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Abstract  

Four soil samples (SS-1—SS-4) isolated from semi-arid soils in Punjab, Pakistan were used as 

inocula for cowpea (Vigna unguiculata L.) grown under salinity stress to analyze the composition 

of bacteria in the rhizosphere and within nodules through cultivation-dependent and cultivation-

independent methods. Two cowpea varieties, 603 and the salt-tolerant CB 46, were each inoculated 

with four different native soil samples, and data showed that plants inoculated with soil samples 

SS-2 and SS-4 grew better than plants inoculated with soil samples SS-1 and SS-3.  Bacteria were 

isolated from both soils and nodules, and 34 of the 51 original isolates tested positive for PGPR 

traits in plate assays with many exhibiting multiple plant growth-promoting properties. A number 

of isolates were positive for all PGPR traits tested.  For the microbiome studies, environmental 

DNA (eDNA) was isolated from SS-1 and SS-4, which represented the extremes of the Pakistan 

soils to which the plants responded, and by 16S rRNA gene sequencing analysis were found to 

consist mainly of Actinobacteria, Firmicutes, and Proteobacteria.  However, sequencing analysis 

of eDNA isolated from cowpea nodules established by the trap plants grown in the four Pakistan 

soils indicated that the nodule microbiome consisted almost exclusively of Proteobacterial 

sequences, particularly Bradyrhizobium.  Yet, many other bacteria including Rhizobium, 

Mesorhizobium, Pseudomonas, as well as Paenibacillus, Bacillus as well as non-proteobacterial 

genera were isolated from the nodules of soil-inoculated cowpea plants.  This discrepancy between 

the bacteria isolated from cowpea nodules (Proteobacteria and non-Proteobacteria) versus those 

detected in the nodule microbiome (Proteobacteria) needs further study.  

Keywords:  cowpea microbiome, salinity stress, halotolerant plant-growth promoting 

bacteria/rhizobacteria 

Introduction  
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The cowpea (Vigna unguiculata L.) cultivar Lobia is one of the most important legumes 

cultivated in semi-arid regions of Pakistan. It is produced and consumed by subsistence farmers, 

particularly in the barani (dry-farming) zones in Pakistan. A multipurpose crop, cowpea is used as 

a pulse, forage, and vegetable crop (Muhammad et al. 1993; Imran et al. 2012), and also plays an 

important role in crop rotation systems and restoration of soil fertility through nitrogen fixation.  

Environmental factors—air temperature, soil salinity, moisture content, soil fertility, and 

photoperiod length—all have a significant influence on growth and yield of cowpea (Ali et al. 

2004). To ensure that cowpea remains a key crop as the climate changes and potentially disrupts 

dryland farming, the agriculture department of Punjab, Pakistan is importing exotic cowpea 

varieties and running plant trials under local conditions in indigenous soils.   

Rhizobia are soil-inhabiting Gram-negative bacteria (Proteobacteria) that initiate root 

nodule development on legume plants where they are maintained as intracellular symbionts within 

the nodules.  There they convert atmospheric nitrogen into ammonia for assimilation by the plant 

in exchange for plant-derived organic acids (Garg and Geetanjali 2007; Graham, 2008; Sulieman 

and Tran 2014).  The majority of bacteria that fix nitrogen in root nodules of leguminous plants 

are members of the α-Proteobacteria, Rhizobium, Bradyrhizobium, Ensifer, Phyllobacterium, 

Mesorhizobium, Devosia, Azorhizobium, Allorhizobium (Hirsch 1992; Sawada et al. 2003; Lafay 

and Burdon 2007) and also Microvirga (Ardley et al. 2012).  Among the β-Proteobacteria, 

members of the Burkholderiaceae, known as beta-rhizobia, also nodulate legumes (Bontemps et 

al. 2010, Gyaneshwar et al. 2011, Estrada de los Santos et al. 2018).  

A vast literature on microbes other than rhizobia detected within nitrogen-fixing nodules 

has accumulated, starting with the earliest report made by Beijerinck (1888) who described the 

isolation of brown and yellow-colored Bacillus-like strains from root nodules. Since then, culture-
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dependent studies have pointed to a much higher diversity of bacteria associated with root nodules 

beyond rhizobia. Many of these bacteria do not fix nitrogen and are not members of the 

Proteobacteria (Deng et al. 2011; Aserse et al. 2013). These bacteria have been called non-rhizobial 

endophytes (NRE) or nodule-associated bacteria (NAB) (Velázquez et al. 2013), and include 

Bacillus, Enterobacter, Agrobacterium, Acinetobacter, Paenibacillus, Pantoea, Mycobacterium, 

Micromonospora, and Pseudomonas (Martínez-Hidalgo and Hirsch 2017 and references therein). 

They are not involved in nodule formation per se, but many have plant growth-promoting abilities 

including phytohormone production or mineral solubilization activity (P, Zn) either by themselves 

or when co-inoculated with rhizobia and other bacteria (Schwartz et al. 2013; Gupta et al. 2015). 

