root tissue increased by up to 27, 33, 28, 23, and 26%, respectively.

The interaction of biochar × moisture level showed significant effects on shoot K, shoot Mg, root C, root N, and root K contents but no interaction effect on shoot C, shoot N, shoot P, root P, and root Mg content (Table 2). Biochar × inoculation showed significant interaction effects on shoot N, shoot P, shoot K, shoot Mg, root N, and root Mg content but no effect on shoot C, root C, root P, and root K content. Moisture level × inoculation showed significant interaction effects on shoot Mg, root C, and root N content but no impacts on shoot C, shoot N, shoot P, shoot K, root P, root K, and root Mg content. Furthermore, the interaction of biochar × moisture level × inoculation showed significant impacts on shoot C, shoot Mg, root C, root N, and root Mg content but no interaction effect on shoot N, shoot P, shoot K, root P, and root K contents.



Soil Carbon and Nutrient Contents


Well-Watered Conditions

Table 4 shows the soil nutrient concentrations under well-watered and drought conditions with biochar treatment. The highest values of soil organic C, N, and Mg were observed in soil amended with HTC and MBC under both inoculation with M. ciceri and no inoculation. The lowest value was found in soil without biochar treatments. The soil organic C, N, P, K, and Mg concentrations in soil amended with HTC (inoculated with M. ciceri or without inoculation) were increased by up to 66, 29, 14, 44, and 44%, respectively, under well-watered conditions compared to uninoculated soil without biochar. The C, P, and Mg concentrations in the MBC-amended soil were twofold higher and the K concentration was threefold higher than those in the soil without MBC addition and inoculation with M. ciceri (Table 4). Our results reveal that the uptake of available P and K was significantly affected by MBC biochar amendment compared to soil without biochar and regardless of inoculation with M. ciceri. There were no significant differences in soil nutrients between treatments with inoculated and non-inoculated plants.


TABLE 4. Soil carbon and nutrient concentrations after application of HTC and MBC chars under well-watered and drought conditions.
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Drought Conditions

The nutrient concentrations in soil without biochar amendment were similar between drought and well-watered soils, except for the K concentration, which was higher under drought conditions. Under drought conditions, both biochar amendments increased soil organic C as well as N content by up to 84 and 46% compared to soil without biochar, respectively. The P, K, and Mg concentrations in soil were not significantly affected by HTC amendment of soil; only the soil with MBC biochar showed higher contents, regardless of M. ciceri inoculation. Furthermore, the P concentration increased by 75%, that of K, by 186%, and that of Mg, by 22% in soil with inoculated plants and amended with MBC. The nutrient content did not differ significantly between the soil of plants inoculated with M. ciceri and that of uninoculated plants.

The interaction of biochar × moisture level showed significant effects on soil P, K, and Mg contents but no impacts on soil N content (Table 5). Biochar × inoculation showed significant interaction effects only on soil K content but no impacts on soil N, P, and Mg content. Moisture level × inoculation showed significant interaction effects on soil Mg content but no effects on either soil N, P, or K contents. There were no interaction effects of biochar × moisture level × inoculation on soil nutrients.


TABLE 5. Interaction effects of biochar, moisture level, and inoculation on soil nutrients and soil enzyme activities.
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Soil Enzymes


Well-Watered Conditions

Among the biochar treatments, adding HTC char to soil increased FDA activity in well-watered soil with inoculated and uninoculated plants by 37% (Figure 5A). The soil FDA activities did not differ between soil amended with MBC biochar and control soil without biochar (Figure 5A). The soil acid and alkaline phosphomonoesterase activities under chickpea were also affected by biochar amendment. A significant increase of 70 and 40% in acid phosphomonoesterase activity was observed under HTC and MBC amendments compared to soil without biochar, respectively. Alkaline phosphomonoesterase activity was increased by up to 30% in HTC-amended soil. Both enzyme activities were slightly but not significantly higher for chickpea inoculated with M. ciceri than for uninoculated controls.
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FIGURE 5. Effect of HTC and MBC on soil FDA activity under well-watered (A) and drought (B) conditions. Error bars (standard error) followed by a different letter within each column are significantly different at P < 0.05 based on Tukey’s HSD test.


Protease activity was slightly higher in HTC-amended soil than in the control and MBC-amended soil; however, the effect was not significant (Figure 6). There was no difference in protease activity between MBC-amended soil and soil without biochar.
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FIGURE 6. Effect of HTC and MBC on soil protease activity under well-watered (A) and drought (B) conditions. Error bars (standard error) followed by a different letter within each column are significantly different at P < 0.05 based on Tukey’s HSD test.




Drought Conditions

Under drought conditions, soil FDA activity was higher under both biochar types, regardless of bacterial inoculation, than that of soil without biochar (Figure 5B). The HTC char amendment increased soil FDA activity by 44% and MBC by 24%, and soil FDA activity was higher with bacterial inoculation than without inoculation. Drought stress inhibited the acid and alkaline phosphomonoesterase activities of soil without biochar, regardless of inoculation with M ciceri (Figures 7, 8). Only HTC showed a positive effect on acid and alkaline phosphomonoesterase activities, with an increase of 17 and 49% compared to the control, but the effects were not significant for uninoculated soil (Figure 8).
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FIGURE 7. Effect of HTC and MBC on soil acid phosphomonoesterase activity under well-watered (A) and drought (B) conditions. Error bars (standard error) followed by a different letter within each column are significantly different at P < 0.05 based on Tukey’s HSD test.
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FIGURE 8. Effect of HTC and MBC on soil alkaline phosphomonoesterase activity under well-watered (A) and drought (B) conditions. Error bars (standard error) followed by a different letter within each column are significantly different at P < 0.05 based on Tukey’s HSD test.


There were no changes in soil protease activity under drought stress after the biochar amendments. However, an increase of 30% was observed in soil with rhizobial inoculation after HTC char amendment compared to soil without biochar (Figure 6).

The interactions of biochar × moisture level, biochar × inoculation, and biochar × inoculation showed significant impacts on soil acid phosphomonoesterase activity while biochar × moisture level × inoculation showed no interaction effect on soil acid phosphomonoesterase activity (Table 5). No interactions were found for FDA, protease, and alkaline phosphomonoesterase activities.



DISCUSSION

Overall, our experiment showed that the shoot and root growth, nutrient acquisition and symbiotic performance of chickpea with M. ciceri under well-watered and drought conditions were improved by HTC char amendment of soil. However, MBC char produced more benefits to chickpea growth under drought stress than under well-watered conditions. However, biochar and moisture level showed no significant interaction on soybean shoot biomass. It has been reported that biochar amendment increases the water holding capacity of soil (Abel et al., 2013; Bruun et al., 2014), which affects the availability of K (Rogovska et al., 2014). Joseph et al. (2010) report that the interaction of biochar with environmental conditions is an important requirement for revealing contrasting effects, which might depend on the physicochemical properties of biochar. For example, Butnan et al. (2015) observed reduced plant growth on a sandy Ultisol amended with eucalyptus wood-derived biochar produced by pyrolysis (800°C), whereas biochar produced at a lower temperature (350°C) provided higher benefits. Biochar amendment has also been shown to increase plant root and shoot growth and drought tolerance without increasing soil water availability, thus improving plant eco-physiological responses related to water status such as leaf osmotic potential, stomata resistance and water use efficiency (Kammann et al., 2011; Haider et al., 2015). Shen et al. (2016) studied the effect of two types of biochar on the plant growth and P uptake of Lotus pedunculatus cv barsille. The authors found that the addition of biochar from willow woodchips increased plant growth, whereas pine-based biochar did not show any positive effect on plant growth and P uptake when added to a nutrient-poor soil.

In our study, the nodule numbers and LB content were decreased in chickpea grown under drought conditions. It is notable that both biochars improved the symbiotic performance of chickpea with M. ciceri under both well-watered and drought conditions. Additionally, providing biochar and moisture level showed no significant interaction on LB content. According to Iijima et al. (2015), the biochar amendment of soil provides more air to nodule bacteria that adhere to the surface of biochar pores. In another study, Pietikainen et al. (2000) reported that the survival of bacteria, which were sorbed to biochar surfaces was due to the capability of biochar protecting bacteria in soil. Kolton et al. (2011) proved that soil amendment with carbon-rich biochar from citrus wood provided favorable conditions for bacterial proliferation, which increased microbial community composition in soil growing sweet peppers (Capsicum annuum L.). In another study, the rhizobial cell counts and nodulation of soybean were increased by the addition of biochar mixed with compost (Lehmann et al., 2011). According to Vanek and Thies (2016), the survival of Rhizobium tropici in biochar pores was observed over 6 months. Zahran et al. (1994) illustrated that osmotic stress might lead to an alteration in the Rhizobium-host plant recognition process. The severe inhibition by water deficit of root hair infection by Rhizobium and the formation of infection threads have also been observed (Graham, 1992; Serraj et al., 1999). In both well-watered and drought conditions, our results showed significant stimulation of root nodulation of chickpea. There are other reports on the importance of signaling factors for nodule formation impacted by biochar, e.g., Mia et al. (2014) observed stimulation of signaling for nodulation with the absorption of flavonoids and Nod factors by biochar. Wang et al. (2018) observed similar results to our findings, where soil amended with bamboo biochar that had been pyrolyzed at a temperature below 500°C stimulated root nodulation as well as soybean growth. The LB content of chickpea nodules was higher under soil amended with HTC char, but we found no distinction between MBC char and untreated control soil.

Biochar addition can induce changes in nutrient availability and may provide additional N and P (Prendergast-Miller et al., 2011) or bioavailable C sources for microbial proliferation in the rhizosphere (Zimmerman, 2010), depending on the type of biochar. For example, Shen et al. (2016) observed an increase in P uptake and plant growth by the application of biochar produced from willow woodchips compared to the non-amended soil. Soil amendment with pine-based biochar did not show any stimulatory effect on plant growth. In our study, we observed that HTC biochar increased the C content in plants, while MBC char significantly increased the K content in the roots and shoots of plants under both well-watered and drought conditions. The first indication of this positive effect was that MBC char contains higher K content than HTC char, contributing to the availability of K in soil. Wang et al. (2018) observed similar results with bamboo biochar that had been pyrolyzed at a temperature below 500°C, increasing plant growth and K uptake in soybean. In our study, biochar addition did not affect the N uptake of chickpea roots. However, the combined application of biochar with M. ciceri significantly increased N uptake. Corresponding results were found in a pot experiment by Rondon et al. (2007), who showed that biochar addition increased N concentrations in beans from 50% in non-biochar treatments to 72% in a biochar treatment. Furthermore, both biochar types increased the Mg uptake of chickpea roots or shoots under well-watered and drought conditions.

In our study, the addition of both types of biochar alone or combined with M. ciceri resulted in higher total soil N content under well-watered and drought conditions than in untreated soil, while the difference was not significant under drought conditions when amended with MBC char. In addition, no significant interaction effects among biochar, moisture level, and inoculation was found. Similar observations were reported by Han et al. (2016), where soil amendment with biochar produced from Chinese pine resulted in significant increases in soil total nitrogen. As previously reported, biochar has the capability of reducing nitrogen loss and improving nitrogen cycling in the soil (Huang et al., 2014). The mechanisms directly involved are the large surface area, highly porous structure and strong ion exchange capacity of biochars (Glaser et al., 2001), which contribute to improving the physical and chemical properties of soil and which impact soil biological activities (Anderson et al., 2014; Lentz et al., 2014). In our study, HTC char alone or combined with M. ciceri did not show any significant influence on soil P, K, and Mg content while the soil P, K, and Mg contents increased in the soil amended with MBC char. Nevertheless, there were significant interaction effects between biochar and moisture level on soil P, K, and Mg contents.

FDA hydrolytic activity, a measure of overall microbial activity which particularly includes esterases and protease, showed no significant distinction between MBC char and the control under well-watered conditions. However, under drought stress, soil FDA activity was higher under both biochar types than in soil without biochar. Inoculation of chickpea with M. ciceri increased activity under well-watered and drought conditions compared to untreated soil. In addition, no interaction effects were found among biochar, moisture level and inoculation factors on soil FDA activity. The enhancement of soil FDA hydrolytic activity by rhizobial inoculation was also observed in a 2-year field trial by Fall et al. (2016). Furthermore, increased activity of soil acid phosphomonoesterase activity was observed in HTC and MBC char treatments under well-watered conditions, whereas drought suppressed enzyme activity. However, the interaction between biochar and moisture level was pronounced for soil acid phosphomonoesterase activity. On the other hand, alkaline phosphomonoesterase activity did not change after MBC char application under either condition, whereas HTC char amendment showed a significant increase. Previous reports found increased alkaline phosphomonoesterase activities and suppression of acid phosphomonoesterase activities by application of manure-derived biochar in loamy sand soil (Jin et al., 2016). Uncertainties in the biochar effect on soil enzyme activities have also been reported (Paz-Ferreiro et al., 2014; Song et al., 2018). Wang et al. (2015) stated that the addition of maize biochar increased the activities of soil enzymes involved in C and N cycles. In our study, soil protease activity slightly increased in HTC char-amended soil and decreased in soil with MBC char amendment under drought conditions.

Rhizobial inoculation showed a positive effect on soil FDA activity, protease and alkaline phosphomonoesterases under well-watered conditions while no interaction effects were found among biochar, moisture level and inoculation. Moreover, Rhizobia inoculation combined with HTC char amendment improved soil enzyme activity under drought conditions compared to the control or MBC char-amended soils. These results agree with several studies reporting that Rhizobia might increase enzyme activity in the soil-root zone, e.g., Siczek and Lipiec (2016) found that Rhizobium inoculation consistently increased the activity of several enzymes in the rhizosphere.



CONCLUSION

The results of our study demonstrated positive synergistic effects of biochar amendments on plant growth, plant nutrient uptake, soil nutrient contents and soil biological properties in sandy loam soil. In general, HTC char produced by batch-wise hydrothermal carbonization at 210°C had a more significant effect on the measured biological indicators than MBC char produced by pyrolysis at 600°C. This finding, that different methods of producing biochar from the same source (maize) play a critical role in the expression of soil ecological effects, underpins the assumption of a link between chemical and physical properties of biochar and enhanced plant nutrient acquisition, symbiotic performance and plant stress tolerance.
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Our objective was to better understand how organic and inorganic nitrogen (N) forms supplied to a tree, Robinia pseudoacacia, and a perennial forb, Lupinus latifolius, affected plant growth and performance of their symbiotic, N-fixing rhizobia. In one experiment, we tested five sources of N [none; three inorganic forms (ammonium, nitrate, ammonium-nitrate); and an organic form (arginine)] in combination with or without rhizobia inoculation. We measured seedling morphology, allometry, nodule biomass, and N status. A second experiment explored combinations of supplied 15N and inoculation to examine if inorganic or organic N was deleterious to nodule N-fixation. Plant growth was similar among N forms. A positive response of nodule biomass to N was greater in Robinia than Lupinus. For Robinia, inorganic ammonium promoted more nodule biomass than organic arginine. N-fixation was concurrent with robust supply of either inorganic or organic N, and N supply and inoculation significantly interacted to enhance growth of Robinia. For Lupinus, the main effects of inoculation and N supply increased growth but no interaction was observed. Our results indicate that these important restoration species for forest ecosystems respond well to organic or inorganic N forms (or various forms of inorganic N), suggest that the nodulation response may depend on plant species, and show that, in terms of plant growth, N supply and nodulation can be synergistic.

Keywords: amino acid, arginine, inorganic nitrogen, isotopic nitrogen, Lupinus latifolius, nitrogen fixation, organic nitrogen, Robinia pseudoacacia



Introduction

Nitrogen (N) has long been demonstrated as the most critical element for enhanced productivity of plant growth. Soil N is present in inorganic forms, such as ammonium and nitrate, and organic forms, such as amino acids (Christou et al., 2006). Ammonium and nitrate are the predominant inorganic N forms usually taken up by plants (Hawkins and Robbins, 2010). Studies confirmed, however, that amino acids sometimes serve as a primary N source for vegetation (Kielland, 1994; Persson and Näsholm, 2001; Inselsbacher and Näsholm, 2012; Whiteside et al., 2012; Wei et al., 2015) and plants have a reduced carbon cost when assimilating organic N into proteins (Franklin et al., 2017). Organic N can be an efficient and environmentally favorable N source (Öhlund and Näsholm, 2002).

Plants may show different growth responses to the form of N they are provided. For trees, Bigg and Daniel (1978) and Yao et al. (2011) collectively examined six conifer species and found that three species grow better with ammonium than nitrate (Picea engelmannii, Pinus contorta, Pinus yunnanensis), two grow better with nitrate than ammonium (Pseudotsuga menziesii, Pinus densata), and one had no preference (Pinus tabuliformis). Picea abies and Pinus sylvestris seedlings, with an ability to uptake intact amino acids, grow as well as, or better, when they are supplied with amino acids compared to seedlings with access to inorganic N sources (Öhlund and Näsholm, 2001; Gruffman et al., 2012). Conversely, a field study with Abies fraseri, Pinus resinosa, and Populus nigra × Populus maximowiczii found that seedling growth and foliar N response resulting after an amino acid supply was similar to inorganic N applications only when the organic form was applied at rates two or three times higher than that of the inorganic form (Wilson et al., 2013). The N form provided in the growth substrate affects not only plant growth but also plant biomass allocation. Amino acids were suggested to have a direct positive effect on root growth of the small herb Arabidopsis thaliana cultivated in a sterile agar growth system (Cambui et al., 2011). Picea abies and P. sylvestris seedlings given organic N (arginine) in a container nursery had larger root systems and a greater root-to-shoot ratio than did seedlings with access to inorganic N (Gruffman et al., 2012).

Inoculation of seeds with rhizobia is known to increase nodulation, leading to enhanced N content, growth, and yield of legume crops (Adgo and Schulze, 2002; Gan et al., 2010; Namvar et al., 2011) and woody species (Dan et al., 1993; Diabate et al., 2005; Jayakumar and Tan, 2006; Dumroese et al., 2009). The effectiveness of inoculation on nodulation and subsequent plant growth response can be affected by N fertilization, but the conclusions are mixed. While broadly concluded that mineral soil N [nitrate (NO3−) and ammonium (NH4+)] inhibits nodulation, nodule growth, and activity in legumes (Imsande, 1986; Streeter and Wong, 1988; Guo et al., 1992; Bollman and Vessey, 2006; Camargos and Sodek, 2010), studies have shown that low (Rohm and Werner, 1991; Vessey and Waterer, 1992; Gulden and Vessey, 1997; Goicoechea et al., 2005; Yashima et al., 2005) and moderate (Peoples et al., 1995; Bado et al., 2006) supplies of N can stimulate nodulation and N fixation. Nodulation with apparent N-fixing ability has also been noted when N was supplied in high amounts (Dumroese et al., 2009). These differences may be a function of either the symbiosis or the N source.

The response of legumes to N level is species specific and depends upon the particular rhizobia-legume symbiosis (Manhart and Wong, 1980; Harper and Gibson, 1983). Nodules of Lupinus angustifolius infected with Rhizobium sp. 127E15 were unaffected by addition of 15 mM NO3−, whereas all other combinations of rhizobia–L. angustifolius and rhizobia–Vigna unguiculata averaged a 30% reduction in nodule biomass (Manhart and Wong, 1980). Nitrate was found to induce an inhibitory effect on nodulation and N fixation in pea plants at levels as low as 0.1 mM, while the level at which NH4+ became inhibitory was 1.0 mM and higher (Rys and Phung, 1984; Silsbury et al., 1986; Waterer and Vessey, 1993a, Waterer and Vessey, 1993b; Svenning et al., 1996). While sensitivity to NO3− has been found to occur in all legume species studied so far (Streeter and Wong, 1988; Lucinski et al., 2002; Fei and Vessey, 2003), the impact of NH4+ on symbiosis is weaker than that observed for NO3− (Bollman and Vessey, 2006). Streeter and Wong (1988) noted that nitrate may affect the symbiotic process by reducing nodule formation, reducing nitrogenase activity, or by affecting the ratio of nodule dry mass to whole plant mass. These lines of research continue (Lucinski et al., 2002) but with increasing attention to molecular changes that influence N-fixation brought about by NO3− (e.g., Valkov et al., 2017). Despite this intensive effort, the combined effects of N and rhizobia inoculation on nonagronomic legumes have received little attention. To our knowledge, no studies have examined the effects of organic N on nodule formation and subsequent plant growth.

In this study, we assessed the plant response of two Fabaceae (legume) species supplied with different sources of N and rhizobia inoculation in a controlled greenhouse system. Lupinus latifolius, hereafter lupine, is a native perennial forb occurring in forests of western North America from British Columbia to Baja California to New Mexico. It has a bushy, densely branched growth habit originating from a woody caudex (Antos and Halpern, 1997). It is commonly used for rehabilitation of disturbed forest sites and for erosion control because it grows well on droughty and/or low-fertility sites, has a deep root system for stabilizing soil, and forms associations with N-fixing microorganisms (Halverson et al., 1986; Doede, 2005). Robinia pseudoacacia, hereafter black locust, is a medium-sized tree native to the southeastern United States that has been widely planted and naturalized elsewhere in temperate North America, Europe, southern Africa, and Asia (Olson and Karrfalt, 2008). In the United States, it has been used for afforestation of abandoned farmlands, timber, erosion control, and soil stabilization on disturbed sites (Keresztesi, 1980; Roberts et al., 1983). Both species are commonly grown as container seedlings in some nurseries in North America, and so determining proper N supply and inoculation regimes will undoubtedly have a significant impact on the availability of these two species for restoration activities.

