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Rhizobacterial species richness 
improves sorghum growth 
and soil nutrient synergism 
in a nutrient‑poor greenhouse soil
Mohammad Radhi Sahib1,2,5, Zahida H. Pervaiz4, Mark A. Williams1, 
Muhammad Saleem3,5* & Seth DeBolt1*

Although microbes influence plant growth, little is known about the impact of microbial diversity 
on plant fitness trade-offs, intraspecific-interactions, and soil nutrient dynamics in the context of 
biodiversity-ecosystem functioning (BEF) research. The BEF theory states that higher species richness 
can enhance ecosystem functioning. Thus, we hypothesize that rhizobacterial species richness will 
alter sorghum (Sorghum bicolor L.) growth, soil nutrient dynamics and interactions (antagonism or 
synergism) in a nutrient-poor greenhouse soil. Using six rhizobacterial species in a BEF experiment, 
we tested the impact of a species richness gradient (0, 1, 3, 5 or 6 species per community) on plant 
growth, nutrient assimilation, and soil nutrient dynamics via seed-inoculation. Our experiment 
included, one un-inoculated control, six rhizobacterial monoculture (Pseudomonas poae, Pseudomonas 
sp., Bacillus pumilus., Pantoea agglomerance., Microbacterium sp., and Serratia marcescens), and 
their nine mixture treatments in triplicate (48). Rhizobacterial species richness enhanced per pot 
above- or below-ground dry mass. However, the per plant growth and plant nutrient assimilation 
declined, most likely, due to microbial-driven competitive interactions among sorghum plants. But 
nevertheless, some rhizobacterial monoculture and mixture treatments improved per plant (shoot 
and root) growth and nutrient assimilation as well. Soil nutrient contents were mostly lower at higher 
plant-associated rhizobacterial diversity; among these, the soil Zn contents decreased significantly 
across the rhizobacterial diversity gradient. Rhizobacterial diversity promoted synergistic interactions 
among soil nutrients and improved root–soil interactions. Overall, our results suggest that a higher 
rhizobacterial diversity may enhance soil–plant interactions and total productivity under resource 
limited conditions.

In present scenarios, agricultural intensification and anthropogenic activities are asserting a greater pressure on 
soil ecosystems while altering soil macro- and microorganisms1–3. Resultantly, a number of issues are emerging 
such as soil pollution, nutrient mining, erosion, aridity, and loss of soil microbial biodiversity 1,4,5. To address 
these issues, there is an emerging interest in applying ecological concepts to utilize microbial resources to improve 
soil fertility and plant growth 5. Considering the ecological and evolutionary significance of microbial biodiversity 
in the soil ecosystem 6,7, it is plausible that management and utilization of microbial resources could increase 
agricultural productivity in the marginal (i.e., agriculturally degraded or poor) soils. The most notable context is 
likely through the application of biodiversity and ecosystem functioning (BEF) theory in structuring the micro-
bial communities for optimal plant growth. The BEF theory suggests that soil and plant systems inhabiting diverse 
microbial species may harvest more benefits from their microbial partners due to higher diversity and quantities 
of their beneficial properties 5,8,9. Thus, testing multiple combinations of the microbial species from monocultures 
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to highly diverse species using a rigorous BEF experimental approach may help us screen and identify the high 
performing microbial consortia to develop probiotics for improving plant growth and yield in the marginal soils.

Meanwhile, the plant beneficial microbes are already in use for developing bio-fertilizers, plant growth stimu-
lators, and bio-pesticides to reduce the use of agrochemicals. These microbes may enhance soil health, fertility, 
and plant growth by direct and indirect means, such as through, improving nutrition (nitrogen fixation, nutrient 
mobilization, recycling), regulating phytohormone (gibberellic acid, indole acetic acid, ethylene, and cytokinins, 
etc.) levels, suppressing soil-borne pathogens (via siderophores, cyanides, and antibiotics production), and eco-
logical supportive roles 10–12. Owing to these properties, microbes may improve soil biochemical and ecological 
conditions while inducing tolerance in the plants against environmental stresses 5,13,14. Since the advent of next 
generation sequencing, the microbiome era has evolved into a resurgence of interest in understanding the role 
of microbial species diversity and composition in determining the soil health and plant productivity in broader 
ecological contexts 15–18.