Most of the NRE are not pathogenic, but some may be serious pathogens of animals or plants, e.g., 

Staphylococcus, Bordetella (Sturz et al. 1997; Xu et al. 2014) and species of Burkholderiaceae 

such as B. cepacia (Eberl and Vandamme 2016).  In the last few years, many of the symbiotic 

Burkholderia species (Gyaneshwar et al. 2011) have been placed into new genera, e.g., 

Paraburkholderia and Trinickia (Sawana et al. 2014; Estrada de los Santos et al. 2018). 

Although semi-arid regions in Pakistan have a large biodiversity of rhizobial resources, 

only a few of them have been extensively studied using molecular approaches and thus the 

microbial diversity of cowpea-nodulating rhizobia and associated nodule bacteria in semi-arid soils 

remains largely unexplored. Our goal was to assess the effect of native soil microbial communities 

on the composition of the cowpea nodule microbiome under various salinity conditions. We 

predicted that we would find bacteria with plant growth-promoting characteristics in addition to 

rhizobia within cowpea root nodules inoculated with soil from Pakistan, and that these arid-soil 

adapted strains could enhance the rhizobia-legume interaction under climate-change conditions.  

Materials and methods 
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Soil sampling and physicochemical analysis.  Mandi Bahauddin, a fertile agricultural 

belt where the main crops are wheat, maize, sugarcane, chickpea, cowpea, and tobacco, is a district 

of Punjab, Pakistan.  It is situated at 32°35′10″ N, 73°36′12″ E and is bordered in the northwest by 

the Jhelum river and in the southeast by the Chenab River (Fig. S1).  Cowpea fields that covered 

an area of approximately 1.5 km made up the study site and the sampling areas were selected 

according to land use and vegetation cover.  At each site, approximately 1 kg from different soils 

(SS-1—SS-4) collected at a 15-cm depth from four different locations was placed into black sterile 

polyethylene bags.  Rhizosphere soil samples were collected by gently removing the plants and 

obtaining the soil attached to the roots.   

Soil physical and chemical properties were determined for each sample based on 400 g of 

dried and sieved soil. Electrical conductivity (dS/m) was measured by using 1:1 (w/v) soil to water 

mixtures at 25°C (Adviento-Borbe et al. 2006). The pH was determined by using 1:2.5 (w/v) soil 

to water suspension. Moisture (%), temperature (°C), and texture class were assessed by the 

methodology of Anderson et al. (1993), and organic matter (OM) concentration (Corg) was 

calculated by the Walkley-Black method (Walkey and Black 1934). Phosphorous was estimated 

by extraction with sodium bicarbonate (Olsen et al. 1954), and calcium and magnesium were 

detected by atomic absorption spectrometry. Nitrate ions were measured by the Raney-Kjeldahl 

method and potential acidity (H+Al) was determined by an equation based on the pH in SMP buffer 

solution (pH SMP). Cation exchange capacity (CEC) is the capacity to retain and release cations 

(Ca2+, Mg2+, K+ and Na+) and the sodium adsorption ratio (SAR) is the measure of soil sodicity, 

which is calculated as the ratio of sodium to magnesium and calcium. 

Soil eDNA extraction.  Environmental DNA (eDNA) was isolated from two of the four 

rhizosphere soil samples, SS-1 and SS-4, using the QIAGEN DNeasy Power Soil Pro DNA 
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isolation kit.  Two PowerBead tubes containing 0.5 g for each sample were used for the isolation.  

The eDNA was sent to MR DNA (Shallowater, TX) for sequencing using the Illumina platform 

(San Diego, CA). 

Soil-inoculated plant trap experiment. Cowpea plants (603; PI 339603 and CB 46; PI 

548784) were grown in plastic pots containing 300 g of a 2:1 vermiculite:perlite mixture with 5 g 

of cowpea rhizospheric soil added to it. This was then topped with sterilized polyethylene beads 

to minimize contamination. Cowpea 603 is a slightly salt-tolerant variety whereas cowpea CB 46 

is highly salt-tolerant (Helms et al. 1991). The first set of pot experiments was performed with 

cowpea 603 seeds, which were inoculated with four different soil samples under normal soil 

conditions. In the second and third set of experiments, cowpea 603 and CB 46 seeds were 

inoculated with four different soil samples and grown under slight salinity stress conditions (ca. 

1% NaCl) under controlled greenhouse conditions at 21-30°C during the day and 17-22°C at night 

in the UCLA Plant Growth Center. Inoculated plants were watered with ¼-strength Hoagland 

solution without nitrogen whereas control plants were watered with ¼-strength Hoagland solution 

with or without nitrogen or with sterile water. Three pots with 6 plants/pot were maintained for 

the control, and 6 pots with 6 plants each for the treatment sets.  All plants were harvested after 8 

weeks, and data for plant growth parameters such as biomass, shoot length, and nodule number 

per plant were recorded and statistically analyzed using the Statistical Package for the Social 

Sciences (SPSS) software (IBM Statistics 23.0).      

Isolation of bacteria from root nodules of cowpea for cultivation-dependent and 

cultivation-independent analyses.  Root nodules were surface sterilized in 10% bleach for 5 min, 

washed with sterile water 10 times, and then squashed in 50 μL of sterile water with a sterile glass 

rod. The nodule squashate was serially diluted from 10-1 to 10-5.  Approximately 50 μL of dilutions 
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ranging from 10-3 to 10-5 were spread onto 3 different culture media: TY (Tryptone Yeast Extract), 

TSA (Tryptone Soya), and AG (Arginine Glycerol) agar, and plates incubated at 30°C usually for 

2-3 days.  However, for selecting slow growing bacteria like the actinomycetes, the plates were 

incubated for about a week.  Bacterial colonies were counted and number of bacteria per gram of 

sample was calculated. The bacterial isolates were repeatedly sub-cultured to obtain single 

colonies, which were grown in TY, TSA, and AG broth and stored in 15% glycerol at −80°C for 

subsequent characterization.  