Therefore, our goal was to investigate the growth and allometry, physiological responses, and nodulation status of lupine and black locust provided N in organic and inorganic forms, with or without rhizobia inoculation. To the best of our knowledge, this is the first study to examine the effects of supplying organic N to seedlings and subsequent rhizobia nodule development and function. Arginine was chosen as our model amino acid partly because it had been used in other studies (Öhlund and Näsholm, 2001; Öhlund and Näsholm, 2002; Persson et al., 2003; Öhlund and Näsholm, 2004; Gruffman et al., 2013; Wilson et al., 2013) and partly because of its chemical properties. Arginine is an N-rich molecule containing four N atoms, which collectively contribute 32% of its molecular weight. It is positively charged and thus acts as a basic cation in soils with acidic pH, binding to negatively charged soil particles, which restricts its mobility. Our objectives were to see whether (1) seedlings supplied with organic and inorganic N forms have similar growth; (2) inoculated and noninoculated seedlings supplied with organic and inorganic N forms have similar rhizobia nodule biomass; and (3) high rates of organic and inorganic N supply discourage N fixation.




Methods and Materials



Species Selection and Seed Treatment

To meet our objectives, we grew lupine (collected in 2010 at 919 m elevation on the Newport Ranger District, Colville National Forest, Washington, USA) and black locust (collected in 2012 in Kentucky, USA; Lawyer Nursery, Inc., Plains, Montana, USA). Seeds were treated with hot water scarification before sowing. Lupine seeds were submerged 1 min in 100°C water (seeds:water = 10 g:800 ml), immediately soaked in running tap water for 48 h, and stratified 15 days at 3°C. Black locust seeds were submerged in 70°C water (seeds:water = 15 g:500 ml), the heat source was immediately removed, and the seeds and water were allowed to cool for 24 h. Expanded seeds of each species were sown.




Experiment One—Seedling and Nodule Growth



Design and Seed Sowing

Our first experiment was a completely randomized design with two independent factors: rhizobia inoculation and N source. We employed two levels of rhizobia inoculation (control or inoculated) and five sources of N: none; three inorganic forms [ammonium (NH4+), nitrate (NO3−), ammonium-nitrate (NH4NO3)]; and an organic form (L-arginine; Sigma-Aldrich Co., St. Louis, Missouri, USA). At the time of planting, one half of the seeds was inoculated with either lupine- or black locust-appropriate rhizobia. The lupine inoculant included three proprietary isolates, whereas black locust was a combination of a proprietary isolate and USDA 3436 (Plant Probiotics Company, Indianapolis, Indiana, USA). For each inocula replication, we slightly moistened the scarified seeds, applied each peat-based inocula at a rate of 1 g (~3 × 108 CFUs) per 100 g of seeds, thoroughly mixed the seeds and inocula, and immediately hand-planted 3 seeds into Ray LeachTM Super Cells (164 cm3, 3.8-cm diameter, 21-cm depth; Stuewe & Sons, Inc., Tangent, Oregon, USA) filled with a 1:1 (v:v) mix of Sphagnum peatmoss:vermiculite (Forestry #1, SunGro Horticulture Canada Ltd., Canada). Sown seeds were covered with 1 cm of coarse grit to reduce evaporation and cryptogam growth. We planted eight cells for each species, inoculation, and N source combination (each seedling served as a replicate). Sown cells were randomly placed onto a table inside a fully controlled greenhouse at the U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station in Moscow, Idaho (46.7232°, −117.0029°; 798 m elevation), thinned to a single seedling after germination, and rearranged during each irrigation to minimize edge effects.




Seedling Culture

Seedling irrigation needs were determined gravimetrically for each species, inoculation, and N source combination. When mass of the water reached 75% of the total water mass at container capacity, seedlings were irrigated with just enough water to return the cells to container capacity (Dumroese et al., 2015); this occurred one or more times each week. Fourteen days after planting (DAP), we began supplying N. Each lupine seedling received a total of 6 mg N during a 6-week period (1 mg per week; 14 to 56 DAP), whereas black locust seedlings each received a total of 24 mg N during a 12-week period (2 mg per week; 14 to 98 DAP). We used three different nutrient stock solutions, differing only with respect to the chemical form of N (Table 1). Each stock solution also included micronutrients [sulfur (S), 13%; manganese (Mn), 8%; iron (Fe), 7.5%; copper (Cu), 2.3%; boron (B), 1.35%; molybdenum (Mo), 0.04%; Peters Professional® S.T.E.M.TM, the Scotts Company, Marysville, Ohio, USA] at 15 mg L−1 and Sprint 330 [10% Fe (chelated); Becker Underwood, Inc., Ames, Iowa, USA] at 20 mg L−1. Once each week, when gravimetric weights indicated irrigation was needed, we calculated the amount of water required to replenish the medium for each seedling to container capacity. This value was always >15 ml seedling−1. Starting with 15 ml of stock solution, we added the appropriate N source at either 1 (lupine) or 2 (black locust) mg N and applied the subsequent solution to an individual seedling via syringe. As required, we then added plain water to reach the total irrigation amount calculated for each seedling based on the gravimetric measurements. The resulting solutions had 67 (lupine) and 134 (black locust) mg N L−1 with concentrations of phosphorus (P), potassium (K), S, calcium (Ca), and magnesium (Mg) provided at ratios of 1.0, 0.7, 1.1, 0.9, and 1.2 to 1.0 N (Table 1). We reinoculated seedlings 28 DAP to ensure inoculation; 0.5 g of inoculant was diluted in 1.25 L water and then 5 ml of inoculant solution (2 mg inoculant) was applied to each seedling.



Table 1 | Nutrient stock solutions for application of different nitrogen sources.
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Seedling Measurements

For lupine, the longest petiole length and the widest leaf width were measured weekly from 28 DAP until harvest 56 DAP. For black locust, seedling height and root-collar diameter (RCD) were measured every 14 days from 42 DAP until harvest 112 DAP. At harvest, we gently washed root systems of both species free of medium and counted and harvested nodules. Shoots (leaf and stems for block locust), roots, and nodules were separated and oven-dried 72 h at 65°C for biomass determination. The oven dried shoots and roots for each treatment were subsequently ground to pass a 0.44-mm mesh and analyzed for N concentration by dry combustion in a LECO CN600 (LECO Corp., St. Joseph, Michigan, USA).





Experiment Two—Nodule Activity

Based on our results from the first experiment, we sowed a second crop of each species as described above (except for N source, total N applied, and growing time) to measure differential dilution of absorbed 15N-labeled fertilizer by N inputs through N-fixation by rhizobia (Hardarson and Danso, 1993). Because preliminary data analyses revealed no significant differences among inorganic N forms for seedling growth, we supplied inorganic N only as NH4NO3 amended with NH4NO3 enriched to 98 atom % 15N (Sigma Aldrich, St. Louis, Missouri, USA). Organic N was supplied as arginine hydrochloride amended with L-arginine-α-hydrochloride enriched to 98 atom % 15N (Cambridge Isotope Laboratory, Inc., Tewksbury, Massachusetts, USA). The 15N:14N was about 0.0037:1. Irrigation and N were supplied as described above, but this time, the black locust seedlings were only treated for 8 weeks (16 mg N total).

Individual seedlings were harvested 56 DAP (lupine) and 70 DAP (black locust). Seedlings were washed free of growing media and rinsed in deionized water, partitioned into leaves, stems, and roots, then oven dried 48 h at 60°C, weighed, and ground as previously described to determine biomass. At least five seedlings from each species × N combination were analyzed for isotopic N. The concentrations of 15N and 14N in each tissue were determined with a continuous flow isotope ratio mass spectrometer (Finnigan Delta PlusXP, Thermo Fisher Scientific, Breman, Germany) at the Washington State University Stable Isotope Core Laboratory (Pullman, Washington, USA). Nitrogen isotope ratio was expressed as follows:

[image: ]




Statistical Analysis

Both experiments were analyzed as factorial designs. Analysis of variance (two-way ANOVA) was used to examine the effects of the independent variables (N, rhizobia inoculation) and their interaction on final seedling petiole length (cm); leaf width (mm); height (cm); RCD (mm); dry biomass (g) of leaves, stems, shoots, roots, and nodules; ratio of shoot dry biomass to root dry biomass (S:R); N concentration (g kg−1) and content (mg kg−1) of leaves, stems, shoots, and roots; and δ15N. Residual plots were used to assure data met model assumptions for homoscedasticity and normality. We used Tukey’s HSD for post hoc tests of differences between model means. Results were considered significant at α = 0.05. Box-plot visualizations were created using SigmaPlot (version 13.0; Systat Software, San Jose, California, USA).





Results



Lupine

In the first experiment, none of the final measured response variables were affected by an N × inoculation interaction. While N overall was a significant factor, only the presence of N (as opposed to no N) significantly affected every measured response variable except shoot-to-root ratio (S:R) and nodule biomass (Table 2). Seedlings supplied with N had significantly longer petioles and greater leaf width, and a trend toward greater shoot and root biomass, than those not supplied N. Inoculation significantly affected every final measured response variable (Table 2; Figure 1). Inoculated seedlings had significantly longer petioles and wider leaves, as well as significantly more shoot, root, and nodule biomass than the noninoculated seedlings, but noninoculated seedlings had a significantly higher S:R.



Table 2 | Mean morphological parameters of lupine seedlings inoculated (I) with (+) or without (−) rhizobia and supplied with different nitrogen (N) sources [none, ammonium (NH4), nitrate (NO3), ammonium nitrate (NH4NO3), or arginine (A)] for 6 weeks (n = 8). Main effect (ME) means are presented in italics. Different letters within a dependent variable indicate significant differences (α = 0.05) using Tukey’s HSD.
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Figure 1 | Growth responses of black locust and lupine seedlings (98 and 56 days after planting, respectively) supplied inorganic or organic nitrogen with or without rhizobia inoculation and grown in a greenhouse. Noninoculated (A) and inoculated (B) black locust seedlings. Lupine seedlings fertilized with arginine (left plants noninoculated, right plants inoculated) (C) or ammonium-nitrate (left plants noninoculated, right plants inoculated) (D).




Nitrogen significantly affected shoot and root N concentration and content (Table 3). The shoot N concentration was largest for seedlings supplied with inorganic N forms, with arginine and the no-N treatment having the lowest concentrations. Inorganic NH4+ and NH4NO3 had significantly greater root N concentration than seedlings not supplied N, whereas NO3− and arginine were intermediate, yielding results similar to the no-N treatment and the other inorganic sources. Seedlings supplied inorganic and organic N had significantly more shoot N content than no-N seedlings. The largest root N content was provided by NH4NO3 and was significantly more than the no-N treatment, while NH4+, NO3−, and arginine were intermediate, yielding results similar to the no-N treatment and NH4NO3. Inoculation significantly affected shoot and root N concentration and N content (Table 3). Inoculated seedlings had 2×, 1.5×, 10×, and 7× the shoot N concentration, root N concentration, shoot N content, and root N content of the noninoculated seedlings.



Table 3 | Mean nitrogen (N) concentrations and contents of lupine seedlings inoculated (I) with (+) or without (−) rhizobia and supplied with different N sources [none, ammonium (NH4), nitrate (NO3), ammonium nitrate (NH4NO3), or arginine (A)] for 6 weeks (n = 8). Main effect (ME) means are presented in italics. Different letters within a dependent variable indicate significant differences (α = 0.05) using Tukey’s HSD.
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In the nodule activity experiment, no interaction of N form (arginine and NH4NO3) and inoculation was observed for shoot, root, or total seedling biomass. Although N form was not significant for any biomass parameter, inoculation was (all p ≤ 0.0088). For arginine and NH4NO3, including inoculation increased total biomass (Figure 1). N form and inoculation significantly interacted (all p ≤ 0.0051) to affect shoot, root, and total seedling N isotope ratio (δ15N); δ15N values were lower when seedlings were inoculated but the magnitude of difference was greater in seedlings supplied arginine than for those supplied NH4NO3 (Figure 2). No significant N form × inoculation interaction was observed for shoot or root N content and the main effect of N form was not significant. Inoculation was, however, significant for N content of shoot and root (p < 0.0001), with inoculated seedlings having significantly more N (Figure 2).
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Figure 2 | Nitrogen isotope ratio (δ15N) and N content in shoots and roots of lupine seedlings 56 days after planting in the greenhouse. Seedlings were supplied with either arginine (A and B) or ammonium-nitrate (C and D) after either being inoculated (white boxes) or not inoculated (gray boxes) with rhizobia. Vertical boxes represent approximately 50% of the observations and lines extending from each box are the upper and lower 25% of the distribution. The solid horizontal line in the center of each box is the median value and the dotted line is the mean.






Black Locust

In the first experiment, N and inoculation significantly interacted to affect final measurements of seedling height, leaf biomass, stem biomass, shoot biomass, and root biomass (Table 4). The pattern of the interaction was orderly and similar: without inoculation, seedlings supplied N were taller and had greater biomass than those not supplied N; adding inoculation resulted in additional growth to seedlings either supplied N or not supplied N, but the increase in growth was much greater for those supplied N (Table 4; Figure 1).



Table 4 | Mean morphological parameters of black locust seedlings inoculated (I) with (+) or without (−) rhizobia and supplied with different nitrogen (N) sources [none, ammonium (NH4), nitrate (NO3), ammonium nitrate (NH4NO3), or arginine (A)] for 12 weeks (n = 8). Main effect (ME) means are presented in italics. Different letters within a dependent variable indicate significant differences (α = 0.05) using Tukey’s HSD.
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Nitrogen significantly affected every final measured response variable except S:R (Table 4). In general, N-supplied seedlings had significantly more height, RCD, leaf biomass, and stem, shoot, nodule, and root biomass than seedlings not supplied N, but values among N forms were similar. For N-supplied seedlings, N form did not affect seedling size but it did significantly affect nodule biomass, with NH4+ producing the most, followed by NO3−, NH4NO3, and arginine; the no-N treatment yielded the least amount of nodule biomass. Similar to N, inoculation significantly affected every final measured response variable except S:R (Table 4), with inoculated seedlings having greater values than their noninoculated cohorts.

The N × inoculation interaction was significant for leaf N concentration (Table 5). Noninoculated and inoculated seedlings grown without N had similar leaf N concentration, but for seedlings supplied with N, noninoculated seedlings had significantly greater N concentration than inoculated ones. N significantly affected N concentration in leaves and stems but not roots: leaf N concentration was greatest for seedlings not supplied N followed by those supplied with NH4+ or NH4NO3, with those supplied with arginine or NO3− producing the lowest leaf N concentration. In general, no-N seedlings had significantly larger stem N concentration than N-supplied seedlings, but seedling stem N concentrations for seedlings supplied with N were similar regardless of N form. Inoculation had no effect on N concentration of leaves, stems, or roots (Table 5).



Table 5 | Mean nitrogen (N) concentrations and contents of black locust seedlings inoculated (I) with (+) or without (−) rhizobia and supplied with different nitrogen (N) sources [none, ammonium (NH4), nitrate (NO3), ammonium nitrate (NH4NO3), or arginine (A)] for 12 weeks (n = 8). Main effect (ME) means are presented in italics. Different letters within a dependent variable indicate significant differences (α = 0.05) using Tukey’s HSD.
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Nitrogen and inoculation interacted to affect root N content (Table 5). The pattern followed the interaction observed for seedling growth: without N, noninoculated and inoculated seedlings had the same root N content, whereas with N, inoculated seedlings had more N than their noninoculated cohorts. Nitrogen significantly affected leaf, stem, and root N content. In general, N-supplied seedlings had significantly higher N content in leaves, stems, and roots than those not receiving N, but seedling N content was similar regardless of N form. Inoculation significantly increased N content of leaves, stems, and roots (Table 5).

In the nodule activity experiment, no interaction of N form (arginine and NH4NO3) and inoculation was observed for shoot, root, or total seedling biomass, but N form and inoculation were both significant (p ≤ 0.0151), except for stem biomass. Regardless of N form, inoculation increased total biomass about 35%. The interaction of N form and inoculation was significant for all tissue types and total seedling δ15N (all p ≤ 0.0212); δ15N decreased with inoculation (Figure 3). For N content, the interaction was not significant for any tissue type or total seedling, N form had no effect on total seedling N content, and inoculation significantly (p < 0.0013) increased N content (Figure 3).
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Figure 3 | Nitrogen isotope ratio (δ15N) and N content in leaves, stems, and roots of black locust seedlings 70 days after planting in the greenhouse. Seedlings were supplied with either arginine (A and B) or ammonium-nitrate (C and D) after either being inoculated (white boxes) or not inoculated (gray boxes) with rhizobia. Vertical boxes represent approximately 50% of the observations and lines extending from each box are the upper and lower 25% of the distribution. The solid horizontal line in the center of each box is the median value and the dotted line is the mean.







Discussion

In this study, noninoculated lupine and black locust seedlings supplied organic or inorganic N had similar growth; moreover, these seedlings grew significantly larger than their cohorts not supplied N (Tables 2 and 4). Inoculation with rhizobia, with or without N supply, improved seedling growth and increased N content compared to noninoculated seedlings (Tables 2‒5), similar to the response noted for other legume plants (Dan et al., 1993; Adgo and Schulze, 2002; Diabate et al., 2005; Jayakumar and Tan, 2006; Dumroese et al., 2009; Gan et al., 2010; Namvar et al., 2011). Inoculated black locust seedlings supplied N had 157% more biomass than those not supplied N (Uselman et al., 2000). We noted, however, that inoculation decreased the S:R for lupine seedlings (Table 2) but not for black locust seedlings (Table 4), suggesting that the subsequent allocation response of the plant to improved N status may be either species or plant form dependent. Although we observed minor and sporadic nodulation on noninoculated plants, we did not evaluate their N-fixing availability; other research suggests that these types of nodules may not actively fix atmospheric N (Tirichine et al., 2006).

It has long been proposed that mineral N inhibits nodulation, nodule growth, and activity in legumes (Imsande, 1986; Streeter and Wong, 1988; Guo et al., 1992; Bollman and Vessey, 2006; Camargos and Sodek, 2010). While low N rates improved nodule formation in black locust (Rohm and Werner, 1991), N rates exceeding 0.84 mg N week−1 reduced nodule number and nodule biomass (Roberts et al., 1983; Rohm and Werner, 1991). Our results, however, show that, although N form did not affect seedling size, N supplied at 2 mg N week−1 significantly enhanced nodule formation on black locust compared to seedlings not supplied N (Table 4); NH4+ seemed to favor nodulation the most, confirming that the impact of NH4+ on symbiosis is weaker than that observed for NO3− (Bollman and Vessey, 2006). Our data suggests that more robust N supply may not preclude nodule formation, similar to results observed in some species (Peoples et al., 1995; Bado et al., 2006; Dumroese et al., 2009). A similar result was, however, not apparent on lupine seedlings (Table 2). Nodulation on lupine was unaffected by N form, but for black locust, N supplied as NH4+ was superior to arginine, suggesting that the nodulation response may be plant species dependent (Manhart and Wong, 1980; Harper and Gibson, 1983).

Although increasing N rates have been associated with decreasing nodule number on black locust (Roberts et al., 1983; Rohm and Werner, 1991), the nitrogenase activity of the nodules was either unaffected (Roberts et al., 1983) or increased (Rohm and Werner, 1991). Our results of the N isotope ratio in different parts of lupine and black locust seedlings supplied with organic or inorganic N showed that δ15N was decreased in different tissue types in inoculated seedlings relative to noninoculated seedlings, indicating dilution within the seedling caused by additions of atmospheric N-fixation within the nodules (Hardarson and Danso, 1993). Indeed, our seedlings had 3× (black locust; Table 5) to 9× (lupine; Table 3) more N content when inoculation was combined with additions of N.

Thus, it is not surprising that N supply and inoculation significantly interacted to affect morphology and root N content of black locust (Tables 4 and 5). The combination of inoculation and access to N promoted more growth (i.e., height, biomass, nodules) than did inoculation alone. Despite higher N contents in inoculated black locust seedlings supplied N, their leaf N concentration was lower than noninoculated seedlings supplied N. This lower N concentration is due to dilution (Salifu and Jacobs, 2006) that likely occurred in these rapidly growing plants during the three weeks between the final application and harvest. Thus, for black locust, the combination of inoculation and access to N improved growth more than either factor alone. Uselman et al. (2000) also found that the combination of inoculation and N supply produced larger seedlings than inoculation alone. For lupine, we were unable to detect a significant N supply by inoculation interaction (Tables 2 and 3) but N content data (Table 3) followed a pattern similar to that for black locust. For noninoculated black locust seedlings, we noted N contents that exceeded those expected by supply of N alone. The additional N may originate from the substrate we used. Peat initially contains appreciable N that may have subsequently been mineralized and available for plant uptake. In their review, Cheng and Kuzyakov, (2005) report that rapid soil wetting-drying cycles tend to increase mineral soil organic matter mineralization; this condition is common in small-volume seedling containers such as the ones we used, especially as the seedlings became larger (Landis et al., 1989). Moreover, the presence of roots can lead to a threefold increase in mineralization (Cheng and Kuzyakov, 2005).

Many plant species (e.g., Persson and Näsholm, 2001; Metcalfe et al., 2011), including trees (e.g., Wei et al., 2015; Uscola et  al., 2017) show the capacity for intact uptake of amino acids, especially through their mycorrhizal networks (McFarland et al., 2010; Whiteside et al., 2012). Microbes utilize more amino acid N in the short term (e.g., Warren, 2009; Farrell et al., 2014). In the longer term (more than 2 days), seedlings may capitalize on the rapid cycling of amino acid N through the microbial biomass (Harrison et al., 2008; Warren, 2009), which may explain the results of studies in greenhouses showing that plants grown on amino acid N performed as well as those given inorganic N (Öhlund and Näsholm, 2001; Gruffman et al., 2012). Amino acid application in field settings, however, could alter the plant-microorganism balance due to an enhanced carbon environmnet (Schobert et al., 1988), leading to unexpected varations in N taken up by plants, which may explain the reduced growth with amino acids observed by Wilson et al. (2013). Our results showed that seedlings of both broadleaved plant species supplied with arginine grew as well as seedlings given inorganic N, although we did not measure if the organic N was taken up intact by either species.

Although amino acids are suggested to have a direct positive effect on root growth (Cambui et al., 2011), in our study, neither root growth or S:R of lupine or black locust seedlings were affected (Tables 2 and 4). The stimulatory effect on root growth is thought to be associated with development of mycorrhizal symbioses (Cambui et al., 2011), an aspect that we did not examine in our study.

Successful use of seedlings in forest restoration activities requires that they meet specific target criteria needed to overcome environmental limitations on their intended outplanting site (Dumroese et al., 2016). Fertilization in the nursery can provide a more rapid method for obtaining target plant size than the sole use of an N-fixing symbiont on a leguminous tree and can be done within current operational standards (Dumroese et al., 2009). This is important because nursery efficiency (e.g., plant growth per unit time) is one of many factors supporting successful nursery operation (Dumroese et al., 2011). In addition, Villar-Salvador et al. (2008) report that seedlings supplied high rates of fertilizer during nursery production grew larger and had improved morphological and physiological traits (i.e., greater biomass, root growth capacity, photosynthetic rates, and N concentrations) than their cohorts supplied low rates of fertilizer regardless of rhizobial inoculation; this translated into more survival and growth after outplanting. Our results demonstrate that robust fertilization need not sacrifice development of nodules capable of N-fixation.

In summary, we grew a forb and tree species using inorganic and organic N forms with and without genus-specific (lupine) or species-specific (black locust) rhizobia inoculation. We found that seedlings grew equally well with either N form; nodule biomass in lupine was unaffected by N form, whereas in black locust, nodule biomass in NH4+-supplied seedlings was greater than that in arginine-supplied seedlings, an apparent species-specific response; and that N-fixation readily occurred in the presence of high levels of N supply, leading to enhance seedling N content. Our results suggest that these potentially important species for forest restoration activities can be produced in nurseries to acceptable morphological targets using robust levels of either organic or inorganic forms of N and have functioning symbionts as well.
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Plant growth promoting rhizobacteria (PGPR) with 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity has the potential to promote plant growth and development under adverse environmental conditions. In the present study, rhizobacterial strains were isolated from Garlic (Allium sativum) rhizosphere and were screened in vitro ACC deaminase activity in DF salt minimal media supplemented with 3 mM ACC. Out of six isolates, two could degrade ACC into α-ketobutyrate, exhibiting ACC deaminase activity producing more than ∼1500 nmol of α-ketobutyrate mg protein-1 h-1, and assessed for other plant growth promoting (PGP) functions including indole acetic acid production (greater than ∼30 μg/ml), siderophore, Ammonia, Hydrogen cyanide production and inorganic Ca3(PO4)2 (∼85 mg/L) and ZnSO4 solubilization. Besides facilitating multifarious PGP activities, these two isolates augmented in vitro stress tolerance in response to 6% w/v NaCl salt stress and drought stress (-0.73 Mpa). The strains ACC02 and ACC06 were identified Aneurinibacillus aneurinilyticus and Paenibacillus sp., respectively on the basis of 16S rDNA gene sequence analysis and were evaluated for growth promoting potential in French bean seedlings under non-saline and salinity stress conditions through pot experiments. The seed bacterization by ACC02 and ACC06 revealed that treatment of plants with bacterial isolates in the form of consortia significantly declined (∼60%) stress stimulated ethylene levels and its associated growth inhibition by virtue of their ACC deaminase activity. The consortia treatment alleviated the negative effects of salinity stress and increased root length (110%), root fresh weight (∼45%), shoot length (60%), shoot fresh weight (255%), root biomass (220%), shoot biomass (425%), and total chlorophyll content (∼57%) of French bean seedlings subjected to salinity stress.
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INTRODUCTION

In most of the developing countries, the crop production is majorly hampered by the negative impact of abiotic (environmental stressors) and biotic stress. Plants being immobile means that they are confronted to various kind of stresses such as drought, flooding, salinity, heat, cold, exposure to heavy metals and nutrient deficiency, as well as phytopathogen and pests attack. The increment in synthesis of ethylene from its immediate precursor, ACC, secreted by plants as root exudates, has been found in almost all plants growing under stress conditions (Wang et al., 2013; Liu et al., 2015; Abiri et al., 2017). Ethylene is a plant hormone involved in regulation of various physiological processes of plants, but the climate change induced ethylene production in plants inflicts a significant reduction in plant growth and development and if not monitored properly could result in plant death (Iqbal et al., 2017; Dubois et al., 2018). Therefore, enhancement in ethylene production is an indicator of susceptibility toward various stresses (Glick, 2014; Müller and Munné-Bosch, 2015).

Among various environmental stressors, excessive presence of salts in soil (soil salinity) is one of the major problematic factors responsible for a reduction of plant growth and crop productivity across the globe. It is reported that more than 1000 million hectares of land is affected by salinity throughout the world as per FAO salt affected soil portal. High concentration of salt (NaCl) not only enhanced the stress ethylene production but also induced ion toxicity, oxidative stress, and disturbed the osmotic potential in plants. All physiological processes like respiration, photosynthesis, nitrogen fixation, etc. are affected by the soil salinity resulting in a decrease in farm productivity and yield (Shabala and Munns, 2012; Paul and Lade, 2014; Acosta-Motos et al., 2017). The problem of soil salinity is frequent in arid and semiarid regions, aggravating due to irrational use of chemical fertilizers and improper use of irrigation water (Bharti et al., 2013).

Plant growth promoting rhizobacteria (PGPR) consisting of a group of beneficial bacteria found in the rhizosphere and rhizoplane of the plants, were proven to be the most environmentally friendly and a better alternative to synthetic agrochemicals and other conventional agricultural practices in augmenting growth and stress tolerance in plants, as well as in attaining sustainable agriculture (Shrivastava and Kumar, 2015; Turan et al., 2017; Gouda et al., 2018; Grobelak et al., 2018; Nagargade et al., 2018). They influence the plant growth both directly and indirectly via various mechanisms like nitrogen fixation, production of plant growth hormone (auxins, cytokinin, and gibberellins), solubilization of phosphates and sequestration of iron by production of siderophores (Bhattacharyya and Jha, 2012; Egamberdieva and Lugtenberg, 2014; Shameer and Prasad, 2018).

The major mechanisms utilized by PGP bacteria to reduce the stress includes lowering the level of ethylene via hydrolysing 1-aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC deaminase. ACC is the immediate precursor of the hormone ethylene in plants. It is widely reported that certain PGPR possess ACC deaminase enzyme that can degrade ACC to ammonia and α-ketobutyrate, thus reducing the level of ethylene inside the plants (Gamalero and Glick, 2015; Singh et al., 2015; Raghuwanshi and Prasad, 2018). Therefore, the PGPR containing ACC deaminase has the potential to curb the abiotic stress induced ethylene production and its associated adverse effect on plants. There are several published literatures suggesting that plants inoculated with PGPR containing ACC deaminase make the plant more resistant to various stresses like salinity, drought, flood, and against various pathogens (Pourbabaee et al., 2016; Ravanbakhsh et al., 2017; Ghosh et al., 2018; Saikia et al., 2018).

Therefore, the present study was designed to isolate ACC deaminase producing microbes from rhizospheric soil of garlic (A. sativum). Other PGP traits like phosphate solubilization, indole acetic acid (IAA) production, HCN production, and zinc solubilization were also estimated for these isolates. Further, evaluation of plant growth promotion was done in French bean (Phaseolus vulgaris L.) variety (Akra Komal) plants by bio-priming seeds with individual isolates and consortia of isolates under normal conditions as well as in salinity stress conditions.



MATERIALS AND METHODS

Collection of Rhizospheric Soil Sample

The rhizospheric soil samples of A. sativum (garlic), member of Liliaceae family was collected during the months of February–March 2018 from the four sites of agricultural farm of A. sativum situated at Amity University Uttar Pradesh, India (28.3239°N 77.1959°E), employing organic cultivation practices. Five crop plants were uprooted along with the soil from each site and brought to the laboratory in the zip lock bags for further analysis. The non-rhizospheric soil, as well as large soil aggregates, were removed and soil adhered to the roots were separated from each plant, and mixed together to form one composite pool of rhizospheric soil sample.

Isolation of Rhizobacteria and Qualitative Estimation of ACC Deaminase Activity

The rhizobacteria were isolated from the soil sample by serial dilution technique in Luria-Bertani (LB) medium (g/L: peptone 10 g; yeast extract 5 g; NaCl 10 g) supplemented with 1.5% agar. 0.1 mL of appropriate dilutions of the sample was plated on LB agar plates and incubated for 24 h at 28°C. The morphologically distinct colonies were screened for ACC deaminase activity on the sterile minimal DF (Dworkin and Foster) salts media (DF salts per liter: 4.0 g KH2PO4, 6.0 g Na2HPO4, 0.2 g MgSO4.7H2O, 2.0 g glucose, 2.0 g gluconic acid and 2.0 g citric acid with trace elements: 1 mg FeSO4.7H2O, 10 mg H3BO3, 11.19 mg MnSO4.H2O, 124.6 mg ZnSO4.7H2O, 78.22 mg CuSO4.5H2O, 10 mg MoO3, pH 7.2) amended with 3 mM ACC instead of (NH4)2SO4 as sole nitrogen source (Dworkin and Foster, 1958; Penrose and Glick, 2003). The inoculated plates were incubated at 28°C for 3 days and growth was monitored on a daily basis. Colonies growing on the plates were taken as ACC deaminase producers and were purified by sub culturing the isolates.

Quantification of ACC Deaminase Activity and Confirmation by Fourier Transform Infrared Spectra Analysis

The quantitative assessment of ACC deaminase activity was done spectrophotometrically in terms of α-ketobutyrate production at 540 nm by comparing with the standard curve of α-ketobutyrate, which ranged from 0.1 to 1.0 μmol (Honma and Shimomura, 1978). The protein estimation was done as per Bradford methodology (Bradford, 1976). One unit of ACC deaminase activity was expressed as the amount of α-ketobutyrate liberated in nmol per milligram of cellular protein per hour.

Further, the verification of α-ketobutyrate liberation from a deamination reaction of sole nitrogen source ACC, in DF salt minimal media by isolates with maximum ACC deaminase activity was done as potassium bromide (KBr) cell pellet with the help of Fourier-transform infrared spectroscopy (FTIR) in a FTIR-6700 spectrometer (Nicolet, United States).

Indole Acetic Acid Production by Rhizobacterial Isolates

The rhizobacterial strains were inoculated in LB medium amended with 5 mM tryptophan and incubated in orbital shaker for 7 days at 28°C at 200 rpm. The IAA production was assessed by the colorimetric method using Salkowski reagent (0.5M FeCl3 + 70% perchloric acid). Development of red color (which indicates the formation of indolic compounds) with addition of Salkowski reagent and cell free culture supernatant (4:1) was measured by UV–vis spectrophotometer at 530 nm (Gordon and Weber, 1951). The concentration of IAA can be determined with a standard curve of pure indole-3-acetic acid (IAA, Hi-media) ranging between 0 and 100 μg mL-1.

Optimization of Indole Acetic Acid Production by Selected ACC Deaminase Producing Isolates

The optimization of IAA production was done based on two parameters, i.e., incubation time and Tryptophan concentration. The overnight grown bacterial culture was inoculated in LB medium supplemented with 5 mM tryptophan. The aliquots of 5 ml bacterial culture were each withdrawn at 24-h intervals for up to 168-h and evaluated for IAA production. Further, to assess the effect of substrate concentration on IAA production, the LB medium was amended with a different concentration of L-tryptophan, which ranged from 0 to 15 mg/ml, and analyzed for IAA production using Salkowski method.

Phosphate Solubilization by Rhizobacterial Isolates

The ACC utilizing isolates were spot inoculated onto Pikovaskya’s agar medium (Hi-media) amended with 2% (w/v) tricalcium phosphate (TCP) and incubated at 28°C for 4 days. The development of clear zones around the colonies were considered as positive phosphate solublizers. The phosphate solubilizing index (PSI) was calculated by using following formula,
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Further, the quantitative estimation of soluble phosphate was carried out by using National Botanical Research Institute’s Phosphate Growth (NBRIP) medium (Nautiyal, 1999). The amount of soluble phosphate in culture free supernatant was determined by Fiske and Subbarow method (Fiske and Subbarow, 1925) and expressed as Soluble P (mg/L). Quantification of soluble phosphate was done through standard plot of KH2PO4.

Optimization for Phosphate Solubilization by Selected ACC Deaminase Producing Isolates

The optimization study of phosphate solubilization was based on two attributes viz. incubation time and pH of the spent medium. The NBRIP medium was inoculated with overnight cultivated bacterial culture and incubated at 28°C in shaking incubator at 200 rpm. 5 ml bacterial culture was withdrawn at 24-h intervals to monitor the final pH of the medium and to evaluate efficiency of phosphate solubilization by ACC02 and ACC06 by Fiske and Subbarow method.

Zinc Solubilization Assay of Selected Isolates

The zinc solubilizing potential of isolates was determined by spot inoculating the isolates in the Tris-minimal medium (per liter: Tris–HCl 6.06 g; NaCl 4.68 g; KCl 1.49 g; NH4Cl 1.07 g; Na2SO4 0.43 g; MgCl2.2H2O 0.2 g; CaCl2.2H2O, 30 mg, pH 7.0; Fasim et al., 2002), supplemented with 1.5% agar and 0.1% (w/v) insoluble zinc in the form of zinc sulfate (ZnSO4) (Sharma et al., 2012). The plates were incubated for 14 days at 30°C and examined for the formation of halo zones around colonies for zinc solubilization.

HCN, Ammonia, and Siderophore Production of Selected Isolates

For HCN production, the selected bacterial isolates were streaked on King’s B medium supplemented with 0.4% (w/v) glycine. A Whatman filter paper saturated with alkaline picric acid solution (2% Na2CO3 in 0.5% picric acid) was placed on the upper lids of Petri plates and monitored for 4 days for the development of red-brown from yellow color of filter paper, which served as the indicator for the HCN production (Miller and Higgins, 1970).

Estimation of ammonia was carried out by addition of Nessler’s reagent to bacterial culture in peptone water broth (peptone – 10 g/L; NaCl – 5 g/L) and development of slight yellow to brownish color (Kavamura et al., 2013).

The siderophore production was determined by the Chrome Azurol S (CAS) assay according to Schwyn and Neilands (1987). The bacterial colonies were spot inoculated on CAS agar plates and incubated at 28°C for 4 days. Development of orange-yellow halo around the growth was an indicator of siderophore producing bacterial isolates.

In vitro Assay for Stress Tolerance in Response to Drought and Salinity

Salinity Stress Tolerance

For salt tolerance characterization, the growth of isolates was observed at 28°C for 72 h in the LB agar medium, supplemented with 2–8% NaCl concentration (Barra et al., 2016).

Drought Stress Tolerance

The drought tolerance of isolates was evaluated in polyethylene glycol (PEG 6000) supplemented LB agar medium. The growth of isolates was observed at 28°C for 24 h in LB agar media, with different osmotic potentials ranging from -0.05 to -0.73 MPa, and 25% polyethylene glycol (PEG 6000) was added to the medium for inducing drought stress (-0.73 MPa) (Ali et al., 2014).

Effects of ACC Deaminase Producing Strains on French Bean Growth Under Salt Stress

The plant root elongation assay under normal watered and saline (25 mM NaCl) solution irrigated conditions was performed in accordance with Penrose et al. (2001) in an environmentally controlled growth chamber. Two putative ACC deaminase producing isolates, ACC02 and ACC06, were tested for their efficiency in augmenting growth and in alleviating the negative effects of salinity stress manifested on morphological parameters and chlorophyll content of French bean plants.

Preparation of Bacterial Inoculum Suspension

The selected bacterial inoculum was prepared in the DF salt minimal medium, supplemented with 3 mM ACC and incubated at 28°C in an orbital shaking incubator at 180 rpm for 3 days, in order to induce ACC deaminase activity of isolates. The cells were harvested at 12000 × g for 15 min and resultant cell pellet was suspended in 0.03M MgSO4 to achieve requisite concentration of cells (108–109 cfu/ml) at OD600. For preparation of microbial consortia, two bacterial strains must be compatible with each other in order to synergistically augment plant growth under non-stressed and salinity stressed conditions. The compatibility of two ACC deaminating rhizobacterial isolates, ACC02 and ACC06, was tested on nutrient agar medium by dual culture antagonism assay (Molina-Romero et al., 2017). The bacterial consortia were prepared by inoculating overnight grown bacterial suspensions of ACC02 and ACC06 strains in nutrient medium in the ratio of 1:1 (Saikia et al., 2018).

Sterilization and Bacterization of Seed

The seeds of French beans (P. vulgaris L.) variety (A. Komal) procured from Indian Agricultural Research Institute, New Delhi, India, were used for growth promoting experiments. They were surface sterilized in 70% (v/v) ethanol for 1 min followed by 10 min immersion in 1% (v/v) sodium hypochlorite solution (NaClO) and finally rinsed with sterile deionized water (6–7 times). For bacterial inoculation, the French bean seeds were inoculated for 1 h in the appropriate suspension of bacterial cultures and air dried aseptically in the laminar air flow. The control group comprised surface sterilized, unprimed French bean seeds, immersed in 0.03M MgSO4 solution.

Experimental Design and Salinity Treatment

The pot experimental trials were carried out in randomized block design (RBD) including four treatments in each normal and saline (25 mM NaCl) conditions for growth of French bean plants. The details of treatment under normal conditions in which plants were irrigated with distilled water without adding any external source of salt are shown in Table 1. The experimental design is similar in case of saline stress conditions but NaCl salt solution of EC 2.5 ds m-1 (25 mM NaCl), instead of distilled water, was used to irrigate French bean plants in order to artificially impose salinity stress (Table 1).

TABLE 1. Details of treatment for growth promotion assay of French bean plant by ACC02 and ACC06 in normal and saline conditions.
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Pot Experiment Assay

Three inoculated and uninoculated French bean seeds of respective treatment were then sown per plastic pots (30 cm in height and 30 cm in diameter), filled with autoclave-sterilized potting mixture of garden soil and coco peat in 1:1 ratio (3 kg soil pot-1). The experimental soil was characterized as sandy loam with pH 4.5, EC 0.0354 dS m-1, 66% sand, 9% slit, and 26% clay (Table 2). The pots were placed in a growth chamber and maintained under optimum light and temperature condition, i.e., 80% relative humidity, 16:8 light: dark photoperiod and at 25°C for 30 days. After 10 days of seedling emergence, French bean seedlings were irrigated daily, twice a day, with either sterile distilled water or solution of EC 2.5 ds m-1 (25 mM NaCl; to artificially induce salinity stress) as per the treatment condition. The unbacterized plants subjected to salinity stress were presented as a negative control group while non-saline, unbacterized plants served as positive control group.

TABLE 2. Physio-chemical characteristics of experimental soil.
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Morphological and Physiological Analysis of Plants

French bean plants, after being grown for 20 days under saline and non-saline condition, were harvested (three plants per treatment) and analyzed for growth related parameters including root/shoot length, root/shoot fresh and dry weight. The roots and shoots were oven dried separately at 60°C for 3 days and weighed to determine dry biomass of French bean plants. The leaf chlorophyll content was measured by UV/Vis spectrophotometer at 645 and 663 nm in accordance with (Lorenzen, 1967; Hiscox and Israelstam, 1979). In response to salinity stress, electrical conductivity of soil suspension (1:4) of respective treatment was recorded at the stage of harvesting.

Ethylene Measurement

The ethylene emission from French bean seedlings of each treatment was determined by following the protocol of Sarkar et al. (2018), in order to evaluate the potential of ACC deaminase producing strains ACC02 and ACC06 in lowering stress generated ethylene production. The French bean seedlings (three seedlings per treatment) were placed inside the 60-mL glass tubes, sealed with rubber septum and incubated at 28°C for 4 h. One milliliter of headspace gas was withdrawn and injected into the Gas Chromatograph (Bruker 450-GC, Bruker Corporation, United States) equipped with flame ionization detector (FID). The amount of ethylene evolved was expressed as micromole of ethylene per gram of fresh weight by comparing with the standard curve of pure ethylene.

Molecular Identification of Rhizobacterial Isolates

DNA Isolation and 16S rRNA Gene Sequencing

The genomic DNA of two potent ACC deaminase producing PGPR was extracted in accordance with Pandey et al. (2013). The isolated genomic DNA from strains was analyzed on 0.8% agarose gel and amplification of 16S rRNA (∼1500 bp) was carried out in a polymerase chain reaction (PCR) using universal primers forward (5′AGAGTTTGATCCTGGCTCAG3′) and reverse (5′AAGGAGGTGATCCAGCCGCA3′).

The 25 μL reaction mixture for PCR amplification was composed of PCR Buffer 2.5 μL; MgCl2 2 μL; 2 mM dNTPs 1 μL; Primers 0.5 μL each; Taq DNA polymerase 0.5 μL; Template DNA 2 μL; Sterile deionized water 16 μL. The PCR amplified product was purified with Qiaquick PCR purification kit (Qiagen, Valencia, CA).

Phylogenetic Characterization

The 16S rRNA gene was sequenced by Eurofins Genomics India Pvt. Ltd. (Bengaluru, India) by Sanger’s di-deoxy nucleotide sequencing method. A similarity search for the sequence so generated was performed using National Centre of Biotechnology Information (NCBI) BLAST program1. The phylogenetic tree was constructed by Neighbour-joining (NJ) method using software MEGA X with the bootstrap of 1000 replicates and evolutionary distances were computed.