For the cultivation-independent analysis, surface-sterilized nodules from plants grown in 

the different saline soils were crushed as described above, and eDNA was extracted from the 

crushed nodules using the QIAGEN PowerSoil DNA Isolation Kit. The eDNA was stored at -20°C 

and sent to the Joint Genome Institute for paired-end sequencing using the KAPA-Illumina library 

creation kit (KAPA Biosystems) and the HiSeq-2500 Illumina platform (San Diego, CA). A data 

cleaning process was applied to all sequences prior to analysis. Low-quality bases with a Phred 

quality value lower than 20 were trimmed off the read ends. To determine the taxonomic 

composition of the microbiome, the 16S rRNA gene sequences were extracted from the 

metagenomic shotgun sequencing data using a mapping-based method similar to that described by 

Shi et al. (2015). The sequences were aligned with paired reads against the rRNA database 

(Greengenes v13.5, non-redundant precalculated OTU references, 97_otus from PICRUSt) 

(DeSantis et al. 2006; Langille et al. 2013). The alignments were performed using Bowtie2 

(Langmead et al. 2012) to identify sequences with the best hits having ≥80% nucleotide identity 

to the references. The annotation of the extracted 16S rRNA gene sequences was refined by cross-

referencing the NCBI Reference Sequence (Pruitt et al. 2005). The microbial relative abundances 

in each sample were calculated on the basis of the 16S rRNA gene sequences of the classified taxa. 
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Morphological and physiological characterization of bacterial isolates.  Bacterial 

colonies were characterized on the basis of color, shape, size, margin, and elevation. The bacterial 

cell shape and motility determinations were done using light microscopy.  Bacterial isolates were 

grown in the presence of different salt concentrations (0-5% NaCl) at pH ranges of 6-10 and 

temperatures of 4-42°C to assess their abiotic stress tolerance potential. 

Amplification, purification, and sequencing of the 16S rRNA Gene.  Bacteria were 

suspended from a single colony of the selected isolates grown on TY plates into 20 μl of sterile-

filtered water. The 16S rRNA gene was amplified by PCR using the forward primer fD1 and the 

reverse primer rD1 (Weisburg et al. 1991). Amplification was performed in a total volume of 20 

μL containing 15 μL sterile-filtered water, 2 μL of bacterial sample, 2 μL of 10× Taq Buffer 

(MgCl2), 0.2 μL fD1 and rD1 (3.2 pmole/μL), 0.2 μL dNTPs, and 0.2 μL Taq DNA polymerase. 

Amplified 16S rDNA products in a 0.8% low-melting point agarose gel (100 V, 400 mA, 1 h) were 

visualized with ethidium bromide and purified. The gel extraction was performed with the 

Invitrogen Quick Gel Extraction Kit according to the manufacturer’s directions. Purified PCR 

products were commercially sequenced by using forward and reverse primers (Laragen, USA).  

Phylogenetic analysis.  Acquired sequences were assembled and analyzed with the help 

of Chromus Lite 2.01 sequence analysis software (Technelysium Pty Ltd. Australia). The gene 

sequences were compared to those deposited in the GenBank nucleotide database using NCBI 

BLAST. Sequences were aligned using Clustal X 2.1 and a phylogenetic tree was constructed 

using the neighbour-joining method (Saitou and Nei 1987).  Bootstrap confidence analysis was 

performed on 1000 replicates to determine the reliability of the distance tree topologies obtained. 

The evolutionary distances were computed using the Maximum Composite Likelihood method 

(Tamura et al. 2004) and are presented in the units of number of base substitutions per site. All 
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positions containing gaps and missing data were eliminated from the dataset (complete deletion 

option). Phylogenetic analyses were conducted in MEGA7 (Kumar et al. 2016). 

 

Assays for plant growth promotion.   

Phosphate solubilization assay. Pikovskaya phosphate medium (PVK) was made 

according to Pikovskaya (1948). For inoculation onto plates, the bacterial strains were grown in 

liquid medium until stationary phase, followed by harvesting of cells by centrifugation (8000 × g, 

10 min). The pellets were then washed three times with sterile water for removing any traces of 

the medium. After diluting the bacterial suspension with sterile water (OD600 = 0.2), ten μL of it 

was spotted onto the plates. The plates were then incubated at 30 °C for 3 days and the size of the 

clearing zone around the colony was measured. 

A quantitative analysis of P-solubilization of bacterial isolates was done by the molybdate 

blue color method (Watanabe and Olsen 1965).  Available P was calculated after 7 and 14 days. 