Nucleotide Accession Number

The 16S rRNA gene sequences so obtained in the present study were submitted to NCBI GenBank database and assigned the accession numbers MH645748 and MH645749 for isolates ACC2 and ACC6, respectively.

Statistical Analysis

All the data regarding quantitative estimation of PGP traits were subjected to one-way ANOVA followed by Tukey’s test. All the statistical analyses were carried out with help of SPSS software. The experiments were performed in three replicates and the mean, as well as standard deviation, were calculated using Microsoft Excel 2016.



RESULTS

Bacterial Isolation and Preliminary Assessment of ACC Deaminase Activity

A total of twenty rhizobacteria were isolated from rhizospheric soil of A. sativum on enrichment media, of which, six strains were able to grow on DF minimal salt medium supplemented with 3 mM ACC as a nitrogen source, implying ACC deaminase activity.

The ACC deaminase activity of these six isolates, labeled as ACC02, ACC04, ACC06, ACC07, ACC011, and ACC012, was further quantified in terms of α-ketobutyrate production.

Quantitative Estimation of ACC Deaminase Activity

The ACC deaminase activity of isolates was quantified by α-ketobutyrate production by catalyzing the deamination reaction of sole nitrogen source, ACC in DF minimal salt broth media at 540 nm. All the test isolates showed variation in ACC deaminase activity in the range of 900–1800 nmol α-ketobutyrate per mg of cellular protein per hour. The highest ACC deaminase activity was exhibited by bacterial strain ACC02 (1677 nmol α-ketobutyrate mg protein-1 h-1) followed by ACC06 (1589 nmol α-ketobutyrate mg protein-1 h-1), ACC11 (936 nmol α-ketobutyrate mg protein-1 h-1), ACC04 (916 nmol α-ketobutyrate mg protein-1 h-1), ACC12 (891 nmol α-ketobutyrate mg protein-1 h-1) and ACC07 (824 nmol α-ketobutyrate mg protein-1 h-1) (Figure 1A). The highest enzymatic activity of ACC deaminase produced by ACC02 and ACC06, i.e., conversion of nitrogen source ACC into α-ketobutyrate, was further verified by FTIR spectra analysis results (Figure 2), which showed peaks at 1689 and 3343 cm-1, confirming the presence of a ketonic group and amino functional group, respectively recognized as α-ketobutyrate as per Sarkar et al. (2018).
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FIGURE 1. Quantitative estimation of (A) ACC deaminase activity, (B) IAA production, and (C) phosphate solubilization of six isolates from Allium sativum rhizospheric soil in respective DF minimal salt, LB-trp, and NBRIP medium. Columns represent mean values while bars represent standard deviation (n = 3). Different letters show statistically significant different values (P < 0.05) from each other as evaluated from Turkey’s test.
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FIGURE 2. FTIR spectra of α-ketobutyrate in the strain ACC02 (red; upper line) and ACC06 (blue; lower line).



Quantitative Determination of Indole Acetic Acid Production

The production of IAA by six putative ACC deaminase producing isolates was quantified at 530 nm by supplementing the growth media with L-tryptophan. The IAA production of all isolates ranged between 10.96 and 37.78 μg/mL with ACC02 (37.38 μg/mL) isolate being displayed as the highest IAA producer followed by isolate ACC06 (34.48 μg/mL) (Figure 1B).

The isolates showing positive results with respect to others, ACC02 and ACC06, were further selected for optimization studies to study the effects of incubation period (Figures 3A,B) and substrate, L-tryptophan concentration (ranging from 1 to 15 mg/mL) on IAA production (Figure 3C). In the time course of IAA production, the maximum production of IAA by both the putative ACC deaminase producers, ACC02 and ACC06, was found on the 7th day of the incubation period. According to our results, the maximum IAA production was found when the media was supplemented with L-tryptophan concentration (15 mg/mL) in comparison to unamended media (without L-trp).
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FIGURE 3. IAA production profile of ACC02 (A) and ACC06 (B) isolates as a function of incubation period and of L-tryptophan concentration (C).



Phosphate Solubilization

The potential of six ACC deaminase producing isolates to convert inorganic forms of phosphorous TCP into the solubilized form was assessed when the yellow color zone of phosphate solubilization was displayed around the colonies on Pikovaskya’s agar supplemented with 2% TCP (Figure 4). The maximum solubilization index was exhibited by isolates ACC02 and ACC06 (>3).
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FIGURE 4. Phosphate solubilization by different isolates from Allium sativum rhizospheric soil on Pikovaskya’s agar supplemented with 2% TCP.



These calcium phosphate solublizers were further analyzed quantitatively in NBRIP medium as shown in Figure 7, where the amount of soluble phosphate was within the range of 30–88 mg/L P. The highest phosphate solubilization of 86.25 mg/L was shown by ACC02 followed by ACC06 and ACC11. The result observed indicates that isolates showing maximum zone of solubilization on solid medium, are also showing maximum phosphate solubilization in liquid medium. The pH of NBRIP medium was found to be acidic after 7 days of incubation as compared to uninoculated control (pH 6.5), except in the case of two isolates, ACC11 and ACC12 (6.7 and 6.8, respectively) (Figure 1C).

The two strains ACC02 and ACC06 with highest phosphate solubilizing ability were further selected for determining the profile of phosphate solubilization with respect to incubation period and pH of the NBRIP medium. The highest solubilization was recorded on the 6th day of incubation for both the isolates, ACC02 and ACC06. Further, the optimization studies also represented that both the isolates lowered the pH of broth medium as the incubation period increases with respect to uninoculated control medium (Figure 5). The lowering of pH of medium, attributed by the production of organic acids, was in correlation with P solubilizing activity, with lowest pH recorded during maximum calcium phosphate solubilization.
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FIGURE 5. Calcium phosphate solubilization profile of ACC02 and ACC06 isolates as a function of incubation period and pH of spent medium.



Production of Ammonia, HCN, Siderophore, and Solubilization of Zinc

The HCN (hydrogen cyanide) production was observed for isolate ACC02 (A. aneurinilyticus AIOA1), while the yellow picrate filter paper did not turn red brown for other isolate ACC06 (Paenibacillus sp. strain SG_AIOA2) as shown in Figure 6A. Another indirect PGP mechanism, Ammonia (NH3) production, was checked for both the potent ACC deaminase producers. Both the isolates ACC02 (A. aneurinilyticus AIOA1) and ACC06 (Paenibacillus sp. strain SG_AIOA2) were positive for ammonia production. In addition to this, both isolates exhibited a color change of greenish blue CAS agar media to yellow indicating significant production of siderophore (Figure 6B). The Zinc solubilization ability of the ACC deaminase producing bacterial isolates were evaluated by determining zone of solubilization on ZnSO4 supplemented Tris-minimal medium. The isolate ACC06 did not solubilize zinc while another isolate ACC02 produced halo zone (Figure 6C).
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FIGURE 6. Estimation of HCN production (A), Siderophore production on solid blue CAS agar media (B), and zinc solubilization on Tris minimal salts agar medium supplemented with ZnSO4 (C) by ACC deaminase producing isolates ACC02 and ACC06.



In vitro Stress Tolerance in Response to Salinity and Drought

In addition to this, both the isolates were screened in vitro for their potential to tolerate high salt concentration (2–8%) and osmotic stress conditions. In the case of salinity, the isolate ACC02 could be able to tolerate salinity levels up to 6% NaCl while the isolate ACC06 exhibited growth on LB media supplemented with 4% NaCl only. No isolates could not tolerate high concentration of NaCl (8%) added in growth media.

The ACC02 isolate was able to tolerate the osmotic stress of 0.05 MPa only and not higher drought conditions, while ACC06 could survive in drought conditions of 0.05 MPa, 0.30 MPa as well as 0.73 MPa osmotic stress.

Molecular Identification and Phylogenetic Analysis

The 16S rRNA gene sequencing and phylogenetic analysis revealed that two ACC deaminase producing PGPR isolates indicated 95–100% similarity with the known sequences in GenBank and belonged to different genera of Aneurinibacillus and Paenibacillus. The Phylogenetic analysis of two ACC deaminase producing strains using MEGA X software revealed their relatedness with other strains of respective species (Figure 7).
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FIGURE 7. Phylogenetic dendrograms, based on partial 16S rRNA nucleotide sequences, showing the relationship between the selected ACC deaminase producing strains ACC02 and ACC06 with closely related taxa of (A) Aneurinibacillus and (B) Paenibacillus, respectively. The 16S rRNA gene sequences of closely related species were retrieved from NCBI GenBank databases. The Neighbour joining phylogenetic tree was inferred using MEGA-X software; evolutionary distance was computed using Maximum Composite Likelihood method at bootstrap value of 1000.



Effects of ACC Deaminase Producing Strains on French Bean Growth Under Salt Stress

The influence of the two highest ACC deaminase, IAA producing and Phosphate solubilizing PGPR strains, ACC02 and ACC06, on growth promotion of French bean under no stress and salinity stress conditions, was evaluated through pot trials (Figure 8). The dual culture antagonism assay between these two selected strains did not show any antagonistic effects against each other (Supplementary Figure 1).
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FIGURE 8. Effect of ACC deaminase producers, ACC02 and ACC06, as individual strains and consortium on plant growth promotion of French bean under salinity stress (A) and normal condition (B), as compared to positive (uninoculated plants growing in normal conditions) and negative control (uninoculated plants growing saline stress conditions).



The negative effects of salinity stress resulted in a reduction in growth parameters such as root length, shoot length, fresh and dry biomass of root and shoot of French bean plants in relation to corresponding non-stressed, uninoculated French bean plants. The EC of the experimental soil of all salt treated pots was recorded in the range of 4–4.8 ds m-1.

However, the plant growth in terms of growth parameters, including length, fresh and dry weight of root/shoot biomass, was significantly (P< 0.05) increased in bacterial inoculated plants under salinity stressed and non-saline conditions.

The consortium application of ACC02 and ACC06 enhanced the growth of root and shoot of French bean plant exposed to salt stressed conditions. The shoot length was significantly (P< 0.05) improved by 60% in T4 treatment in comparison with corresponding uninoculated control plants. However, no significant difference was found in the case of shoot length between individual strain application, i.e., T2 and T3 treated French plants (Figure 9B). Similarly, the combined treatment of ACC deaminase producing strains, ACC02 and ACC06, has a tremendous influence on root length of French bean plants on exposure to salt stressed conditions. The root length was increased by ∼79, 58, and 110% in T2, T3, and T4 treatments as compared to control stressed group of plants (Figure 9A).
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FIGURE 9. Effect of potent ACC deaminase isolates on physio-morphology parameters: (A) Root Length; (B) Shoot Length; (C) Root Fresh weight; (D) Shoot Fresh weight; (E) Root Dry weight; (F) Shoot Dry Weight; (G) Total Chlorophyll content and (H) Ethylene content of French beans plants under stress (saline; orange bar) and non-stressed (normal; blue bar) conditions. Control, plants from unbacterized seeds; ACC02, seeds inoculated with A. aneurinilyticus strain AIOA1; ACC06, seeds inoculated with Paenibacillus sp. strain SG_AIOA2. Columns represent Mean values while bars represent Standard deviation (n = 3). Different letters show statistically significant different values (P < 0.05) between treatments as evaluated from Duncan’s test.



The consortium treatment improved the fresh and dry biomass of root/shoot of French bean plants under saline stress conditions. The shoot fresh weight and dry weight of French bean plants increased by ∼255 and ∼425% under saline stress conditions in relation to corresponding control. No considerable difference was found in the case of shoot biomass of French plants treated with individual strains ACC02 and ACC06. Similar improvements were achieved in terms of root fresh weight and dry weight of French bean plants under salt stress. Root fresh weight significantly (P< 0.05) increased by ∼46, 36, and 81%, while Root dry weight improved by 180, 142, and 220% at T2, T3, and T4 treatments with respect to T1 treated control plants (Figures 9C–F).

The consortium treatment was found to be effective in improving the leaf chlorophyll content of stressed French bean plants by ∼57%, followed by ∼35% at Treatment T3 and ∼28% at treatment T2, in comparison with the uninoculated stressed plants (Figure 9G). The higher levels of ethylene production ∼133% was observed in salt stressed uninoculated French bean plants, in comparison to plants grown in normal (0 mM NaCl) conditions. However, inoculation of French bean plants with ACC deaminase producers, A. aneurinilyticus and Paenibacillus sp., reduced the ethylene emission by 38 and 42%, respectively, compared with uninoculated French bean plants. The consortium application of A. aneurinilyticus and Paenibacillus sp. has more potential in decreasing salinity stress induced ethylene by ∼61% followed by treatment 2 and treatment 3 in inoculated plants (Figure 9H).

These results suggested that consortia of isolates A. aneurinilyticus (ACC02) and Paenibacillus sp. (ACC06) have the potential to mitigate the negative effects of salt stress on the growth of French bean plants.



DISCUSSION

The possession of enzymatic activity of ACC deaminase by PGPR is one of the key growth stimulating traits that facilitate growth and stress tolerance in plants under normal as well as stressed conditions (Glick, 2012; Chandra et al., 2018). This microbial enzyme, ACC deaminase, is responsible for dissociation of stress induced ACC (secreted as root exudates) into Ammonia and α-ketobutyrate, which otherwise forwarded to produce ethylene that has a drastic impact on physiology, growth and development of plants (Barnawal et al., 2014; Heydarian et al., 2016; Ali and Kim, 2018; Saleem et al., 2018; Zhang et al., 2018). Therefore, the role of microbial ACC deaminase producers is immensely significant in today’s agricultural system, which is more prone to climate change.

In the present work, two bacterial isolates ACC02 and ACC06 with a high amount of ACC deaminase activity were selected from the rhizosphere of A. sativum crop plant for further assessment for growth promoting abilities such as IAA production, insoluble phosphate and zinc solubilization, siderophore secretion, HCN and ammonia production.

The PGPR altered the indigenous pool of growth regulating hormones, such as IAA, which resulted in root elongation as well as formation of lateral roots and root hairs. This enhancement of root system of plants improves water and nutrient uptake efficiency of plants. The endogenous IAA along with bacterial synthesized IAA increased the secretion of plant root exudates that directly serve as an energy source for root associated growth promoting bacteria, improving their growth and colonization efficiency (Etesami et al., 2015). Several strains of genus Bacillus, Azotobacter, Pseudomonas were reported to produce IAA (Cassán et al., 2014; Verma et al., 2018). The evaluation of bacterial isolates, ACC02 and ACC06 for production of IAA, revealed that both are significant producers of IAA suggesting that they could be used as PGPR.

The optimization process is very important as it helps in optimizing the attributes, such as the minimum number of days as well as optimum precursor, L-tryptophan concentration responsible for maximum IAA production by PGPR. The optimization of IAA production by these two isolates indicated highest production after 7th day of inoculation. A similar result was reported by Chaiharn and Lumyong (2011), indicating maximum IAA production on the 9th day of inoculation. The L-tryptophan is observed as the direct precursor for IAA synthesis by root colonizing bacteria through the indole-3-acetamide pathway (Patten and Glick, 1996), therefore, the amount of precursor concentration has a direct influence on IAA production. As per our study, growth media amended with different concentrations of L-tryptophan was used to investigate the effect of substrate concentration on IAA production. On the basis of spectrophotometric data (OD530), it was evaluated that IAA production was increased with an increasing concentration of externally supplied L-tryptophan with maximum production in medium supplemented with 15 mg/mL of tryptophan. Similar results were observed by Bharucha et al. (2013) who demonstrated the influence of L-tryptophan concentration on indole production and found a positive correlation between IAA production and L-tryptophan concentration.

Phosphate solubilization is another important trait of PGPR and the isolates of the current study revealed a significant release of PO43- from insoluble complex TCP. The findings of the current study are in agreement with numerous published literatures reporting solubilization of phosphate by Bacillus, Pseudomonas, and Azotobacter (Ahmad et al., 2008; Bhattacharyya and Jha, 2012; Panwar et al., 2014; Maitra et al., 2015). Besides providing phosphorous to the plants, the PSBs also enhance the plant’s growth by stimulating nitrogen fixation, enhancing availability of trace metals and by formation of plant growth hormones (Kumar et al., 2013). It has been reported that quantitative measurement of P-solubilization in NBRIP broth medium provides a more accurate result than regular plate assay (Baig et al., 2010). Therefore, evaluation of isolates to solubilize phosphorous in NBRIP broth was also completed, which revealed direct co-relation between P-solubilization on plates and broth medium. The P solubilization by these two isolates was accompanied by a decrease in pH of the medium, indicating the mechanism behind P-solubilization is secretion of organic acids, such as gluconic acid and citric acid, by the isolates (Serrano et al., 2013; Khan et al., 2014; Chen et al., 2016; Paul and Sinha, 2017; Wei et al., 2018). Furthermore, the optimization analysis revealed that phosphate solubilizing efficiency of isolates, ACC02 and ACC06, progressively increased with the number of incubation days. The maximum phosphate solubilization in NBRIP medium was observed at the 6th day of incubation for both isolates, followed by a decline in the pH of the medium. The results of optimization of phosphate solubilizing potential of our isolates are in agreement with the similar work of Manzoor et al. (2017).

The production of siderophore, ammonia and HCN are some of the indirect PGP traits found among the isolates of the present study. Siderophores, low molecular weight iron chelators, produced by various soil microorganisms, bind Fe3+ and make it available for their own growth and also for plants. There are several reports describing the production of siderophores by the rhizospheric micro flora enhancing the iron uptake of plants (Kotasthane et al., 2017; Priyanka et al., 2017).

The production of ammonia by the microbes helps the plants both directly and indirectly. The ammonia excreted by diazotrophic bacteria is one of the most important characters of the PGPR’s which benefits the crop (Pérez-Montaño et al., 2014; Richard et al., 2018). This accumulation of ammonia in soil may increase in pH creating alkaline condition of soil at pH 9–9.5. It suppresses the growth of certain fungi and nitrobacteria as it has potent inhibition effect. It also disturbs the equilibrium of the microbial community and inhibits germination of spores of many fungi (Swamy et al., 2016).

Zinc is a crucial micronutrient for growth and development of plants governing several their physiological processes. Use of zinc solubilizers in place of chemical fertilizers is an eco-friendly and sustainable method to meet the requirements of zinc by the plants (Kamran et al., 2017). The zinc solubilizing ability of ACC deaminase containing PGPR was evaluated on the Tris-minimal plates supplemented with insoluble zinc complex, ZnSO4, and only ACC02 was found to be categorized as zinc solubilizing bacteria.

The tolerance of bacteria toward high salinity and drought was also screened under in vitro conditions. Both isolates indicated moderate tolerance toward salt and drought stress. Therefore, isolates ACC02 and ACC06 have could be used as stress tolerating PGPR in soils facing challenges of salinity and drought.

The BLAST similarity searches and phylogenetic analysis revealed that isolates of our study, ACC02 and ACC06, belonged to A. aneurinilyticus strain AIOA1 and Paenibacillus sp. strain SG_AIOA2, respectively. There are few reports available in the literature documenting the ACC deaminase producing ability and PGPR potential of Aneurinibacillus and Paenibacillus (Goswami et al., 2015; Chauhan et al., 2017).

The present study reports that inoculation of seeds with ACC deaminase producing bacteria reduces the stress of salinity in plants. The results of in vivo experiments also reveal that there is a significant improvement in plant growth of the test plant under both no salt and salt stressed conditions when both strains were applied as consortium compared to application of individual strains. The finding dual culture antagonism assay as well as pot study reveals that both strains were compatible to each other and exhibited their cumulative growth promotion effect when applied together. The interaction between different microbial strains result into enhanced PGP potential of PGPR. It has been reported that the syntrophic relationship among microbes is a common phenomenon in microbial ecosystem (Morris et al., 2013). Thus, use of consortia of microbes having synergistic relation is more beneficial and exerts improved results (Shaharoona et al., 2006; Verma et al., 2013). The presence of a higher number of bacterial cells in a consortium could be the reason behind greater PGP effects under stressed conditions (Barra et al., 2016; Grobelak et al., 2018; Saikia et al., 2018).

The ethylene is a significant plant hormone required for every aspect of plant development and growth cycle but it stimulates, growth repressive effects, such as retardation of root development, inhibition of seed germination, promotion of aging, senescence and abscission process in plants under stressed conditions (Gupta and Pandey, 2019). Several reports suggested that application of ACC deaminase producers mitigate the adverse effect of salt stress manifested on plants by minimizing the ethylene emission to its optimum level and thus confers growth promotion and stress tolerance in stressed plants (Orhan, 2016; Maxton et al., 2018; Safari et al., 2018). The growth of French bean plants when subjected to salinity stress might be attributed to the ACC deaminase activity (>20 nmol α-ketobutyrate mg protein-1 h-1) of two selected strains, which declines the production of stress generated ethylene by deaminating its precursors, ACC into ammonia and α-ketobutyrate (Penrose and Glick, 2003). Based on our results and previous findings, ACC utilizing bacterial strains promote plant growth, increase root/shoot length and improve plant biomass under salinity stress conditions by lowering ethylene accumulation in plants. However, the presence of multifarious PGP traits could be the added advantage of these isolates, which could be harnessed to develop these strains as bio-fertilizers in a wide range of plants under normal conditions. Our study suggests that the application of a consortia of microbes enhances plant growth in both normal and saline conditions. It is very much possible that IAA and ACC deaminase promote root growth in a co-ordinated manner (Glick et al., 2007). Similarly, siderophore production and phosphate solubilization has also been reported by various researchers as an important attribute significantly responsible for plant growth and development (Rajkumar et al., 2010; Taurian et al., 2010; Sadeghi et al., 2012; Zhang et al., 2017; Kumar et al., 2018; Patel et al., 2018). Therefore, use of microbial consortia having the potential to induce salt tolerance and also enhance plant growth and development under normal condition will be a very useful strategy in sustainable agriculture. However, further research is needed to evaluate the efficiency of these strains as their consortium under field condition to provide tolerance in the case of abiotic stress like salinity and exertion of their PGP potential under normal field condition.