Cell-free supernatants were used for the quantification of P-solubilization. After recording the pH 

of the cell-free supernatants, they were filtered through 0.2 μm sterile filters (Orange Scientific 

GyroDisc CA-PC, Belgium) to remove any residues. Solubilized phosphates (primary and 

secondary orthophosphate) were measured by spectrophotometry (Camspec M350-Double Beam 

UV-Visible Spectrophotometer, UK) at 882 nm, and values were calculated using a standard curve 

(2, 4, 6, 8, 10, 12 ppm KH2PO4 solutions).  

Siderophore assay. CAS agar medium devoid of nutrients was used as an indicator of 

siderophore presence. The components needed for a liter of the overlay medium were as described 

in Perez-Miranda et al. (2007). Ten mL of a 0.9% CAS agar gel was spread as an overlay on culture 

plates of selected strains grown for 4 days on two solid media (LB and TY). After a maximum 
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period of 15 min, a color change in the blue medium was observed around the colonies. The 

experiment was repeated three times. 

Hydrogen cyanide production assay.  HCN detection was done using filter papers 

(soaked in 0.5% picric acid in 2% sodium carbonate), which were placed on the lid of the Petri 

plate (Sadasivam and Manickam 1992). 

 Antifungal activity assay.  The antifungal activity of the bacterial isolates was observed 

using a dual-culture method where the test bacteria and the fungal culture are co-incubated on a 

potato dextrose agar (PDA; Sigma, USA) plate (Khan et al. 2018). The antagonistic effectiveness 

of the test bacteria is assessed by measuring the inhibition of fungal mycelia around the bacteria. 

The observations were recorded when fungus attained full growth on the control plate. The fungal 

strains used to evaluate anti-fungal activity of the bacterial isolates were:  Fusarium oxysporum, 

Fusarium solani, Alternaria solani, Aspergillus flavus, and Curvularia sp. 

Enzyme assays for bacterial isolates.  Protease activity was tested on the medium 

described by Kumar et al. (2009). Amylase activity was identified by using a starch hydrolysis test 

(Sigmon 2008). Cellulase activity was tested by using LB and TY media containing 1% carboxy 

methyl cellulose (CMC), and indicated by formation of a clear zone after staining with Gram’s 

iodine for 3-5 minutes (Kasana et al. 2008). Lipase activity was examined by using LB and TY 

media with 1% butyrin and Tween 80 in a hydrolysis assay as described by Sierra (1957). Chitinase 

activity was detected with colloidal chitin medium as described by Kuddus and Ahmad (2013). 

Clear zones around the bacterial colonies are considered as positive results for chitinase (Kaur et 

al. 2012).  

 

Results  
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Physicochemical properties of cowpea-planted rhizosphere soil samples collected in 

Mandi Bahauddin.  The four soil samples were characterized by a great spatial variability and 

covered a significant variation in electrical conductivity (EC), soil pH, salinity, organic matter 

(OM), texture class, CEC (cation exchange capacity), SAR (sodium adsorption ratio) and other 

factors. Soil samples (SS) SS-1 and SS-3 were more saline (5.05 and 5.29 dS/m) compared to SS-

2 and SS-4 (4.85 and 4.56 dS/m).  SS-2 had more OM (21.23 to 31.75 g/Kg) compared to SS-3, 

which was more alkaline (pH 8.11) compared to the other samples (Table S1). Soil temperatures 

ranged from 29.2 to 38.1oC, with the highest values detected in SS-3 and the lowest in SS-1 (Table 

S1). Moisture ranged from 18-24% with the highest in SS-4 and the lowest in SS-1 (Table S1). 

The available P, K, Ca, and Mg contents were lower in SS-3 compared to SS-2 and SS-4. CEC 

values ranged from 58.98 to 67.52 mg/dm3 and SAR (Sodium Adsorption Ratio) values from 10.41 

to 12.42 with the highest value in SS-1 and the lowest value in SS-2 (Table S1).  

Results of trap experiments.  Trap experiments with cowpea were pursued because we 

hypothesized that this important crop legume would form root nodules that contained not only 

nitrogen-fixing bacteria, but also “helper” bacteria that promoted cowpea growth in these soils 

based on previous studies (Martínez-Hidalgo and Hirsch 2017).  Plant growth-promoting 

responses such as changes in shoot length, plant biomass, and number of nodules per plant were 

recorded for control cowpea and for cowpea plants grown in pots under different salt stress 

conditions. The largest increase in shoot length occurred in cowpea 603 plants inoculated with SS-

4 (Fig. 1, Fig. S2).  SS-1 and SS-3-inoculated plants overlapped in shoot length with the 

uninoculated controls whereas both SS-2 and SS-4-grown plants exhibited shoot lengths 

equivalent to the +N control.  Also, shoot length increased slightly more in control soil-inoculated 

cowpea 603 plants than in cowpea 603 and CB 46 plants grown under salinity stress (Fig. 1). 
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Cowpea 603 plants grown in +N medium without salt were green and healthy whereas when they 

were grown in SS-1 and SS-3, the 603 plants were yellow and showed limited root development, 

most likely because of the higher salinity of these soils.  The salt-tolerant CB 46 cowpea was less 

affected by the SS-1 and SS-3 soils than cowpea 603, and in SS-2 and SS-4 soils, both cultivars 

were more similar in appearance to the no-salt control even when grown under salt stress (Fig. S2). 