CONCLUSION

The present study describes the isolation of ACC deaminase producing bacteria from rhizospheric soil of Garlic. Two potential strains, ACC02 and ACC06, were found to possess other growth promoting potential like IAA production, phosphate solubilization, siderophore and ammonia production. The result of in vivo study of these isolates revealed that they promote plant growth both under normal and saline conditions. The production of ACC deaminase and other PGP traits by these isolates project the potential that they could be used as a bio-fertilizer under both normal and saline soils. However, further research is needed to evaluate the efficiency of these strains under actual field conditions to reduce the stress of salinity and as an effective plant growth promoter.
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Halomonas Rhizobacteria of Avicennia marina of Indian Sundarbans Promote Rice Growth Under Saline and Heavy Metal Stresses Through Exopolysaccharide Production


Pritam Mukherjee1, Abhijit Mitra2 and Madhumita Roy3*


1Department of Biotechnology, Techno India University, Kolkata, India

2Department of Marine Science, University of Calcutta, Kolkata, India

3Department of Microbiology, Bose Institute, Kolkata, India

Edited by:
Heike Bücking, South Dakota State University, United States

Reviewed by:
Doan Trung Luu, Centre National de la Recherche Scientifique (CNRS), France
 Maqshoof Ahmad, Islamia University of Bahawalpur, Pakistan
 Puneet Singh Chauhan, National Botanical Research Institute (CSIR), India

* Correspondence: Madhumita Roy, roymadhumita@rediffmail.com

Specialty section: This article was submitted to Plant Microbe Interactions, a section of the journal Frontiers in Microbiology

Received: 21 October 2018
 Accepted: 13 May 2019
 Published: 29 May 2019

Citation: Mukherjee P, Mitra A and Roy M (2019) Halomonas Rhizobacteria of Avicennia marina of Indian Sundarbans Promote Rice Growth Under Saline and Heavy Metal Stresses Through Exopolysaccharide Production. Front. Microbiol. 10:1207. doi: 10.3389/fmicb.2019.01207



The Halomonas species isolated from the rhizosphere of the true mangrove Avicennia marina of Indian Sundarbans showed enhanced rice growth promotion under combined stress of salt and arsenic in pot assay. Interestingly, under abiotic stress conditions, Halomonas sp. Exo1 was observed as an efficient producer of exopolysaccharide. The study revealed that salt triggered exopolysaccharide production, which in turn, increased osmotic tolerance of the strain. Again, like salt, presence of arsenic also caused increased exopolysaccharide production that in turn sequestered arsenic showing a positive feedback mechanism. To understand the role of exopolysaccharide in salt and arsenic biosorption, purified exopolysaccharide mediated salt and arsenic sequestration were studied both under in vivo and in vitro conditions and the substrate binding properties were characterized through FT-IR and SEM-EDX analyses. Finally, observation of enhanced plant growth in pot assay in the presence of the strain and pure exopolysaccharide separately, confirmed direct role of exopolysaccharide in plant growth promotion.

Keywords: abiotic stress, arsenic bioremediation, exopolysaccharide, Halomonas, rhizobacteria, rice growth promotion, salt sequestration, true mangrove Avicennia marina


INTRODUCTION

Soil salinity is one of the major abiotic stresses that limit plant productivity throughout the globe. Increased salinity due to climate change and sea level rise is causing daily extinction of many flora and fauna in the coastal world including Indian Sundarbans, inscribed as a World Heritage site by UNESCO (Mitra and Zaman, 2016). In Indian Sundarbans, rice cultivation (80–90% of total crop production in India) is the primary agricultural activity and is the main source of income generation but is restricted mainly to the monsoon season due to high salinity of soil in other seasons (Yadav et al., 1979). In addition to the existing problem of soil salinity, toxic heavy metal (HM) contamination in Indian Sundarbans is another major abiotic stress (Pal et al., 2002). Heavy metal pollution has attained a serious threat here due to discharge of HM rich semi-treated or untreated effluents from industries (tanneries, jute mills, pulp and paper mills, pesticide manufacturing plants, thermal power plants, brick kilns, rubber, fertilizer and soap factories, antibiotic plants, and oil refineries), located on the banks of the river Hooghly. Slow continuous release of HM from the antifouling paints used to coat the bottom of the numerous fishing trawlers and recreational vessels is another reason of HM pollution in this region (Bighiu et al., 2017). Upon entering the estuarine system, these HMs get dissolubilized or precipitated on the soil and sediment based on the localized environmental conditions especially pH. Nevertheless, over the years, the region has turned out as a natural sink by virtue of its rich and unique indigenous flora, fauna and a diverse group of largely unexplored mangrove microbiota (Mitra, 2013). Previous research on Indian saline ecosystem identified the potential of eco-friendly halo-tolerant plant growth-promoting rhizomicrobes (PGPR) for application in sustenance of agronomy under diverse saline ecologies (Shrivastava and Kumar, 2015). Application of these native PGPR to alleviate salt stress can be regarded as a better alternative toward sustainable agriculture than developing salt and other stress tolerant transgenic varieties due to high production cost and other environmental hazards (Shrivastava and Kumar, 2015). These osmotolerant microbes possess special mechanisms such as optimization of Na+/K+ flow, accumulation of essential osmolytes, transcriptional, and/or translational regulation of salt-tolerant enzymes (osmozymes) for sustaining environmental osmotic shock (Yang et al., 2009). In comparison to the mesophilic (halo-sensitive) counterparts, halo-tolerant microbes are more dynamic owing to their ability to function under both stress and stress-free conditions (Nadeem et al., 2014). Yang et al. (2009) pointed out that the halo-tolerant PGPR causes “induced systemic tolerance” (IST) to salt-sensitive plants and enhances nutrient uptake from soils, thus decreasing the need of the fertilizers. In general, salt-sensitive plants cannot grow or show poor growth in saline media due to ion toxicity (replacement of K+ by Na+ in biochemical reactions, and Na+ and Cl− induced conformational changes in proteins), osmotic stress (excessive accumulation of sodium in cell walls causing osmotic stress and cell death), nutrient (N, Ca, K, P, Fe, Zn) deficiency due to salt related imbalance and oxidative stress on plants apart from reduced water uptake from the soil. On the other hand, in salt-tolerant plants, salt stress activates specialized genes that are involved in the sustenance of salt-induced and other abiotic stresses (Yang et al., 2009). As salt-sensitive plants do not possess these special genes, their salt stress is ameliorated by the PGPR mediated IST. Although bacterial determinants of IST and their activation pathways in plants have been significantly evaluated during the past decade but the response of the PGPR toward the abiotic stresses has been revealed very recently (Timmusk and Wagner, 1999; Zhang et al., 2008). Use of these PGPR for minimizing agricultural chemical load, HM load (Nadeem et al., 2014; Yu et al., 2014) and soil salinity (Siddikee et al., 2010) is earning considerable appreciation in boosting environmental quality. Although salt stress alleviation by PGPR inoculants had already been reported in rice, wheat and many other crops (Goswami et al., 2014), but the exact mechanism of salt stress alleviation is not fully explored. In addition, exopolysaccharide (EPS) production was noticed in a number of halophilic bacteria, halophilic PGPR, and metal mobilizing bacteria (Llamas et al., 2006). With a growing interest in extremophiles, a large number of halophiles, particularly species belonging to the Halomonas genera have been found to be the possessors of EPS (Béjar et al., 1998; Arias et al., 2003; Martínez-Cánovas et al., 2004; Llamas et al., 2006; Poli et al., 2013).

The purpose of this paper is to understand the role of EPS produced by halophilic PGPR belonging to the genus Halomonas, isolated from the rhizosphere of the Avicennia marina of Indian Sundarbans, in abiotic stress alleviation during rice growth promotion under combined stress of salt and arsenic (As).



MATERIALS AND METHODS


Sampling and Physico-Chemical Assessment of Avicennia marina Rhizosphere Soil

The root associated soil of Avicennia marina seedling growing in the intertidal mud flat of Bonnie Camp (21°49′45.3″ N; 88°37′13.6″ E) situated in the central region of Indian Sundarbans was collected during monsoon season in the month of September, 2014. The sample was sieved (pore size of 2 mm), grounded to powder using a mortar and pestle, and stored in a clean polyethylene bag at 4°C until use. The soil salinity, electrical conductivity, and pH were recorded with refractometer (Atago, Tokyo, Japan), digital electrical conductivity/TDS meter (Global, India) and digital pH meter (Global, India), respectively, on spot. Moisture content was measured in lab by subtracting dry weight (in oven at 105°C) from the wet weight of the sample. Soil chemical features like Soil Organic Carbon (SOC), % organic matter, N, P, K (U.S. Environmental Protection Agency, 1994) and biologically available HMs were determined (Malo, 1977).



Isolation and Identification of Exopolysaccharide Producing Arsenic and Salt Resistant Halo-Rhizobacteria

Enrichment and isolation of halo-rhizobacteria from A. marina rhizosphere soil was done in 8% total salt modified growth media (8% TSMGM) [a specific medium for cultivation of halophiles and haloarchaea that contain 266.7 ml of concentrated salt water (30% stock) {NaCl (240 g l−1), MgCl2.6H2O (30 g l−1), MgSO4.7H2O (35 g l−1), KCl (7 g l−1), 5 ml 1M Tris-Cl (pH-7.5), 5 ml 1M CaCl2.2H2O (0.5 g l−1), adjusted to pH-7.5 with 1M Tris base}, peptone (5 g l−1), yeast extract (1 g l−1), adjusted pH to 7.5 with 1M Tris base] (Dyall-Smith, 2009). Isolates that showed moderate growth in 4 mM [As(III)] were selected for further purification. For screening of the EPS secreting isolates, pure colonies were transferred to nutrient agar (NA) media supplemented with 5% dextrose. Isolates showing mucoid phenotypes were finally selected and purified. After morphological study, the isolates were finally identified by 16S rRNA gene analysis using universal PCR primers 27F and 1492R as mentioned by Mukherjee et al. (2017). The amplified products were sequenced according to the manufacturer's specifications for Taq DNA polymerase-initiated cycle sequencing reactions using fluorescently labeled dideoxynucleotide terminators with an ABI PRISM 377 automated sequencer (Perkin-Elmer Applied Biosystems). 16S rRNA gene sequence similarity was determined using BLAST version 2.2.12 of the National Center for Biotechnology Information (Altschul et al., 1990). The partial 16S rRNA gene sequences were submitted to GenBank and accession numbers were obtained. Phylogenetic analyses were performed by neighbor-joining method (Saitou and Nei, 1987) with bootstrapping using 1000 replications using MEGA version 7 (Kumar et al., 2016) with Kimura two-parameter model. The bootstrap consensus tree inferred from 1,000 replicates was taken to represent the evolutionary history of the taxa analyzed. The evolutionary distances were computed using the Maximum Composite Likelihood method (Tamura et al., 2004).

Selected bacterial surface morphology was determined by Field Emission Scanning Electron Microscope (FESEM) (Model JEOLJSM 6700F) after growing the isolate for 5 days in salt media (8% TSMGM) amended with [As(III)]. The bacterial sample was mounted on aluminum stubs with conductive carbon cement, dried for 3 h, and coated with 15 nm platinum film with an agar automatic sputter coater. After processing, the sample was visualized in the high-vacuum mode at 15 kV and the images were processed using Photoshop software (Adobe Systems Inc., Calif.).



Characterization of the Isolate Toward Abiotic Stress Tolerance: Salt and Heavy Metals

For all growth-related experiments, cultures were set up in triplicates, incubations were performed at 30 ± 2°C for 3–5 days and the growths were determined both visually and spectrophotometrically at OD600nm. For determination of the minimal inhibitory concentration (MIC) of the Halomonas sp. Exo1 toward total salt and NaCl, agar plates with increasing concentrations of mixed sea salt and NaCl in presence and absence of 2 mM [As(III)] were streaked with pure isolates and incubated. Detailed growth kinetics of the strain was studied in LB with increasing concentrations of NaCl, 8% TSMGM broth, and 8% TSMGM broth with increasing concentrations of total salt and/or [As(III)]. For determination of in vivo bioaccumulation of osmolytes including both monovalent (Na+, K+) and divalent (Mg2+, Ca2+) cations, 5-day old culture broth was prepared in LB and liquid 8% TSMGM. Centrifugation was done and cell-pellet was washed thrice with deionized H2O and oven-dried at 50°C, digested with pure concentrated HNO3 (5 ml, Merck) at 65–75°C and filtered through Whatman filter paper. The amounts of osmolytes (Na+, K+, Mg2+, and Ca2+) accumulated within cell-biomass were assessed via flame-photometry (Aimil Ltd., India) and the concentrations were calculated from the standard curves of the respective ions. In vivo as bioaccumulation study was carried out by live cells and dead cells both. For determination of As accumulation by live cells, time-dependent study was undertaken. The isolate was cultured in 250 ml liquid 8% TSMGM containing 2 mM [As(III)]. 50 ml of culture media was withdrawn at regular intervals of 0, 3, 6, 9, and 12 days. Samples were centrifuged at 7,000 rpm for 10 min to collect both cell-free media and bacterial cell-biomass. Media supernatant was filtered through a 0.22-micron membrane filter (Nuclepore Corp., CA, USA). 10 ml cell-free media filtrate and 0.1 g of dried cell-biomass were digested separately with concentrated HNO3 (5 ml, Merck) at 65–75°C on a hot plate equipped with a fume hood and filtered through Whatman filter paper No. 1 (125 mm). Acid-digested media supernatant from As-free salt media (0-day time-point) and acid-digested cell-biomass from As-free salt media (3-day time-point) were used as negative controls. For determination of [As(III)] biosorption by dead halo-rhizobacterial biomass, pellet was obtained from 200 ml 5-day old culture grown in 8% TSMGM in the absence of NaAsO2. The cell pellet was washed twice to remove residual media, re-suspended in sterile deionized water, and autoclaved at 121°C at 15 lb/in2 for 45 min. After this step, the absence of live bacteria was checked by plating onto 8% TSMGM agar plates. 10 ml dead cell suspension (~7.14 mg bacterial biomass per ml) was incubated at room temperature for 24 h under shaking in the presence of 4 mM [As(III)] and was then centrifuged at 10,000 rpm for 15 min. The cell pellet was again washed thrice with sterile deionized water and dried at 50°C, while the cell-free supernatant was filtered through 0.2–0.45 micron hydrophilic membrane (HiMedia Laboratories Pvt. Ltd.,). Sample preparation and AAS were carried out as mentioned earlier.

Determination of the MIC of the strain for other HMs were done in LB and 8% TSMGM agar plates and broths containing test HMs with increasing concentrations.

In vivo as biotransformation assay was done using a qualitative AgNO3 screening method as described by Simeonova et al. (2004) with modifications. Briefly, plate-based assay was performed where 8% TSMGM agar plates containing 2 mM [As(III)] were spot inoculated with the test bacterial culture, incubated for 3 days at 30 ± 2°C and flooded with 0.1 M AgNO3 solution containing 1 M Tris-HCl (pH 8.0). The reaction between AgNO3 and the arsenic species i.e., [As(III)] or [As(V)] in Tris-HCl environment produces colored precipitates containing arsenic. Presence of [As(III)] species by arsenate reducing bacteria produces light yellow color (due to Ag3AsO3 or silver orthoarsenite) and presence of [As(V)] species by arsenite oxidizing bacteria produces light brownish-red color (due to Ag3AsO4 or silver orthoarsenate).



Extraction, Purification, and Estimation of Exopolysaccharide Production Under Salt and Arsenic Stresses

For estimation of EPS production under As stress, 100 μl of 24-h old culture of Halomonas sp. Exo1 was inoculated (0.1% v/v) into 250 ml Erlenmeyer flasks containing 100 ml of As-free and As-supplemented (2, 4, 6, 8 mM) liquid 8% TSMGM, mixed thoroughly and placed on a rotary shaker (125 rpm) at 30 ± 2°C for 5 days. For determination of the effect of salt stress on EPS yield of Halomonas sp. Exo1, 100 ml Erlenmeyer flasks each containing 50 ml of LB broth with varying concentrations of NaCl (0.5, 1, 2.5, 5, 7.5, 10, 12.5, 15, 20, 22.5 %) were inoculated with the bacterial strain. For extraction of EPS in all the treatments, 5-day old cultures were centrifuged at 7,000 rpm for 20 min. The supernatants were vacuum-filtered through cellulose nitrate filter. The EPS was precipitated from the cell-free supernatant by the addition of ice-cold ethanol (100%, Merck) in 1:3 ratios. The cell-free extract-ethanol mixture was shaken vigorously and incubated overnight at 4°C. For removal of salt and impurities, EPS was dialyzed for 24–48 h using 12–14 kDa MW cut-off dialysis bags against deionized H2O at 4°C. A fraction of the partially purified EPS solution was dried at 60°C and weighed to determine crude EPS yield (Corzo et al., 1994). For further purification of EPS, methods described by Bales et al. (2013) were followed. In brief, the EPS solution was mixed with ice-cold 20% (w/v) trichloroacetic acid (TCA) solution to precipitate proteins and nucleic acids. After 30 min of incubation, the solution was centrifuged at 15,000 rpm for 1 h at 4°C. To the supernatant, 1.5 volume of 95% ethanol was added and the mixture was kept at −20°C for 24 h to facilitate precipitation of EPS from lipids. To collect the precipitated EPS, the solution was centrifuged at 15,000 rpm for 1 h at 4°C and the EPS pellet was re-suspended in Milli-Q H2O and dialyzed against the same for 24 h at 4°C using a 12–14 kDa MW cut-off dialysis membrane to remove low molecular weight impurities. The remaining retentate containing purified EPS was lyophilized overnight and stored in sterile containers at −20°C until further analyses. The lyophilized powder of purified EPS was weighed again to determine pure EPS yield. In order to extract cell-bound EPS, the bacterial cell-pellet was re-suspended in 300 μl EDTA solution (10 mM EDTA + 1.5 mM NaCl) and heated at 50°C in water bath for 3 min. The bacterial cell suspension was again centrifuged and cell-free supernatant was decanted and EPS was purified as above. Finally, to understand the exact time-point of getting highest EPS yield, total EPS yield was calculated from cultures grown for 0, 3, 6, 9, and 12 days.



Biophysical Characterization of the Exopolysaccharide

The purified EPS was tested for solubility in various polar and non-polar organic solvents and water. Salinity and electrical conductivity of the pure desalted Exo1 grown in 8% TSMGM were compared with the crude EPS.

Carbohydrate, protein, lipid and sulfate contents of the pure Exo1 were analyzed by spectrophotometer. Total neutral-carbohydrate contents were determined by phenol-sulfuric acid method using D-glucose as a standard (Dubois et al., 1956). The protein contents were measured by Folin-Ciocalteau method using bovine serum albumin (BSA) as a standard (Lowry et al., 1951). Lipid contents were measured by the method described by Novak (Novák, 1965) using olive oil as the standard. Sulfate contents were estimated by barium chloride (BaCl2) method using a H2SO4 standard curve established in the range of 2–20 μg ml−1 (Dodgson and Price, 1962). The visual appearance of the purified EPS was evaluated via scanning electron microscopy (SEM). The surface morphology of EPSs was visualized by using SEM (JEOL make JSM6360, UK) with an accelerating voltage of 20 kV (Kavita et al., 2013). Functional groups of crude and purified EPS were determined via Fourier Transformed-Infrared (FT-IR) spectroscopy. The pellets were prepared by grinding 2 mg of EPS with 200 mg of dry potassium bromide (KBr) and the mixture was pressed into a mold of 16 mm diameter. The FT-IR spectra were acquired in the 4,000–400 cm−1 region with a resolution of 4 cm−1 using an IR- Prestige-21 system (Shimatzu, Japan) (Sardari et al., 2017). Elemental analyses of purified and crude EPS were done using Energy-Dispersive X-ray (EDX) spectroscopy. 5 mg of EPS was attached on a stub and analyzed by SEM-EDX (JEOL make JSM6360, UK). The X-rays emitted by the EPS revealed the weight and atomic percentage of the different elements, which were present in the sample. X-ray diffraction (XRD) analysis was carried out to determine the biophysical properties of the EPS using X-ray diffractometer (RIGAKU make ULTIMA-III, Tokyo, Japan) with Cu target slit (10 mm). The dried EPS sample was examined in powdered form under different operating ranges of 2θ angles between 2 and 80° at a scanning speed of 2° min−1 using Cu Kα radiation (λ = 1.54056 Å). The intensity peaks of diffracted X-rays were recorded continuously and the d-spacings corresponding to diffracted X-rays at that value of “θ” were calculated using Bragg's law(D = λ ÷ 2 Sinθ where “θ” is half of the scattering angle measured from the incident beam) (Ricou et al., 2005).