The relative increase in plant biomass varied between 35-68% in treated cowpea 603 plants 

grown under normal soil conditions over the control (without soil inoculum). Treated cowpea 603 

and CB 46 plants grown under salinity stress showed a 10-49% and 20-52% increase in plant 

biomass, respectively (Fig. 1; middle row). In addition, cowpea 603 and CB 46 plants inoculated 

with SS-2 and SS-4 soils produced more (or slightly more) nodules per plant compared to plants 

inoculated with SS-1 and SS-3 under normal as well as salinity-stress conditions although salinity 

stress did have an inhibiting effect on nodule number, which to some extent was mitigated by the 

CB 46 genotype (Fig. 1; bottom row). 

In summary, plants inoculated with SS-2 and SS-4 showed overall better results in 

comparison to plants inoculated with SS-1 and SS-3 under both normal and salinity stress 

conditions.  The differences in moisture, OM, and available mineral contents between SS-1 and 

SS-3 soils versus SS-2 and SS-4 soils may explain the different growth effects of the cowpea 

cultivars.   

eDNA analysis of SS-1 and SS-4.  We chose two of the four rhizosphere soils tested above 

for eDNA analysis.  SS-1 was an example of a soil that when added to the trap plant pot did not 

increase plant growth over the control; it was more saline and drier than the other soils.  In contrast 

SS-4, the sample that resulted in growth stimulation, had the lowest electrical conductivity and the 

closest to neutral pH of the four soils tested.   
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A comparison of the microbial eDNA shows the overall pattern of bacterial sequences in 

the two samples (Fig. 2).  Both SS-1 and SS-4 soils are dominated by Actinobacteria, Firmicutes, 

and Proteobacteria.  The relative abundance of actinobacterial eDNA sequences was not much 

different between the two soil types (28.0 vs. 27.4%; SS-1 vs. SS-4) but differed slightly for the 

Firmicutes (28.5% vs. 26.4%) and Proteobacteria (23.6% vs. 24.9%) suggesting a possible trend.  

The values for Acidobacteria (6.7% vs. 7.4%) and Chloroflexi (5.5% vs. 6.8%) also varied 

depending on the soil sample (Table S2).  In addition, eDNA relative abundances also differed 

between the SS-1 and SS-4 treatments.  The general trend for the less-represented phyla was a 

reduction in DNA sequence abundance in SS-4 except for Nitrospirae, which increased.  Phyla 

with DNA sequence abundance levels below 0.5% are also listed in Table S2. 

Nodule microbiome analysis.  Investigations of the nodule metagenomes from SS-1—

SS-4 (nodule samples were designated sn1—sn4) showed that the dominant bacterial species in 

all the cowpea nodule microbiomes was the alpha-proteobacterial genus Bradyrhizobium based on 

relative abundance (Fig. 3; Table S3).  We could not determine with certainty the identity of the 

strain beyond the genus level, but several different Bradyrhizobium species are known to nodulate 

cowpea in Africa (Steenkamp et al. 2004; Pule-Meulenberg et al. 2010).  Detected in much lower 

percentages were DNA signatures of other bradyrhizobia including Bosea, Afipia, 

Rhodopseudomonas, and Oligotropha. Thus, the relative abundances of Bradyrhizobiaceae within 

the sn1—sn4 microbiomes were 92.3%, 84.7%, 91.5%, and 94.3%, respectively.  By contrast, 

Rhizobiaceae (Ensifer, Rhizobium/Agrobacterium, and Shinella) combined with 

Hyphomicrobiaceae (Rhodoplanes) and Phyllobacteriaceae (Mesorhizobium) were found in the 

four nodule microbiomes at much lower abundances (sn1, 0.7%; sn2, 8.3%; sn3, 2.1%; and sn4, 

0.3%).  Other Proteobacteria detected within the nodule microbiome, albeit at very low abundance, 
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included Acidophilium (Alphaproteobacteria, Acetobacteraceae) and Pseudomonas 

(Gammaproteobacteria, Pseudomonadaceae) (Table S3).  The “other Proteobacteria” category 

exhibited a relative abundance of 3.2%, 3.8%, 3.4% and 2.8% for sn1—sn4 microbiomes.  Finally, 

the grouping designated “non-Proteobacteria (others)” accounts for an average of 0.1% in relative 

abundance for sn1—sn3 and zero for sn4.  These values are so low as to be undetectable in the bar 

graph (Fig. 3).  

Isolation and characterization of nodule bacterial isolates and their identification.  A 

total of 51 bacterial isolates were isolated from cowpea nodules of plants grown in the four 

different soil samples (Table S4).  Most of the isolates grew well at pH 6–8, on 1-3% NaCl, and at 

28-37°C, but only 35-40% of the bacterial isolates (Bacillus and some Pseudomonas strains) grew 

at 4 or 42°C (data not shown).   