Functional Characterization of the Exopolysaccharide

Purified Exo1 was examined for in vivo and in vitro As and salt sequestration/biosorption. Determination of in vivo bioadsorption of As by Exo1 was done using both concentration-dependent and time-dependent assays. Halomonas sp. Exo1 was cultured in 250 ml liquid 8% TSMGM containing either 0, 2, 4, 6 mM As for 3 days (concentration-dependent) or 2 mM As for 3, 6, 9, and 12 days (time-dependent) at 30 ± 2°C under constant agitation. At each time-point, cell-secreted EPS was extracted from each 100 ml cell-free extract (0, 2, 4, 6 mM As) as described earlier. 0.5 g of oven-dried bacterial EPS was transferred to a 100 ml beaker containing 10 ml of deionized H2O and 5 ml of concentrated HNO3 (Merck), and digested overnight at 65–75°C followed by filtration using a Whatman filter paper (125 mm) in a volumetric flask. Acid digested EPS from 3-day (As-minus) time-point was used as a negative control for both concentration-dependent and time-dependent assays. Detection of EPS-bound As was carried out using AAS (novAA 350, Analytik Jena) as per standard protocol stated in APHA (2012). On the other hand, in vitro bioadsorption of [As(III)] and [As(V)] or metal binding by purified Exo1 was determined by methods of Bhaskar and Bhosle (2006) with modifications. Briefly, bacterial EPS was extracted from liquid 8% TSMGM in the absence of As and 1 g dried EPS was dissolved in 10 ml Milli-Q H2O and 2 ml of this EPS solution was taken in a dialysis bag (12–14 kDa MW cut-off, HiMedia Laboratories Pvt. Ltd., India). The dialysis bag containing 0.1 g ml−1 bacterial EPS was suspended in an acid-washed polyvinyl chloride (PVC) beaker containing either 4 mM [As(III)] or 10 mM [As(V)] solution with a stir bar. The PVC beaker containing the desired metal solution and the EPS-filled dialysis bag was then placed on a magnetic stirrer overnight at 28 ± 2°C. The dialysis was repeated thrice with Milli-Q H2O to remove any traces of weakly bound As metal ions from EPS. The metal complexed EPS solution from the dialysis bag was then transferred to clean microfuge tubes and stored at −20°C prior to AAS analysis. For blank preparation, the bacterial EPS was substituted with equal volume of Milli-Q H2O and incubated under similar conditions. Similarly, bacterial EPS without As treatment was used as control. For determination of in vitro salt sequestration by purified Exo1, flame-photometry was used. In brief, bacterial EPS was extracted from liquid 8% TSMGM and 1 g dried EPS was dissolved in 4 ml Milli-Q H2O. The EPS solution was then transferred to a dialysis bag of 12–14 kDa MW cut-off. The dialysis bag containing 0.25 g ml−1 bacterial EPS was suspended in an acid-cleaned PVC beaker containing 80 ml of 5, 15, or 20% (w/v) NaCl solution with a stir bar. The PVC beakers containing the desired salt solution and the EPS-filled dialysis bag were then placed on a magnetic stirrer overnight at 28 ± 2°C. The dialysis was repeated thrice with equal proportion of Milli-Q H2O to remove any traces of weakly bound Na+ ions from the EPS and the electrical conductivity of the H2O was routinely monitored after completion of every dialysis. The solution containing Na+-EPS complex was then dried at 60°C prior to analysis. The amount of EPS-bound Na+ ions were analyzed via flame-photometry (Aimil Ltd., India) as mentioned earlier. For blank preparation, the bacterial EPS was replaced with equal proportion of Milli-Q H2O and incubated under similar conditions whereas bacterial EPS without salt treatment was incubated in Milli-Q H2O and used as control. Finally, the concentration of Na+ ion was calculated from the standard curve generated using known concentrations of Na+ solution. For detection and measurement of antioxidant activity, ascorbic acid of various concentrations (1–10 mg ml−1) was prepared from a standard stock solution of 100 mg ml−1 in deionized water. Solutions of purified EPS (10 mg ml−1) were also prepared in deionized water. 0.05 mM of DPPH (M.W. = 394.32 g) was prepared in absolute ethanol. For preparation of standard curve, 1 ml of each ascorbic acid solution (1, 2, 4, 6, 8, 10 mg ml−1) was mixed with 2 ml of ethanolic DPPH (0.05 mM) and kept in dark for 30 min. Similarly, 1 ml of each EPS solution was mixed with 2 ml of ethanolic DPPH (0.05 mM) and kept in dark for 30 min. The absorbance was measured at 517 nm using deionized water as blank and DPPH. Absolute ethanol was used as reference. The % scavenging of DPPH was calculated using the following equation:
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Qualitative and Quantitative Estimation of Plant Growth-Promoting Metabolites Under Salt and Arsenic Stresses

Plant growth-promoting properties like phosphate solubilization, production of IAA, siderophore, ammonia, HCN, biocontrol, and nitrogen fixing abilities of the strain were investigated under normal condition and salt and As stress conditions.

Estimation of Inorganic Phosphate Solubilization and Organic Acid Production

The phosphate solubilization activity was determined by the protocol of Mehta and Nautiyal (2001) with modifications. Briefly, the isolate was grown in NBRIP medium (in absence and presence of NaCl and/or As) containing a pH indicator (Bromophenol Blue) for 10 days at 30 ± 2°C with continuous agitation. At 10th day, the final OD600 value was subtracted from the initial A600 value (0th day). Phosphate solubilization efficiency was determined by spot inoculating 3 μl of each isolate on Pikovskaya's (PVK) agar plate. Phosphate solubilization index (PSI) was calculated (diameter of phosphate solubilization (PS) zone on PVK agar/ growth diameter of spot inoculant) after 12 days of incubation at 30 ± 2°C. Finally, the kinetics of Ca3(PO4)2 solubilization mediated by each of the isolates were monitored in liquid NBRIP medium at five time-points (0, 4, 8, 12, and 16 days). Soluble Pi concentration in the medium was estimated spectrophotometrically by using the molybdenum blue method (Mukherjee et al., 2017) and the decrease in pH values over time (because of organic acid production) was also recorded.

Estimation of Indole-3-Acetic Acid (IAA) Production

Spectrophotometric estimation of IAA was conducted as per the method of Goswami et al. (2015). An aliquot (2 ml) of 3 to 8-day old culture supernatant grown in LB broth and 8% TSMGM supplemented with 500 mg l−1 of L-tryptophan (in absence or presence of As i.e., 0, 2, 4, 6 mM As) at 30 ± 2°C was transferred to a clean test tube to which 100 μl of ortho-phosphoric acid and 4 ml of Salkowski reagent (50 ml, 35% of perchloric acid (HCIO4), 1 ml of 0.5 M FeCl3 solution) were added. The mixture was incubated at room temperature (dark) for 25 min and the intensity of pink color developed was recorded at 530 nm. A standard curve of IAA (10–100 μg ml−1) was used for estimation of IAA produced.

Estimation of Siderophore Production

For the six isolates, production of siderophore was initially assessed using Chromazurol S (CAS, Loba Chemie) agar medium as described by Schwyn and Neilands (1987). Test cultures were spot inoculated (3 μl) on CAS agar plates (with or without 5% NaCl) and incubated at 30 ± 2°C. An orange halo zone around the growth confirms positive siderophore production, the diameter of which was measured after 24, 48, and 72 h. Amount of siderophore produced was further quantified using CAS-shuttle assay (Payne, 1994). Bacterial cultures were grown in King's B media in presence and absence of NaCl and [As(III)]. Samples were withdrawn and centrifuged at 10,000 rpm for 5 min. CAS assay solution was added to culture supernatant in equal proportion, mixed and allowed to stand for 20 min. Siderophore, if present, removes the iron from the dye complex, causing reduction in the intensity of blue color, which was recorded at 630 nm. For the measurements, minimal medium was used as blank and % siderophore units were calculated by the following equation:
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where Ar = absorbance of reference (minimal media + CAS assay solution), As = absorbance of sample.

Estimation of Ammonia (NH3) Production

Production of ammonia was determined as described in Cappuccino and Sherman (1992) with modifications. 24-h old bacterial cultures were inoculated in 10 ml peptone broth (1% NaCl) and liquid 8% TSMGM (without yeast extract) supplemented with peptone and As (2, 4, 6 mM), and incubated at 30 ± 2°C for 4–12 days with constant shaking. After incubation, 2 ml of bacterial culture was taken in an eppendorf tube and centrifuged at 10,000 rpm for 5 min. Then, 40 μl of Rochelle salt (K-Na-tartrate) and 40 μl of Nessler's reagent were added in each tube containing the supernatant. The development of yellow to dark brown color indicated the production of ammonia and absorbance was measured at 425 nm. NH3-N standard curve (in the range of 100–1,000 μg l−1) was prepared using Nesslerization spectrophotometric method to estimate the concentrations of NH3 produced.

Estimation of Hydrogen Cyanide (HCN) Production

For qualitative estimation of HCN production, Picrate assay as described by Castric (1975) was followed. The isolate was streaked on LB agar and incubated overnight. A Whatman filter paper No. 1 soaked in solution of 2% Na2CO3 and 0.5% picric acid was placed in between base and lid of the culture plate. Plate was sealed with parafilm and incubated at 30 ± 2°C for 72 h. Production of HCN was indicated by color change of filter paper from yellow to orange-brown. For quantitative estimation of HCN production, 24-h old bacterial cultures were inoculated in 10 ml LB broth and liquid 8% TSMGM (with and without As) and incubated at 30 ± 2°C for 24–48 h with constant shaking. Then, 1 ml solution containing 2% Na2CO3 and 0.5% picric acid was added to the 2-days old culture and further incubated at 30 ± 2°C with constant shaking. Then, after every 24 h, 2 ml of bacterial culture was taken in a microfuge tube and centrifuged at 10,000 rpm for 5 min. The development of yellow to brownish red color indicated the production of HCN and the absorbance was measured at 490 nm. A broth without inoculum was used as a reference. The total cyanide (in mg l−1) was estimated by using the following equation:
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(Kumar et al., 2015).

Estimation of Nitrogen (N2) Fixation

N2-fixation ability was evaluated by growing isolate on N-free solid agar media without salt-supplementation like Norris Glucose N-free medium (10 g l−1 glucose, 1 g l−1 K2PO4, 0.2 g l−1 MgSO4.7H2O, 1 g l−1 CaCO3, 5 g l−1 NaCl, 0.005 g l−1 Na2MoO4.2H2O, 0.1 g l−1 FeSO4, final pH-7.0 ± 0.2) and supplemented with 1.5% (w/v) agar and in semi-solid Burk's N-free medium (BHM) adjusted to the appropriate saline concentration of 7.5% (w/v) (0.64 g l−1 K2HPO4, 0.16 g l−1 KH2PO4, 58.5 g l−1 NaCl, 14.73 g l−1 MgSO4.7H2O, 0.4 g l−1 CaSO4.2H2O, 8 g l−1 glucose, 0.001 g l−1 Na2MoO4.2H2O, 0.003 g l−1 FeSO4), and supplemented with 0.2% (w/v) agarose (Argandoña et al., 2005).

Determination of Biocontrol Activities

Anti-microbial activity of the isolate was tested on Potato Dextrose Agar (PDA) using agar well diffusion method (Bauer et al., 1966). Briefly, overnight culture of Fusarium oxysporium was inoculated into PDA by pour-plating and the 24-h old bacterial culture was placed in the well. Same experiment was repeated using pure EPS in the wells of the plates. The plates were incubated for 48 hours and observed for the zone formation.



Germination and Growth of Salt-Tolerant Rice Seeds Treated With Whole Bacterial Cells or Purified Exopolysaccharide Under Salt and Arsenic Stresses

Seeds of moderately salt-tolerant rice variety-Jarava (IET- 15420) were obtained from Salt and Flood Resistant Paddy Research Station, Gosaba (Rice Research Station, Chinsurah, West Bengal, India). Soil for the pot assay was also obtained from paddy cultivation field of Gosaba. pH, electrical conductivity and salinity of the soil were found to be 7.2, 0.32 mS/cm and 3 PSU, respectively. Nitrogen (N), available phosphorous (P), potassium (K), total organic matter, organic carbon and total arsenic (As) contents of the soil were found to be 0.10%, 14.20 mg kg−1, 2267.28 mg kg−1, 1.12%, 0.85%, and 2.96 mg kg−1, respectively. Rice seeds were surface sterilized by immersion into solution A (70% ethanol and 0.3% Tween 80) for 5 min, and then in solution B (3% sodium hypochlorite and 0.3% Tween 80) for 15 min and then washed thrice with sterile distilled water. For germination, rice seeds were soaked in sterile distilled water for 12 h, and then covered with a clean wet cloth for 12 h. Halomonas sp. Exo1 was cultivated (either alone or in consortia with other 5 Halomonas strains) in LB broth for 24–48 h and centrifuged. The collected bacterial cells were washed three times with deionized water and re-suspended in deionized water to obtain ~108 CFU/ml (A600 nm = 0.5). Each petri plate containing one sheet of paper was moistened with 10 ml of deionized water. For bacterization, 2 ml of test bacterial suspension was initially applied to the rice seeds in each treatment plates and 2 ml of deionized water was added to the control plate. Germination was carried out for 15 days under artificial light for 12-h photoperiod with a light intensity of 2,100 Lux, a temperature of 28 ± 4°C, and humidity of 54 ± 8% and percentage of germination and growth parameters of germinated seedlings were measured. Post-germination plantlets were directly sown in watertight brown plastic pots (16 cm diameter × 9 cm height). The in vivo pot trials were carried out in triplicates under natural light with a 15-h photoperiod during the month of Nov to Feb when the average temperature and humidity were 28 ± 4°C and 50 ± 10%, respectively. Pots were filled with 1,000 g of saline treatment soil containing 1 g NaCl (EC at 2–4 dS m−1), urea (90 kg N ha−1), muriate of potash (11 kg K2O ha−1) and single superphosphate (40 kg P2O5 ha−1). In addition, 20 mg of NaAsO2 and 2 g of NaCl were added per 1,000 g of saline treatment soil in case of As and salt treatment pots, respectively. In each pot, 6 surface-sterilized 15-days old seedlings were uniformly transplanted at the depth of ~2.5 cm below the soil surface and each seedling was inoculated with 5 ml test bacterial suspension or 0.2 g of pure Exo1. For negative control (plants germinated from non-coated seeds), soil was not treated with the test bacteria or bacterial EPS. Rice seedlings were harvested (uprooted) after 15 days of plantation/sowing, and vegetative parameters (root and shoot lengths, fresh and dry weights) were analyzed. Oven-dried soil and plant samples (roots and shoots) were grounded to powder, acid digested, and [As(III)] contents were analyzed by AAS (NovAA 350, Germany). Bioaccumulation Factor and Translocation Factor of [As(III)] and germination index were calculated by the following equations:
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Total Kjeldahl Nitrogen (TKN) and phosphate ([image: image]) contents in acid-digested roots, shoots and pot soil from each treatment conditions were analyzed using methods described in APHA (2012).



Statistical Analysis

Statistical significance was analyzed with respect to control in all the cases and performed using One-Way ANOVA. “a,” “b,” and “c” mean that the result is significant at p < 0.01, p < 0.05, and p < 0.1, respectively, and p > 0.1 has been considered less or insignificant and is denoted as “d” in the figures. All statistical analyses were done using SPSS 12.0 for Windows (SPSS Inc., USA). Plant growth-promoting activities were performed in a completely randomized block design. Each experiment was repeated three times. The differences among the mean values were determined using Duncan's Multiple Range Tests (DMRTs) at P < 0.05. The results have been graphically presented using GraphPad Prism Software 7 for Mac OS (San Diego, California, USA) while Statistic Analysis System (SAS 9.1) was used for DMRT analysis.



Nucleotide Sequence Accession Numbers

The accession numbers of the 16S gene sequences of the isolates Halomonas sp. Exo1, Halomonas sp. Exo2, Halomonas sp. Exo6, Halomonas sp. Exo7, Halomonas sp. Exo8, and Halomonas sp. Exo9 obtained from GenBank were KT238978.1, KT238979.1, KT238983.1, KT238984.1, KX026971.1, and KX026972.1 respectively.




RESULTS


Physico-Chemical Analysis of Avicennia marina Rhizosphere Soil

The rhizosphere soil was found to contain 1.427% of NaCl and 1.96 ppm of As. The detailed physico-chemical properties of the soil sample (pH 7.0) are listed in the Supplementary Table S1.



Isolation and Identification of Exopolysaccharide Producing Halo-Rhizobacteria

Out of the 14 plant growth-promoting halo-rhizobacterial strains growing in 4 mM [As(III)] supplemented 8% TSMGM, six strains were initially selected due to their production of EPS. 16S rDNA sequence analysis showed all the six strains belong to the members of the genus Halomonas. Figure 1 shows the evolutionary relationship of the Halomonas isolates among themselves and with other EPS producing or non-EPS producing Halomonas strains.
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FIGURE 1. Phylogenetic tree based on 16S rRNA gene sequences obtained by the neighbor-joining (NJ) method showing the phylogenetic relationship of the Halomonas sp. Exo1 with the related species. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the branches. Branches corresponding to partitions reproduced in <50% bootstrap replicates are collapsed. Accession numbers are written after the species or strain names.



Phylogenetic analysis demonstrated that Halomonas sp. Exo1 is more closely related to Halomonas sp. Exo9 than Halomonas sp. Exo2, Halomonas sp. Exo6, Halomonas sp. Exo8 and Halomonas sp. Exo7. Halomonas sp. strain Exo1 showed 100% identity to non-EPS producing Halomonas sp. HSB07 (KC832321.1) (Liu et al., 2013) but only 94% similarity with EPS producing strain Halomonas ventosae Al12 (Martínez-Cánovas et al., 2004) and 93% identity to three strains: mauran (EPS) producing Halomonas maura strain S-31 (NR_042010.1) (Bouchotroch et al., 2001), Halomonas rifensis strain HK31(Amjres et al., 2011) and Halomonas smyrnensis strain AAD4 (Poli et al., 2013).

All the 6 Halomonas strains produced water-soluble EPS of varying amounts (15.8–27.9 mg ml−1) in 8% TSMGM (Figure 2). Among them, Halomonas sp. strain Exo1 was selected for further study based on its highest yield of EPS production.
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FIGURE 2. Total EPS yield from 6 selected Halomonas strains in salt-supplemented medium (8% TSMGM) after 5 days of incubation. Vertical bars represent mean ± standard deviation of triplicate measurements. Statistical significance of EPS yield from Halomonas sp. Exo1 was measured separately with each of the 5 isolates and shown accordingly.



Figure 3 shows Field Emission Scanning Electron Microscopy (FESEM) images of the topography of EPS coated cell of Halomonas sp. Exo1 in which a single short rod-shaped cell with polymer-like substances forming a thin matrix over the cell surface was seen (Figure 3A). In addition, closer microscopic observation revealed the presence of numerous irregular crystal-like structures probably of cell-bound EPSs on the cell surface (Figures 3B,C). Instead of SEM, FESEM was selected as this technique provides a clearer, less electro statically distorted image with nanometer level spatial resolution that is three to six times better than SEM and allows measurements of fine structural and micromechanical properties of sample. Further it minimizes sample charge up and damage as it is operated at lower electron-accelerating voltages, and gives better images of immediate biological surfaces due to a reduction in electron penetration.
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FIGURE 3. Morphological analysis of EPS producing Halomonas sp. Exo1. Field Emission Scanning Electron Micrograph (FESEM) images of Halomonas sp. Exo1 displaying loosely attached polymeric substances on its cell surface (A) with zoomed in images of numerous crystal like structures of cell-bound EPS on the bacterial cell surface (B,C).





Characterization of the Plant Growth-Promoting Rhizomicrobes Toward Abiotic Stress Tolerance: Salt and Arsenic

The isolated PGPR, Halomonas sp. Exo1 was found to be euryhaline facultative mesohalophilic in nature and could tolerate wide range of salt concentrations (upto 20% NaCl and 24% total salt). The strain was found to accumulate fairly large amounts of osmolytes when grown in 8% TSMGM. The order of accumulation of osmolytes in 8% TSMGM grown cells of Halomonas sp. Exo1 were in the following order: Na+ (42,839 mg kg−1 dry weight) > Mg2+ (29,288.1 mg kg−1 dry weight) > K+ (13,601.7 mg kg−1 dry weight) > Ca2+ (1,847.46 mg kg−1 dry weight). On the other hand, in the LB broth grown control cells, Na+ accumulation was 6,310 mg kg−1 dry weight while that of K+, Mg2+, and Ca2+ were found to be below detectable limits (Supplementary Figure S1). In the 8% TSMGM medium, amount of Na, Mg, K, and Ca cations were 6.4, 1.733, 0.187, and 0.013% respectively. Although presence of organic osmolytes or exact mechanism of osmoregulation in Halomonas sp. Exo1 was not investigated but higher intracellular concentration of Na+ than K+ ions indicates that it is following the same haloadaptation mode as most other moderate halophiles displaying “low salt in” strategy (Oren, 2008). Although the strain could tolerate up to 8 mM [As(III)], increasing concentration of As lowered growth rate and salt tolerance. Supplementary Figure S2 shows growth profiles of Halomonas sp. Exo1 in presence of the abiotic stresses and MIC values toward salt and As tolerances. The As tolerance ability of Halomonas sp. Exo1 is believed to be partly due to detoxification ability to oxidize more toxic form of [As(III)] to less toxic form of [As(V)] as observed biochemically (Supplementary Figure S3) and partly due to bioaccumulative ability of [As(III)] as evidenced by AAS study of the acid digested cell biomass grown in As supplemented medium (Figure 4). In Halomonas sp. Exo1, maximum amount of As bioaccumulation occurred during early to late log phase of growth where 252.4 mg l−1 As was detected in the cell-free medium on day 0 in which 2 mM [As(III)] was originally added. Highest accumulation of As (1527 mg kg−1 dry weight) was found in the pellet on day 3 after which it started to decline. Arsenic level in the media started to increase and reached a steady state during late stationary to death phase. Bacterial culture grown in 8% TSMGM for three generations in the absence of As showed only trace amount of As in the 3-days old cell-pellet (0.83 mg kg−1 dry weight) and served as negative control. The whole experiment was conducted in the presence of salt which was found to enhance HM tolerance. It has been hypothesized that the decrease in As level within cell-pellets could be owing to cell autolysis during death phase resulting in the release of As back into the growth medium.
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FIGURE 4. In vivo time-dependent arsenic bioaccumulation by live cells. The amount of total [As(III)] in ambient media and total [As(III)] bioaccumulated within cell-biomass of Halomonas sp. Exo1 are represented as mg l−1 and mg kg−1 (dry weight), respectively. Vertical bars represent mean ± standard deviation of triplicate measurements values. 252.42 mg l−1 As was detected in 0-day cell-free 8% TSMGM containing 2 mM [As(III)] (positive control for As in ambient media). 0.83 mg kg−1 (dry weight) trace As was detected in 3-day cell-pellet grown in 8% TSMGM without As (negative control for As bioaccumulation).