Following a thorough morphological and physiological characterization, 34 nodule isolates 

were selected and identified by 16S rRNA gene analysis to the closest related species.  According 

to the sequence match results, the bacterial strains identified from root nodules of cowpea mainly 

belonged to bacterial genera often shown to be plant-growth promoting rhizobacteria (PGPR) 

namely, Mesorhizobium, Sinorhizobium, Bradyrhizobium, Paenibacillus, Bacillus, Pseudomonas 

and others (Table 1).  Among the PGPR were the actinomycetes Frankia sp DSM 45818 (CPN9), 

Streptomyces galilaeus (CPN7), and S. griseoaurantiacus (CPN8), which were isolated from 

nodules.  Several isolates were identified as pathogens or nosocomial pathogens including 

Klebsiella aerogenes (CPN11 and CPN20) (formerly Enterobacter) (Tindal et al. 2017), 

Aeronomas veronii (CPN19) (Janda and Abbott 2010), Pseudomonas monteilii (CPN44) (Elomari 

et al. 1997), and Enterobacter cloacae (CPN48) (Sanders and Sanders 1997) (Table 1).  
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Plant-growth promoting abilities of bacterial strains.  Isolated bacterial strains were 

tested for several plant-growth promoting traits including phosphate solubilization, and 

siderophore and HCN production.  Of the 34 isolates, nineteen strains were able to solubilize 

phosphate with the maximum activity (142.23 μg/ml) exhibited by strain CPN35. Eight strains 

were positive for siderophore production, and 12 strains were positive for HCN production (data 

not shown). 

Antifungal activity of bacterial strains.  The 34 16S rRNA gene sequence-identified 

bacterial isolates were tested for antifungal activity against five fungal pathogens:  Fusarium 

oxysporum, Fusarium solani, Curvularia sp., Alternaria solani, and Aspergillus flavus. The details 

of which bacterial strains are effective against the various fungi are shown in Table S5. 

Extracellular enzymes production by bacterial isolates as mechanisms of fungal 

growth inhibition.  The ability of bacterial strains to produce extracellular enzymes such as 

cellulase, lipase, chitinase, amylase, and protease was also assessed.  The strains varied in their 

ability to produce lipase, chitinase, cellulase, amylase, and proteolytic enzymes (Table S6). 

 

Discussion 

Because arid countries such as Pakistan, which have highly saline soils, are often the first 

to respond to increasing temperatures brought about by a changing climate, we pursued an 

investigation of the effect of salinity and aridity on the soil microbial communities that make up 

the cowpea rhizosphere and nodule microbiome with the goal of understanding the potential of 

their bacteria for being used as inoculants. Trap experiments were performed using two cowpea 

varieties, 603 and the more salt-tolerant CB 46.  Both were inoculated with soil samples from 4 

different sites in the Mandi Bahauddin area of Punjab, Pakistan. Increases in salinity are known to 
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cause changes in soil properties such as organic matter, leaching and erosion, loss of nutrients, as 

well as alterations in both the quantity and composition of soil microbial communities (Canfora et 

al. 2012; Mukhtar et al. 2018).  

Cowpea 603 and CB46 plants showed a significant increase in plant growth when 

inoculated with SS-2 and SS-4, even under salinity stress (10-49% and 20-52% in plant biomass, 

respectively) post-treatment, compared to uninoculated control plants. Previous studies have 

shown that the soil type had a significant influence on the microbial populations of legume nodules 

and ultimately plant growth (Berg and Smalla 2009; Leite et al. 2017). 

Through an analysis of the nodule microbiomes of plants grown in the different soils, we 

found that members of the Bradyrhizobiaceae dominated the microbiome (78.99%-88.8% for the 

four microbiomes), but Rhizobiaceae and other Proteobacteria were also detected, albeit at 

significantly lower levels.  However, Salter et al. (2014) observed that numerous microbes were 

detected in the blank controls in their experiments and thus questioned whether microbiome 

constituents detected in low biomass samples were contaminants rather than members of the 

community.  For example, Bosea and Afipia (Bradyrhizobiaceae) were suggested to be common 

contaminating genera (Salter et al. 2014).  Because both were observed in the cowpea nodule 

microbiome but were not isolated from nodules, the possibility exists that either one or both of 

these Bradyrhizobiaceae might be contaminants because their abundance values were low in all 

four nodule microbiome samples (Bosea, average:  3.3%; Afipia, average: 1.8%).  However, many 

Bradyrhizobiaceae require long incubation times before colonies become apparent on plates, and 

in most cases, the cowpea nodule isolate incubations in our study did not exceed one week.  For 

many of the slow-growing Bradyrhizobiaceae (Bosea. Rhodopseudonomas, Afipia, and others), 

longer time periods (at least 2 weeks) are often needed for growth after isolation from nodules and 
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transfer to culture medium.  However, a phylogenetic analysis (Fig. 4) of the bacterial root nodule 

isolates of cowpea 603 and CB46 plants inoculated with the saline soil samples demonstrated that 

many were members of either Rhizobiaceae or Bradyrhizobiaceae strongly suggesting that these 

genera are not contaminants.   

In any case, we do not know the reasons for the difference in relative abundance between 

the rhizobial data obtained from the microbiome analyses and the isolation methodology.  Studies 

have shown that soil physicochemical properties or physiological changes within the nodule itself 

may affect the survivability or distribution of indigenous rhizobia isolated from cowpea nodules 

(Pule-Meulenberg et al. 2010; Damaris et al. 2017; Leite et al. 2017).  Also, media composition, 

specific plant growth conditions, as well as incubation time and temperature all play a role as well 

as variations in the methods of microbiome analysis.  

With regard to the firmicutes, the bacterial isolates investigated in this study were mostly 

identified as Paenibacillus and Bacillus based on isolation of bacteria from nodules (Table 1, Fig. 

4).  Nodule isolates from cowpea plants grown in semi-arid areas of Brazil were also known to be 

high in Firmicutes (Bacillus and Paenibacillus) (Costa et al. 2013), and a number of studies have 

reported that the majority of isolates from cowpea nodules belong to the Firmicutes, 

Proteobacteria, and Actinobacteria (Jaramillo et al. 2013; Leite et al. 2017).  However, the 

metagenomic analysis of the nodule microbiome in our study demonstrated that DNA from 

Firmicutes and Actinobacteria was not detected in cowpea nodules; only the DNA of 

Proteobacteria  This result may be related to the type of DNA isolation kit used or sample 

source/treatment (Mackenzie et al., 2015) or as yet unknown reasons.  Nevertheless, both 

Firmicutes and Actinobacteria were isolated from surface-sterilized nodules, and our results and 

those of others demonstrate that these two groups are well-represented among the nodule isolates.  
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For example, both Streptomyces and Frankia (Table 1) were isolated from cowpea nodules in this 

study and in other nodule studies (Tani et al. 2003; Leite et al. 2017) but were not detected in the 

nodule microbiome analysis.   

An exceptionally low relative abundance level of Pseudomonas sequences was also 

detected in the nodule microbiome, but Gammaproteobacteria (Pseudomonas) and 

(Enterobacter/Klebsiella) were consistently isolated and characterized from cowpea nodules 

collected from plants grown under salt stress conditions (Table 1, Fig. 4).   

In reference to the rhizosphere, an analysis of the SS-1 (growth-inhibiting) and SS-4 

(growth-promoting) rhizosphere soils demonstrated the former was more saline and drier than the 

latter.  These features as well as the reduced levels of available P, K, Ca, ,and Mg as well as organic 

matter and higher sodicity values of the SS-1 compared to SS-4 soil most likely explain the lack 

of fertility in SS-1 soil as well as its reduced effect on plant growth.  

 

Summary 

Numerous bacteria were detected and isolated from the SS-1 and SS-4-grown cowpea 

nodules.   Some were found to promote plant growth directly by nitrogen fixation and mineral 

solubilization, while others indirectly by production of antibacterial and antifungal compounds 

(Malik et al. 1997; Gupta et al. 2015; Goswami et al. 2016). Many of the isolates obtained in this 

study were positive for more than two PGPR traits. Several of the strains were likely to have 

nitrogen fixation ability and greater than 55% of bacterial isolates from cowpea nodules exhibited 

phosphate-solubilizing ability.  Finally, the majority of the Pseudomonas, Bacillus, and 

Enterobacter strains isolated from cowpea nodules were positive for siderophore and HCN 

production. Our study also showed that isolates belonging to Pseudomonas, Paenibacillus, and 
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Bacillus produced antifungal compounds against different fungal pathogens, including Fusarium 

oxysporum, Fusarium solani, Curvularia sp.  Both Pseudomonas and Bacillus have been reported 

as growth inhibitors for different fungal pathogens and provide protection against a number of 

plant diseases (Ali et al. 2015; Shahid et al. 2017; Khan et al. 2017).  More than one-half of the 

isolated strains especially members of Paenibacillus, Bacillus, Pseudomonas and Enterobacter, 

exhibited cellulase, chitinase, amylase, and protease activity, and a large number of PGPR strains 

(Pseudomonas, Enterobacter, Rhizobium and Bacillus) promote plant growth and suppress plant 

diseases by producing siderophores, hydrolytic enzymes, and HCN (Mehnaz et al. 2010; Chen et 

al. 2013; Khan et al. 2018).   

This study aimed to assess the effect of native soil microbial communities on the 

composition of the nodule microbiome in cowpea under salinity stress conditions. The results of 

trap experiments confirmed that cowpea inoculated with two of the soil samples from Mandi 

Bahauddin in Punjab, Pakistan displayed enhanced growth as compared to the uninoculated 

negative control group.  Insight into the bacterial communities of rhizosphere soil and cowpea root 

nodules, which served as trap plants was obtained. Although the eDNA of nodule microbiome 

consisted of mainly of Proteobacteria, various other bacteria including Paenibacillus, Bacillus and 

several Actinobacteria, which were isolated from cowpea nodules inoculated with one of the four 

different salinity-stressed soils.  The bacterial strains isolated from root nodules have potential for 

stimulating plant growth and development and several have been characterized as PGPR.  Taken 

together, these bacterial strains may serve as useful biofertilizers and plant growth promoters for 

crops growing in salinity-affected areas. Whether these bacteria will restore soil fertility in the dry 

arid soils of certain regions of Mandi Bahauddin will be a focus of future research. 
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Figure legends 

 

Fig. 1. Effect of inoculation with different soil samples (SS) collected from semi-arid region of 

Pakistan on plant growth, (A) shoot length, (B) plant biomass and (C) number of nodules of 

cowpea varieties 603 and CB 46. Letters on graph bars represent statistically different values at 

5% level.  

 

Fig. 2.  Relative abundance of eDNA sequences found in two different soils; SS-1, which was 

inhibitory to cowpea growth and SS-4, which promoted growth.  Both soils were isolated from the 

Mandi Bahauddin region of Pakistan. 