To further proof biomass mediated physical adsorption of As, in addition to live cells, dead bacterial biomass mediated [As(III)] biosorption was quantified. The dead cell-biomass of Halomonas sp. Exo1 induced 20.91% depletion of the initial 4 mM sodium arsenite and the As content of the cell-free extract post incubation was 45.38% (considering the initial metal concentration of the metal solution to be 100% prior to incubation with dead bacterial cell). The loosely bound As (adhering to the dead cell surface) must have been removed during the washing steps. The mass of [As(III)] bioadsorped was 43 mg kg−1 (dry weight) of dead cell-biomass. The percentages of As in the supernatants and the bacterial pellets may not have reached 100%. Some As may be lost during multiple washing of the cells with deionized water. The washing may have caused release of some cell-bound EPS (with bound As) into the washed-out fraction. This washed-out fraction would not be present in the supernatant, as the supernatant was filtered prior to quantification in order to suppress the potential contribution of the secreted bacterial EPS to As adsorption. In addition to As, stress responses of Halomonas sp. Exo1 toward 10 other heavy metals in LB and salt media were also studied. The MIC values of the strain in 8% TSMGM were 8 mM for [As(III)], 140 mM for [As(V)], 15 mM for [Cr(III)], 2 mM for [Cr(VI)], 1 mM for [Co(II)], 0.4 mM for [Pb(II)], 1 mM for [Cu(II)], 0.4 mM for [Zn], 500 mM for [Mo], 90 mM for [Mn], 2.0 mM for [Ni(II)], and 0.5 mM for [Cd]. In the absence of salt (i.e., in LB media), the MIC values were 1 mM for [As(III)], 150 mM for [As(V)], 8 mM for [Cr(III)], 1 mM for [Cr(VI)], 1 mM for [Co(II)], 0.5 mM for [Pb(II)], 1.5 mM for [Cu(II)], 2 mM for [Zn], 550 mM for [Mo], 20 mM for [Mn], 2.5 mM for [Ni(II)], and 0.2 mM for [Cd]. So, for certain metals like [As(III)], Cr, Cd, and Mn, MIC values dropped in the absence of salt. This indicated the role of salt in increasing resistivity toward these metals in Halomonas sp. strain Exo1. In later studies, it was found that EPS secreted by the strain in presence of salt was responsible for their increased tolerance toward selected HMs. This result is significant as this is the first report, which shows that salt can play a role in increasing metal tolerance of selected HMs.



Exopolysaccharide Production Under Salt and Arsenic Stresses

Effects of increasing concentration of salt and As on EPS yield in Halomonas sp. strain Exo1 is shown in Supplementary Figure S4. It may be mentioned here that in the absence of salt or with 0.5% NaCl supplementation in LB broth, detectable EPS production was not noticed in Halomonas sp. Exo1. Interestingly, EPS production was detected when LB broth was amended with 1% NaCl. EPS production increased with increase in NaCl concentration up to 20%, where maximum EPS yield was observed. A sudden sharp fall in EPS production was noticed when NaCl concentration was increased to 22.5%. It is believed that a breakdown of osmo-tolerance caused growth inhibition and decrease in EPS production. Effect of As stress on the production of EPS (both cell-free and cell-bound) in 8% TSMGM was depicted in Halomonas sp. Exo1 (Supplementary Figure S4B). It was found that EPS yield increased with increasing [As(III)] concentration up to 6 mM. However, 8 mM [As(III)] caused significant decrease in EPS yield. Amount of cell-bound EPS was negligible in comparison to cell-free EPS both in absence and presence of different concentrations of [As(III)], suggesting that majority of the EPS produced in Halomonas sp. Exo1 was secreted in the surrounding medium. Time-dependent study in 8% TSMGM containing 2 mM As showed that total EPS yield increased with days elapsed and maximum yield was observed during late stationary phase of bacterial growth.



Biophysical Characterization of the Exopolysaccharide

The secreted EPS was found to be soluble in water. The salinity and electrical conductivity of the crude EPS prepared in deionized H2O (20 mg ml−1) prior to desalting was 17 PSU and 25 ± 0.2 mS/cm, respectively. With an increase in As stress (6 mM) under saline condition, the salinity and electrical conductivity of crude Exo1 became18 PSU and 26.4 ± 0.5mS/cm. After desalting, the extracted EPS showed salinity and electrical conductivity of 0.5 PSU and 0.083 mS/cm, respectively. This observation suggests that the cell-free EPS is capable of quenching mixed sea salts from the cultivating medium. Total neutral-carbohydrate in cell-free and cell-bound EPS were 0.58 and 20.87 μg μl−1, respectively. Concentrations of proteins in cell-free and cell-bound EPS were 76.12 and 75.53 μg μl−1, respectively. Lipid estimation showed 25 mg g−1 lipids content in total EPS while that of sulfate content was found to be 90.36 mg g−1. Scanning electron micrograph revealed that the purified EPS was compact and globular in nature (Figure 5), which is a characteristic of plasticized films (Wang et al., 2010).
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FIGURE 5. Scanning Electron Micrograph (SEM) images of purified Exo1 showing compact globular nature (A–D).



The XRD profile of EPS exhibited non-crystalline nature of the substance with major characteristic diffraction peaks at 32.1 and 45.6 Å containing inter planar spacing (d-spacing) of 2.786 and 1.988 Å respectively (Supplementary Figure S5). To understand the role of EPS in salt and As sequestration, pure untreated EPS and pure EPS incubated with NaCl and As were analyzed by FT-IR (Figure 6). The adsorption of heavy metals or inorganic osmolytes by EPS is energy independent, and could occur through interaction between metal cations and functional groups of the EPS. So, the effects of salt and As stresses the functional groups of the purified EPS were determined. The FT-IR analysis of untreated pure EPS showed a broad stretching peak at 3415.93 cm−1 (range 3,600–3,200 cm−1), corresponding to hydroxyl group(s) (Kavita et al., 2013; Wang et al., 2015), which is generally the characteristic of a carbohydrate ring (Lim et al., 2005; Kumar et al., 2011) while a small peak at 2092.77 cm−1 corresponds to the presence of free carboxyl groups (Osman et al., 2012). Presence of an asymmetric medium stretching peak at 1,631 cm−1 may correspond to the ring stretching of mannose or galactose (Freitas et al., 2009) or to the stretch vibration of C = O bond (François et al., 2012; Zhang et al., 2017). The absorption peaks ranging from 1,000 to 1,200cm−1 were designated to C-O-C and C-O (Freitas et al., 2009; Kavita et al., 2011). A peak at 1130.29 cm−1 (1,000–1,125 cm−1) may be attributed to O-acetyl ester linkage bond of uronic acid (Bramhachari and Dubey, 2006). The absorption peak at 638 cm−1 (690–515 cm−1) corresponds to stretching of alkyl-halides (Kavita et al., 2011). Interestingly, both salt and metal laden EPS from in vivo and in vitro studies clearly reveal the absence of the peak at 1130.29 cm−1 (Figures 6A–C). This shows significant association of acetyl group of EPS in Na+ and As binding as has been postulated by another report where CO group was involved in divalent cation binding (Ozturk et al., 2014).
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FIGURE 6. Effects of salt and arsenic stresses on the FT-IR spectra of functional groups of purified Exo1 done in solid (KBr) phase. A. In vitro assay: Exo1 extracted from cells grown in 8% TSMGM media was incubated with 5, 15, and 20% NaCl. B. In vivo assay: Purified Exo1 was extracted from bacteria grown in 8% TSMGM containing different concentrations of [As(III)]. C. In vitro assay: Purified Exo1 was extracted from bacteria grown in salt-supplemented (8% TSMGM) media without As and purified EPS was incubated in vitro with 4 mM [As(III)] and 10 mM [As(V)]. The wave numbers of distinct peaks in cm−1 are shown in red with respect to crude/purified Exo1. An arrow demarcates a peak that is absent in salt-treated purified Exo1 (A) and in As-treated purified Exo1 in case of both in vivo (B) and in vitro (C) assays.



Analysis of the composition of crude EPS, purified EPS and purified EPS treated with different concentrations of salt produced by Halomonas sp. Exo1 by SEM-EDX revealed the presence of common elements (C, N, O) and osmolytes (Na, K, Mg, Ca), apart from chlorine, sulfur and phosphorous residues. Supplementary Table S2 shows weight and atomic percentages of these elements. Accumulation of these osmolytes within EPS perhaps occurred during EPS production in salt-supplemented media, which contained several sea salts including NaCl, KCl, MgCl2, MgSO4, and CaCl2. However, the weight % and atomic % of different elements between crude and purified Exo1 showed marked variations, probably owing to the removal of considerable amounts of salts and impurities like trace metals from crude EPS during desalting and purification processes. In vitro assays of purified EPS laden with NaCl using salt solutions with different NaCl concentrations showed an increase of Na % weight from 1.13 of control to 2.95 for 5% NaCl and to 3.19 for 15 % NaCl concentration. For atomic weight, the values were 0.67 (control), 1.78 (5% NaCl), and 1.97 (15% NaCl).



Functional Characterization of the Exopolysaccharide

Finally the role of EPS in salt and As sequestration was confirmed through in vivo and in vitro arsenic and salt bioadsorption. In the in vivo As bioadsorption assay, purified EPS was found to be capable of sequestering [As(III)] in a dose and time-dependent manner (Figure 7). Arsenic dose-dependent study showed that the amount of EPS-mediated bioadsorped [As(III)] increased ~two-folds with every two-fold increase in [As(III)] concentration (0, 2, 4, 6 mM) and as such showed a linear correlation (Figure 7A). It has been observed that 5-day EPS from 8% TSMGM without As (negative control) contained only 0.86 mg kg−1 (dry weight) [As(III)]. Moreover, the results from time-dependent study showed a decrease in [As(III)] bioadsorption with increase in time, and after a period of 9 to 12 days it reached a level of saturation. The amount of [As(III)] bioadsorped by bacterial EPS from its ambient medium with time is shown in Figure 7B. A trace amount [2.46 mg kg−1 (dry weight)] of [As(III)] was detected in 3-day EPS from 8% TSMGM without As (negative control). In the in vitro EPS-mediated As bioadsorption assay, purified EPS was found to be capable of sequestering both the species of As [As(III) and As(V)]. On the other hand, only trace amounts of [As(III)] (2.86 mg kg−1 dry weight) and [As(V)] (1.46 mg kg−1dry weight) were detected in controls. Although, sequestration of [As(III)] from 4 mM NaAsO2 solution was higher (593.81 mg kg−1 dry weight) than [As(V)] sequestered from 10 mM Na3AsO4 solution (289.07 mg kg−1 dry weight), however, the values were not statistically significant (Figure 7C).
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FIGURE 7. In vivo and in vitro EPS-mediated bioadsorption of arsenic. In vivo dose-dependent (0, 2, 4, 6 mM) (A) and time-dependent (3, 6, 9, 12 days) (B) arsenic sequestration from ambient salt media by EPS from Halomonas sp. Exo1. 0.86 mg kg−1 (dry weight) [As(III)] was detected in 5-day EPS from 8% TSMGM without As while 2.46 mg kg−1 (dry weight) trace [As(III)] was detected in 3-day EPS from 8% TSMGM without As (negative control) (C) In vitro bioadsorption of arsenic by Exo1. The amounts of bioadsorped [As(III)] and [As(V)] in mg kg−1 dry weight of purified EPS incubated overnight at 4°C in solutions containing 4 mM [As(III)] and 10 mM [As(V)], respectively. Exo1 without [As(III)]/[As(V)] treatment was used as control. Error bars represent mean ± standard deviation of triplicate values.



Like As, in vitro EPS-mediated salt (Na+) sequestration assay showed that the purified EPS from Halomonas sp. Exo1 can sequester Na+ ions from salt solutions with different NaCl concentrations (5, 15, and 20%). The amount of EPS-bound Na+ was found to increase with increase in NaCl concentration in the solution (28,390 mg kg−1 dry weight for 5% NaCl and 37,500 mg kg−1 dry weight for 15% NaCl), and reached a saturation level (36,000 mg kg−1 dry weight) at 20% NaCl. Although, the control (EPS without salt treatment) showed some amount of ionic Na+ (1,910 mg kg−1 dry weight) probably owing to residual indigenous Na+ that remained bound with the EPS molecules during EPS production in salt media, however, this amount was significantly less compared to the EPS-bound Na+ obtained under the salt-treated conditions (Figure 8).
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FIGURE 8. In vitro Exo1 mediated Na+ sequestration. Bars show the amounts of bioadsorped Na+ in mg kg−1 dry weight of purified EPS, which was incubated overnight at 4°C in solutions containing 5, 15 and 20% NaCl (w/v). EPS without salt treatment (0% NaCl) was used as control. Error bars represent mean ± standard deviation of triplicate values.



Antioxidant ability of the pure EPS was also calculated and the percentage DPPH-free radical scavenging activity for cell-free and cell-bound EPS was found to be 33.75 and 34.03%, respectively (Supplementary Figure S6).



Estimation of Essential Plant Growth-Promoting Properties Under Salt and Arsenic Stresses

Halomonas sp. Exo1 was positive for phosphate solubilization (phosphate solubilization index 2), IAA, siderophore, NH3 and HCN production and showed biocontrol activity against one phytopathogenic fungus Fusarium oxysporium. Although the isolate showed N2-fixing abilities as determined by growth in N-deficient media, however, the presence of nifH genes could not be established by PCR-based method. All plant growth-promoting properties except N2 fixation and biocontrol activity were analyzed under two types of abiotic stresses: salt and As. Supplementary Figure S7 shows images of the results obtained from biochemical assays on various PGP traits. Supplementary Figure S8 shows the effect of salt and As on PGP properties of the strain. OD shift assay in salt-free and salt-supplemented NBRIP-BPB media (NBRIP with bromophenol blue) showed that salt had positive impact on phosphate solubilization but As exhibited negative impact (Supplmentary Figure S9). Strain Exo1 showed maximum Pi solubilization of 286.44 μg ml−1 and the final media pH dropped to pH 5.36 after 8 days of growth indicating organic acid production. Similar to Pi solubilization, IAA production was more in salt-supplemented media (8% TSMGM) than in salt-deficient media. However, in salt-supplemented media under [As(III)] stress (2, 4, and 6 mM), production of IAA decreased with increase in As concentration suggesting that As stress was inhibitory to IAA production. Ammonia and HCN production were decreased under both salt and As stress conditions. So, IAA, ammonia and HCN production can be ruled out to promote enhanced plant growth under combined pressure of salt and arsenic. In salt-supplemented media, although siderophore production was initially less compared to salt-deficient media but gradually increased over time and finally became comparable after 72 h of growth. Interestingly, siderophore production was enhanced in presence of [As(III)] stress (2, 4 and 6 mM) in salt-supplemented media.



Effects of Salt and Arsenic on Rice Growth Promotion by Halomonas Strains and Their Secreted Exopolysaccharide

Laboratory-scale plate and pot-based bioassays were conducted for germination and growth of moderately salt-tolerant rice variety (Jarava) with Halomonas sp. Exo1 and purified EPS. The salt-tolerant rice seeds showed good germination in distilled water (control). Seed germination stopped completely in the presence of NaCl (data not shown). As freshwater germination is must for Jarava variety, no germination was observed when seeds were incubated with bacteria grown in presence of salt. After 15 days of bacterization, the isolate either alone or in consortia showed little effect on germination percentage. In presence of Exo1 and bacterial consortia, the germination indices were calculated to be 83 and 82%, respectively whereas the control plates containing only water-germinated seedlings showed 80% germination. Similar results were observed when average lengths and average (fresh and dry) weights of roots and shoots of germinated seedlings (bacteria-treated) were measured and compared with the untreated control (Figures 9A,B). This is perhaps due to the fact that in presence of the microbes, the germination of few rice seeds was enhanced while others either remained unaltered or exhibited poor germination. Addition of 2 mM [As(III)] caused 0% germination in the control and 20% in the test plates. This slight increase in germination in the presence of As in the Exo1 treated test plates may be attributed to the microbes. The growth performances of the plants in pots (root and shoot lengths, fresh and dry weights of roots and shoots) were highest in the consortia treatment followed by Halomonas sp. Exo1 and lowest in untreated control. However, increase in NaCl stress (twice with respect to control) in bacteria-treated pots resulted in slight decrease in the overall growth performances, which were observed in normal unstressed plants (Figures 9C,D). Uninoculated plants showed no extra growth under this NaCl stress. Interestingly, when pot soil was amended with EPS instead of microbe, growth performance parameters of the plantlets were significantly increased as compared to the H2O-treated control soil. Furthermore, N2 and [image: image] contents in the roots and shoots were found to be higher in treated plants (bacteria-inoculated plants and plants grown in pots containing EPS) than in control (Figures 9E,F). The amounts of N2 and [image: image] in the pot soil for all treatment conditions were also comparable. Increased [image: image] content is probably the result of the Pi solubilization ability of the PGPR isolates that may have released soluble P from the native inorganic phosphate present in the pot soil. However, the cause of increased N2 uptake is not clear. This may be either due to direct N2-fixation ability of the strains, which could not be fully confirmed in this study or N2 uptake-promoting ability of the phosphate solubilizing bacteria (PSBs). Supplementary Figure S10 shows images of rice growth promotion assay. Again, it was observed that all control plants that germinated normally died within 24 h in the pots amended with 20 mg kg−1 [As(III)]. But bacteria-treated and/or EPS-treated plants survived for 5 more days with poor growth performances, suggesting prominent metal toxicity (Figures 9C,D). Additionally, in order to confirm As toxicity the roots and shoots were separately processed for estimation of [As(III)] concentrations. Maximum accumulation of As was noticed in shoots (15 ± 0.42 mg kg−1) while roots showed little accumulation (1.1 ± 0.23 mg kg−1). Translocation Factor (TF) and Bioaccumulation Factor (BAF) were calculated to be 13.64 and 0.06, respectively. Finally, As bioremediation potential of Halomonas strains and purified Exo1 was further analyzed directly under salt stress. [As(III)] was also estimated from roots and shoots of rice seedlings grown in normal pot soil containing indigenous As (2.96 mg kg−1 dry weight) derived from the environment. In control plants, roots and shoots contained 1.89 and 2 mg kg−1 of As, respectively and the TF and BAF were 1.06 and 0.64, respectively. 3.89 and 8.04 mg kg−1 of As were observed in the roots of plants treated with Halomonas sp. Exo1 and bacterial consortia, respectively. Shoots of plants treated with Halomonas sp. Exo1 and bacterial consortia contained 2.6 and 3.61 mg kg−1 of As, respectively. For plants treated with Halomonas sp. Exo1, the TF and BAF were 0.67 and 1.31, respectively. For plants treated with bacterial consortia, the TF and BAF were 0.45 and 2.72, respectively. Interestingly, for purified EPS-treated plants, the TF and BAF were 0.23 and 1.43, respectively.


[image: image]

FIGURE 9. Effects of selected halo-rhizobacteria and purified Exo1 on the germination, growth and nutrient uptake ability of salt-tolerant rice under salt and arsenic stresses. Average root and shoot lengths (A) and average fresh and dry weights of roots and shoots (B) of germinated rice seeds in plate-based germination assay. Average root and shoot lengths (C) and average dry weights of roots and shoots (D) of 15-day old germinated rice seedlings in pot-based growth assay. Amounts of phosphate ([image: image]) (E) and nitrogen (N2) (F) uptaken by the roots and shoots of 15-day old germinated rice seedlings in pot-based growth assay. Error bars represent mean ± standard deviation of triplicate values. * denotes statistical significance with respect to NaCl (control) whereas ** denotes statistical significance with respect to As (control).






DISCUSSION

Extracellular polymeric substances or exopolysaccharides (EPSs) are complex blend of high molecular weight microbial secretary biopolymeric by-products that are composed of organic macromolecules like polysaccharides along with smaller proportions of proteins, lipids, humic substances and uronic acids. Nevertheless, the fine structures of EPSs vary greatly among microbial genera and living habitats (Gupta and Diwan, 2017). Structural and compositional makeover of EPS favors the sequestration of metal ions that occurs through biosorption, by interaction between positively charged metal ions and negatively charged EPS. Abundant active and ionisable functional groups and non-carbohydrate substituents like acetamido, amine, sulfhydryl and carboxyl groups in proteins and phosphodiester (techoic acid), phosphate, hydroxyl groups in polysaccharides impart an overall negative charge to the biopolymer (Costa et al., 2018).

This study demonstrated the ability of Halomonas sp. Exo1 and its secreted EPS to sequester As confirming EPS-mediated As adsorption. However, there are reports of As-induced bacterial biofilm formation apart from As inducible EPS production, which can effectively adsorp the metalloid (Marchal et al., 2010, 2011). This study observed that salt acted as inducer of EPS production while addition of As in the salt-amended media enhanced EPS production. Role of salt in biofilm formation and/or EPS accumulation was already reported in a few halo-tolerant strains (Ozturk and Aslim, 2010; Qurashi and Sabri, 2012). Although production of EPSs in response to salt, starvation, dehydration, antibiotic or heavy metal stress had been reported (Gupta and Diwan, 2017), the role of EPS in osmoregulation was s least studied in general. Interestingly, the resistivity toward [As(III)] was also related to salt stress while in the absence of salt, the observed MIC value of Halomonas sp. Exo1 toward [As(III)] was lower than that found in the presence of salt. On the other hand, for [As(V)] no change in MIC values was noticed either in the presence or absence of salt. It is believed that some kind of positive feedback is operating in Halomonas sp. Exo1 to keep As mediated damage low. Increased As in the medium triggers the cells to synthesize more EPS, which sequesters more As thereby reducing the toxic effect of the metal.

In addition to the EPS-mediated As adsorption, Halomonas sp. Exo1 can bioremediate or detoxify As by oxidation of more toxic [As(III)] to less toxic [As(V)]. Apart from the biosorption of As, increase in MIC level of selected other HMs (Cr, Cd, and Mn) in presence of EPS indicated that EPS may have role in biosorption of these HMs too. Nevertheless, As resistant microbes employ different strategies to cope with As stress like oxidation, reduction, dissimilatory arsenate reducing activity and bioaccumulation through complexion, chelation etc. (Roy et al., 2015). Purified EPS was readily soluble in water and was produced maximally under metal (As) contaminated saline ambience during late stationary phase of bacterial growth. XRD data indicated that the EPS was amorphous in nature, which was further corroborated by the SEM analysis. EDX data showed that the EPS contains elements such as Na and Ca, which might aid in adsorption of oppositely charged metals like As from the ambient media and the sulfate group present in it confered its anionic character in the saline environment (Nielsen and Jahn, 1999). The distribution of cations such as Na+ and Ca+ in the EPS also suggested their ability to bind to the negative charges of the sulfate groups rendering them more bioavailable to plants. The present study shows the As bioadsorption potential of EPS both in vivo and in vitro in dose-dependent and time-dependent manner. It has been observed that with a linear increase in As dose, a proportional increase of the amount of EPS-mediated As bioadsorption occurred. However, with increase in time, the amount of bioadsorped As attained a steady state probably owing to the saturation of As binding sites in the EPS. In an earlier report, Deschatre et al. (2013) showed that one marine bacterium produced EPS that bioadsorped positively charged metal ions (Ag+ and Cu2+). Although, EPS-mediated HM sequestration was studied by several research groups (Pereira et al., 2011), the current study has its own merits in the sense that in vivo EPS-mediated metal sequestration is more physiologically relevant compared to the in vitro studies conducted by earlier groups.

Role of halo-tolerant PGPR in promoting growth of agricultural crops in soil suffering from increased salinity has been studied previously while only a few studies described the role of EPS on direct plant growth promotion. Most scientists reported that EPS promotes growth by its biocontrol property (Upadhyay et al., 2017). The present study focused on all the aspects of plant growth promotion and showed that application of pure EPS to the pot soil improved rice growth under abiotic stresses. The PGP traits of the whole cells under different conditions of salt and As stresses were investigated as these factors modulated EPS production. Halo-tolerant PGPR withstand high salinity by virtue of their efficient osmoregulatory mechanism that facilitates in carrying out normal cell functions in salt stress and they help salt-sensitive plants to overcome saline stress via restoration of their improper hormonal balance with activities that includes synthesis of essential phytohormones like indole-3-acetic acid (IAA), gibberellins (GA), cytokinins (CK), abscisic acid (ABA) together with solubilization of inorganic phosphate, nitrogen fixation and synthesis and excretion of essential metabolites such as siderophores and EPSs. The halo-rhizobacterial isolate under investigation exhibited PGP traits like IAA, NH3, HCN and siderophore production and inorganic phosphate solubilization. A preliminary investigation on N2-fixation property in the test organism indicated that the strain may be N2-fixer as it showed good growth in semi-solid Burk's N-free media. However, As exerted negative impact on all the PGP traits except production of siderophores, which increased with increase in As stress up to 6 mM. Siderophores are high-affinity, metal-binding plant metabolites secreted outside of the cell envelope. Present literature suggests that siderophores that are produced under conditions of iron (Fe) deficiency to quench Fe from the surroundings are also able to effectively bind other metal and metalloids including As (Rajkumar et al., 2010). Siderophores also take part in preventing infections from several phytopathogens such as Fusarium oxysporium by making Fe less available to certain pathogenic microbes, and therefore act as an essential biocontrol metabolite (Berthelin et al., 1991). As this strain also showed antagonism against Fusarium oxysporium, so in addition to the direct growth-promoting features of the PGPR in this study, Halomonas sp. Exo1 could be effective as biocontrol agent thereby boosting plant growth indirectly by keeping away phytopathogenic bacteria and fungi. PGP activities of Halomonas and other halo-tolerant bacteria that work under salt and HM stresses have already been reported from a few studies (Siddikee et al., 2010; Desale et al., 2014). Moreover, some of them are EPS producers but none of the studies revealed the role of EPS with direct plant growth promotion. This is the first report where EPS was found to directly enhance rice growth. Nevertheless, Arora et al. (2010) showed that crude cyanobacterial EPS from non-halophilic Nostoc species enhanced seed germination and growth vigor of rice, wheat and maize (plate-based assay) by binding the free Na+ ions from aqueous media. They also hypothesized the possible role of EPS in increasing the growth vigor of the seedlings. Interestingly, the present study demonstrated the ability of Halomonas sp. Exo1 to bioaccumulate essential osmolytes including Na+ and K+, and showed direct in vitro evidence for EPS-mediated sequestration of Na+ ions. Presence of increased level of Na+ in NaCl-treated EPS was further corroborated by SEM-EDX analysis. Therefore, consistent with the results of Arora et al. (2010), one of the mechanisms of plant growth promotion by purified EPS (Exo1) is through salt stress alleviation by EPS-mediated Na+ ion chelation and making them less available to plants under saline conditions. Moreover, EPS can improve soil structure by binding to soil particles to form microaggregates and macroaggregates and improves the water holding capacity of soil (Amellal et al., 1998). EPS produced by Paenibacillus polymyxa increases the aggregation of root adhering soil/root tissue ratio in wheat (Amellal et al., 1998). Additionally, plants that harbor EPS-producing rhizobacteria have selective advantage over others during environmental stresses like excessive salt and water logging. Yi et al. (2008) suggested the role of EPSs in inorganic phosphate solubilization and plant growth promotion. However, the actual mechanism by which bacteria employ EPS in inorganic phosphate solubilization is yet to be elucidated. Another role of EPS is antioxidant activity (Kohler et al., 2009), which has also been reflected in the present study where EPS derived from Halomonas sp. Exo1 showed DPPH-free radical scavenging activity.

Most of the rice varieties including Jarava used in this study are non-tolerant varieties that do not survive at higher concentration of As. Nevertheless, As translocation was lower in the microbe-treated plants than the control plants. Hence the application of As-accumulating rhizomicrobes decreases the risk of As food chain contamination. Another advantage of the test rhizobacterium, used as bioinoculum, is that it does not exhibit antibiotic resistance properties and hence is absolutely fit for field applications (data not shown). Moreover, antifungal property and presence of siderophores would help the plants to survive in the competitive environment of the rhizosphere.

Therefore, the isolated salt- and As-tolerant PGPR and its EPS would be ideal candidates for application as biofertilizers or as bioinoculants, which would help in bioremediation of contaminated saline soil and support agronomy of salt-tolerant rice cultivation through salinity stress alleviation.



CONCLUSION AND FUTURE OUTLOOK

This research work demonstrated that the salt and As-tolerant strain Halomonas sp. Exo1 facilitated growth promotion of a salt-tolerant rice variety in the presence of growth inhibitory level of salt. Growth promotion of rice by the Halomonas strain under salt and As stresses occurred primarily through its PGP traits (production of IAA, siderophores, NH3 and HCN, Pi solubilization, non-symbiotic N2 fixation and anti-microbial or biocontrol activities) and most importantly through EPS secretion. The Halomonas sp. Exo1 was found capable of accumulating high amount of As within its cell-biomass. Although, the exact location of accumulation of As within the cell could not be exclusively ascertained in this study but in vitro EPS mediated and dead cell biomass-mediated [As(III)] biosorption studies supported the hypothesis that majority of As sequestration in Halomonas sp. Exo1 occurred through EPS-mediated bioadsorption. Among the other functional roles of the purified EPS, in vitro Na+ ion sequestration and antioxidant activity were significant. Finally, direct growth-promoting effect of the purified EPS was observed based on the increased growth vigor of the salt-tolerant rice seedlings in pot-based bioassay. Therefore, this study established the role of halo-rhizobacterial EPS in promoting plant growth where EPS-mediated growth promotion of rice perhaps occurred through salt stress alleviation, inorganic phosphate solubilization and enhanced nutrient uptake. So, the overall results of the present research suggested that the isolated halo-PGPR and its purified EPS would find application as bioinoculant or biofertilizer in the cultivation of salt-tolerant crops such as rice in the low-lying contaminated coastal areas.
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Total fungi
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Only total fungi amplicon OTUs which significantly indicate (bold) the aphid
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HIC 47.39 a9 6455 209 102 358 525 030
MBC %285 1842 7516 165 526 3112 989 308

FM, fresh matter; DM, dry matter; MBC, maize biochar; HTC, hydrochar; EC, electrical conductivity.
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GENES ORGANISMS/s GENERAL FUNCTION/S

hrm Nostoc-Anthoceros Suppresses hormogonia formation allowing cell differentiation into heterocysts
het Nostoc-Anthoceros Responsible for heterocyst formation

ntc Nostoc-Anthoceros Regulates nitrogen and has a role in activation of other symbiotic genes

hep Anabaena-Azolla Induces formation of thickened cell envelope in heterocyst cells

nif Nostoc-Anthoceros, Anabaena-Azolla Involves in formation of nitrogenase complexes

sig Nostoc-Anthoceros Plays a role in signaling to promote symbiont entry to host tissue

ctp Nostoc-Anthoceros, Synechocystis-Anthoceros Involves in photosynthetic activities

tor Nostoc-Anthoceros Regulates cell cycle and functions in protein transport mechanisms
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ECM (rpkm) FLM (rpkm) Ratio ECM/FLM

SIZRT1 403.7 +£10.4 57.0+1.4 74
SIZRT2 31.4+02 13.6+£0.8 2.3

RNA-Seq data are the average + standard error (SE) of two biological replicates
and expressed in reads per kilobase million (rokm).
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Plot location covariate

Aphid presence NE NwW
—Aphid +Aphid F1,11 P F1,11 P Fi1,11 P

Plant Nom~21- 172.5+£ 20 156.9 + 11.3 0.439 0.521 0.085 0.777 0.764 0.401
Fertile tiller No m~2 301.9+29.4 319.4 + 36.3 0.164 0.693 0.353 0.565 0.647 0.438
Total tiller No m—2 446.3 + 28.1 418.8 +£ 31.3 0.440 0.521 1.99 0.186 0.460 0.512
Stem DW m~—22: 356 + 29.4 356 + 21.9 0.002 0.963 0.097 0.761 1.731 0.215
Plot grain DW m~2 68.1 £ 8.6 67.9+29 <0.001 0.982 0.244 0.631 0.024 0.880

ean tiller DW 0.95 + 0.06 1.02 £ 0.05 0.985 0.342 1.706 0.218 0.767 0.399

ean grain DW 0.22 £ 0.01 0.23+£0.08 0.007 0.934 0.182 0.678 0.967 0.347
Stem [P]* 246+ 0.10 246+ 0.14 <0.001 0.996 0.030 0.865 0.040 0.845
Stem 18.16 £ 0.71 19.08 £ 0.89 0.664 0.432 0.139 0.716 0.035 0.855
Stem [Si 9.69+0.70 8.57 £ 0.48 1.5699 0.232 0.005 0.943 0.077 0.786
Stem [C 4209+ 2.13 420.1+£2.16 0.055 0.819 0.370 0.556 <0.001 0.979
Stem C: 23.38 + 1.06 22.28 £ 0.97 0.574 0.465 0.343 0.570 0.009 0.926
Stem N:P 7.40 £ 0.1 7.80 £0.18 5.143 0.045 2.806 0.122 1.200 0.297
Grain [P 3.63+0.14 3.49+0.10 0.899 0.363 5.122 0.045 0.059 0.813
Grain [N 17.50 £ 0.52 18.38 £ 0.43 1.734 0.215 0.719 0.415 0.154 0.702
Grain [Si 10.30 £ 0.55 9.43 + 0.58 1.239 0.289 0.443 0.519 0.031 0.864
Grain [C 418.7 £ 1.89 421.7 £1.74 1.324 0.274 0.194 0.668 0.025 0.876
Grain C: 24.056+0.72 23.00 + 0.62 1.194 0.298 0.442 0.520 0.102 0.756
Grain N:P 4.85 + 0.21 5.28 +£0.16 4.736 0.052. 10.591 0.008 0.376 0.552
RLC Min* 32.67 £ 3.14 33.48 + 3.06 0.034 0.857 0.021 0.888 0.409 0.536
RLC Max* 47.45 + 3.71 49.91 £+ 3.91 0.284 0.605 0.149 0.707 0.715 0.416
HLD® 0.32 +£0.08 0.34 + 0.04 0.315 0.586 0.026 0.875 0.001 0.973
Arbuscule® 29.20 + 2.57 29.77 + 3.56 0.019 0.893 0.139 0.716 1.078 0.322
Vesicle* 2.75+1.08 529+ 1.78 3.296 0.097. 0.021 0.888 11.606 0.006
P-values highlighted in bold are significant at a value of <0.05, P-values highlighted with - are >0.05 and <0.1. TNo., Number; 2DW, dry weight (g); 3[], concentration
(mg g~"); RLC, AMF root length colonization where Min, most conservative estimate; Max, least conservative estimate; RLC, arbuscule and vesicle values are % of root
length; ®HLD, hyphal length density (m hyphae g~ soil.
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Richness: number of OTUs/VTs. P-values highlighted in bold are significant at a value of <0.05, P-values highlighted with - are >0.05 and <0.1.
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Plot location covariate

Aphid presence NE NW

F1,11 P F1,11 P F1,11 P

0.889 0.366 0.281 0.607 0.087 0.774
3.725 0.080- 0.008 0.932 0.170 0.688
5.090 0.045 <0.001 0.977 0.260 0.620
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Aphid presence

Fi,11

1.450
0.123
1.828
0.767
4.106
0.420
0.016

P

0.254
0.732
0.204
0.400

0.067-

0.530
0.900

Plot location covariate

F1,11

5.447

8.111
0.056
2.241
13.560
0.778
0.658

0.040

0.016
0.817
0.163
0.004
0.397
0.434

NwW

F1,11

0.145

0.036
1.848
0.198
0.553
<0.001
1.119

0.710

0.854
0.201
0.665
0.473
0.990
0.313
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Soil analyses (sampled May 12, 2017)

P (Olsen’s)
K (Ammonium nitrate extracted)

Mg (Ammonium nitrate extracted)

pH

Organic matter % (Loss on ignition)

Agrochemical inputs

Herbicides

Fungicides

Plant Growth Regulators

Fertilizer

Crystal 1.91-ha
Duplosan 1.74 1-"@ 4+ Harmony 0.1 I-"2

Gal-Gone 0.5-ha
Axial 0.3 17"  Agidor (Adjuvant) 0.1 |-ha

Siltra Xpro 0.4 |="2

Chlorothalonil 1.0 I~Ma + Siltra Xpro 0.4 |~ha

Terpal 0.58 |~"2

YARA N35 4 7S03 231 kg~
OMEX 0:10:15 623 kg~ "2
YARA N35 + 7 SO3 280 kg~ha

182 mg |-’
274 mg |~
47 mg !
7.4

6.8

Active ingredient concentration in concentrated
product

60 g 1= flufenacet, 300 g 1= gl pendimethalin

310 g I~ Dichlorprop-P acid, 160 g I~ MCPA acid, 130 g
I=1 Mecoprop-P acid 40 g kg~ ' metsulfuron-methyl, 400 g
kg~ thifensulfuron-methy!

200 g I~ fluroxypy

100 g I=! pinoxaden 47% w/w methylated rapeseed oil

60 g 1= bixafen, 200 g I~ prothioconazole and
N,N-Dimethyldecanamide

395 g I~ 1 mepiquat chloride, 155 g I~
2-chloroethylphosphonic acid

Date of input

March 15, 2017
May 25, 2017

June 083, 2017
June 04, 2017

May 25, 2017

June 12, 2017

June 083, 2017

March 16, 2017
March 31, 2017
April 20, 2017
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Amplicon

Total fungi

AMF specific

Primary PCR

Secondary PCR (illumina
agged primers)

Primary PCR

Secondary PCR (illumina
agged primers)

Primer pairs

ITS1F (Gardes and Bruns, 1993) to
ITS4 (White et al., 1990)

GITS7 (Ihrmark et al., 2012) to ITS4
(White et al., 1990)

AMLT to AML2 (Lee et al., 2008)

WANDA (Dumbrell et al., 2011) to
AML2 (Lee et al., 2008)

Cycling conditions

5 min @ 95°C; 35 cyc
55°C,90s @ 72°C); 1
5 min @ 95°C; 30 cyc

es (80 s @ 94°C, 45s @
0 min @ 72°C.

es (80 s @ 94°C, 45s @

55°C, 90 s @ 72°C); 5 min @ 72°C.

2 min @ 95°C; 30 cyc
59°C,90s @ 72°C), 1

5 min @ 95°C; 30 cyc
59°C, 90 s @ 72°C), 1

es (80 s @ 94°C, 30s @
0 min @ 72°C.
es (30 s @94°C, 40s @
0O min @ 72°C.

DNA used in reaction

10 ng extracted DNA

Total fungi primary PCR
product (diluted 1:1000)

10 ng extracted DNA

AMF specific primary PCR
product (undiluted)
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Tools

SAMtools (Li et al., 2009)
STAR (Dobin et al., 2013)
Monocle2 (Qiu et al., 2017)
BackSPIN (Zeisel et al., 2015)
SINCERA (Guo et al., 2015)

MAST (Finak et al., 2015)
Kallisto (Bray et al., 2016)
BPSC (Vu et al., 2016)
salmon (Patro et al., 2017)
UMI-tools (Smith et al., 2017)
SC3 (Kiselev et al., 2017)
Scater (McCarthy et al., 2017)
SCENIC (Aibar et al., 2017)
Seurat (Butler et al., 2018)

SAVER (Huang et al., 2018)
SCDE (Fan et al., 2016)

GeneQC (McDermaid et al., 2018)

IRIS-EDA (Monier et al., 2019)
KEGG (Kanehisa et al., 2017)
EnrichR (Kuleshov et al., 2016)

Harmonizome (Rouillard et al., 2016)
SwissRegulon (Pachkov et al., 2012)
reactome (Joshi-Tope et al., 2005)

Year

2009
2013
2017
2015
2015

2015
2016
2016
2017
2017
2017
2017
2017
2018

2018
2016
2018
2019
2017
2016
2016
2013
2005

Program

Server
Server Database

Database

Tags

(Not scRNA-Seq specific) post-alignment processing

(Not scRNA-Seq specific) alignment

Clustering, differential expression, dimensionality reduction, visualization
Gene filtering, biclustering, cell type prediction

Quality control, normalization, gene filtering, clustering, differential expression, marker
genes, cell type prediction

Quality control, normalization, differential expression, network construction
Quantification

beta-Poisson mixture model

UM, quantification

UM, quantification

Gene filtering, clustering, cell type prediction

Quantification, quality control, normalization, dimensional reduction, visualization
Clustering, network construction, regulon prediction, visualization

Normalization, gene filtering, clustering, differential expression, marker gene, dimensionality
reduction, visualization

Imputation

Differential expression, pathway analysis, visualization

Alignment, mapping uncertainty, realignment, quantification

Correlation analysis, clustering, differential expression, visualization, dimensionality reduction
Gene annotation

Enrichment analysis

Gene/protein function

Regulon database

Gene annotation, pathway construction

The tool names are hyperlinked to the relevant package, and the publication year is hyperlinked to the relevant reference.
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A +1mMZn +0.5 mM Trisodium citrate  +2 mM Trisodium citrate
10° 107 107 10° 10° 10% 10? 10° 10° 10% 102 10°

WT +EV
Dzrtldzrt2 +EV
Dart1dzrt2 + SIZRT2
Dart1dert2 +SIZRT1

B +100uM Fe +10 UM EDTA +25 UM EDTA
10° 10 102 10°  10° 107 102 10° 10° 10% 102 10°

WT+EV
Bftr1+EV
Aftrd + SIZRT2

c +100 UM Mn +8 mM EGTA +15mM EGTA
10° 10% 107 10°  10° 10% 10% 10° 100 10% 10% 10
WT+EV
dsmf1+EV
Bsmfl+SIZRT2
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Site Stand
1 BS
TA
2 BS
TA
3 BS
TA
4 BS
TA

Latitude

49.19061

49.18942

49.19367

49.19375

49.196695

49.196422

49.168972

49.180417

Longitude

—78.82797

—78.82817

—78.83556

—78.8345

—78.842092

—78.84237

—78.885194

—78.883611

BS, black spruce — Picea Mariana; TA, trembling aspen — Populus Tremuloides.
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df F-model R2 P-value

Site 3 1.1749 0.06437 0.104
Site: plant community 8 1.1852 0.16855 0.035
Residuals 42 = 0.76708 -
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Model P-value (Chisq) CFl TLI

Mod1 0.401 0.997 0.991
Mod2 0.103 0.962 0.941
Mod3 0.019 0.930 0.901
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