 

Fig. 3.  Relative abundance of microbial sequences in DNA isolated from cowpea nodules 

collected from four different soils from the Mandi Bahauddin region of Pakistan.  In all cases, 

bradyrhizobia was the dominant genus, but other proteobacterial species, some of them distinct 

from rhizobia such as Acidiphilium and Pseudomonas, were also detected.  Non-proteobacterial 

species, however, were barely detectable in the nodule microbiome in spite of their abundance as 

nodule isolates. 

 

Fig. 4.  Neighbor-joining tree based on 16S rRNA gene sequences of bacterial strains isolated 

from cowpea nodules. 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. The evolutionary 

distances were computed using the Maximum Composite Likelihood method and are in the units 

of number of base substitutions per site.  
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Table 1. Identification of bacterial isolates from cowpea nodules (CPN) based on16S 

rRNA gene sequence analysis.  

 

Isolate 

code 

Organism 

identified 

Accession 

No. 

Closest type strain in NCBI data 

base 

Sequence 

similarity 

(%) 

CPN1 Mesorhizobium MH491055 Mesorhizobium ciceri ATCC 

700744 (KX226354) 

99.45 

CPN2 Ensifer  MH491056 Ensifer aridi DSM 11282 

(KR780016) 

100 

CPN3 Paenibacillus MH491057 Paenibacillus polymyxa DSM 

365 (AY359634) 

99.25 

CPN4 Paenibacillus MH491058 Paenibacillus ginsengagri DSM 

19942 (AB245383) 

99.63 

CPN5 Paenibacillus MH491059 Paenibacillus zanthoxyli JH29 

(DQ358724) 

100 

CPN6 Pseudomonas MH491060 Pseudomonas putida ATCC 

12633 (KY938109) 

100 

CPN7 Streptomyces MH491061 Streptomyces galilaeus ATCC 

14969 (KU877585) 

99.21 

CPN8 Streptomyces MH491062 Streptomyces griseoaurantiacus 

NBRC 13381 (HQ850417) 

99.45 
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CPN9 Frankia MH491063 Frankia sp. DSM 45818 

(AF063640) 

98.55 

CPN10 Bradyrhizobium MH491064 Bradyrhizobium japonicum DES 

122 (AF234888) 

100 

CPN11 Klebsiella MH491065 Klebsiella aerogenes CCRC 

10370 (KT998837) 

99.23 

CPN12 Sinorhizobium MH491066 Sinorhizobium meliloti DSM 

30135 (JN105982) 

99.41 

CPN13 Sinorhizobium MH491067 Sinorhizobium saheli LMG7837 

(NR_026096) 

99.56 

CPN14 Pseudomonas MH491068 Pseudomonas fluorescens ATCC 

13525 (KJ676707) 

99.74 

CPN15 Bacillus MH491069 Bacillus pumilus NRS 272 

(KX767153) 

99.25 

CPN16 Pseudomonas MH491070 Pseudomonas putida DSM 291 

(HF584918) 

99.64 

CPN17 Pseudomonas MH491071 Pseudomonas fluorescens ATCC 

13525 (MH191400) 

98.44 

CPN18 Pseudomonas MH491072 Pseudomonas putida NCTC 

10936 (KC952984) 

99.85 

CPN19 Aeromonas MH491073 Aeromonas veronii ATCC 35624 

(MG063196) 

100 
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CPN20 Klebsiella MH491074 Klebsiella aerogenes CCRC 

10370 (GU459208) 

99.10 

CPN21 Bradyrhizobium MH603868 Bradyrhizobium japonicum DSM 

30131 (AF234888) 

99.21 

CPN22 Bacillus MH817487 Bacillus safensis LMG 26769 

(MH177247) 

99.07 

CPN27 Mesorhizobium MH817488 Mesorhizobium ciceri ATCC 

700744 (KX226354) 

99.34 

CPN30 Paenibacillus MH817489 Paenibacillus amylolyticus NRS-

290 (KR085810) 

99.28 

CPN35 Bacillus MH603869 Bacillus endophyticus DSM 

13796 (MH192380) 

99.54 

CPN36 Bacillus MH603870 Bacillus safensis LMG 26769 

(MH177247) 

99.21 

CPN37 Paenibacillus MH603871 Paenibacillus polymyxa JCM 

2507 (AY359634) 

99.82 

CPN38 Paenibacillus MH603872 Paenibacillus amylolyticus NRS-

290 (KR085810) 

99.34 

CPN41 Bradyrhizobium MH603873 Bradyrhizobium centrosematis 

LMG 29515 (NR_149804) 

100 

CPN43 Mesorhizobium MH603874 Mesorhizobium olivaresii LMG 

29295 (FM203301) 

99.21 
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CPN44 Pseudomonas MH603875 Pseudomonas monteilii DSM 

11388 (KJ819574) 

99.48 

CPN45 Mesorhizobium MH603876 Mesorhizobium alhagi HAMBI 

3019 (KY753240) 

99.36 

CPN47 Bacillus MH603877 Bacillus megaterium ATCC 

14581 (HM771671) 

99.18 

CPN48 Enterobacter MH603878 Enterobacter cloacae DSM 

16690 (GU459208) 

99.27 
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