Plants belonging to Panicoideae clade demonstrate excellent agro-ecological traits and are grown for fuel, 
fiber, and food production19. Among these, Sorghum bicolor L. (sorghum) is ranked as the world fifth major 
cereal crop after corn, wheat, rice and barley both in production and area covered 20. It serves as a staple food 
for many people all over the world, in addition, to playing a significant role in the economic and ecological sta-
bility in many countries21. Ecologically, it is a hardy drought tolerant C4 grass capable to thrive under resource 
limited conditions. By virtue of its ecological adaptation, sorghum plants exhibit symbiotic relationships with 
soil microbiota that determine their growth, survival, and/or tolerance to stress conditions 22–24. Some studies 
have, nevertheless, investigated sorghum-microbe interactions, mostly at individual microbial species/strain 
level, to test their significance in the sorghum growth under stress conditions 25,26. Sorghum is considered as a 
good crop for economic utilization in dryland cropping systems and marginal soils 27–29. Hence, it is timely to 
investigate sorghum-microbe interactions at community level to determine their role in the sorghum growth 
under resource limited soil conditions.

Though promising results are obtained from the soil, root and leaf inoculation studies 11,30,31, these approaches, 
however, are less feasible to adopt in the real-world agriculture due to the required amount of labor and techni-
cal skills at the farm level 11. In contrast, seed inoculation offers a potential advantage to harvest the benefits of 
applied probiotics due to technical ease 32. Given that seed germination is a major issue in obtaining the required 
plant density to get optimum yields from marginal soils33, seeding rates and resulting plant densities are widely 
debated with respect to their advantages and disadvantages. For instance, some studies have shown that high 
seeding rates and plant density may limit per capita production under benign conditions34–38. But nevertheless, 
there is a consensus that relatively higher plant density may provide greater agroecosystem services such as 
fodder or biomass production36, insurance against environmental stresses37, weed suppression 39, ground cover 
and erosion control 40. Therefore, we assume that microbial-driven differences in seed germination and resulting 
variation in plant density may lead to negative relationships (i.e., tradeoffs) between plant density (i.e., defined 
as the total number of plants per pot in our study) and per plant (PP) growth parameters (biomass, nutrient 
assimilation).

Given that nutrients availability is a microbial-driven process, we know little about the role of plant–microbe 
interactions in determining synergistic or antagonistic interactions among soil nutrients, a key parameter in 
soil health, fertility and plant growth 41–44. While most recent studies have not yet investigated the impact of 
synthetic communities on below-ground root properties, dynamics of soil macro-and micro-nutrients 17,45. The 
antagonistic interactions among soil nutrients are common under nutrient sufficient and deficient conditions, 
probably because of their competitive interactions and imbalanced composition during their uptake in the ionic 
forms46. The nutrient antagonism may potentially limit and restrict the uptake of soil nutrients by plants47. While 
antagonistic interactions among nutrients also depend, among others, on soil conditions, nutrient types, and 
crop cultivars48–50.The relatively high prevalence of these interactions under nutrient poor soil conditions may 
amplify the intensity of nutrient deficiency and limit plant growth 46,48,49. Though microbial effects on nutrient 
mobilization, fixation, and other soil properties are studied, a little is known about the effect of microbial biodi-
versity on nutrient-nutrient interactions in the soil environment.

Using BEF experimental approach, we tested the impact of microbial biodiversity on below/above ground 
Sorghum bicolor L. traits and nutrient interactions in a nutrient-poor greenhouse soil. We hypothesized that 
increasing the rhizobacterial species diversity of seed-inoculated rhizobacteria (i) may influence plant density 
due to its effect on seed germination followed by plant growth characteristics, tissue nutrient composition and 
trade‐offs among them while (ii) it may also affect the contents of soil macro-and micro-nutrients and interac-
tions among them via plant density effect. Particularly, we investigated the effect of plant-bacteria partnership 
at higher diversity level on plant density, root as well as shoot system, plant and soil nutrient contents and their 
interactions. Subsequently, observing plant performance (shoot and root biomass) per pot, we anticipate the 
occurrence of trade-offs among plant traits and their relationships with nutrient contents of soil and plant tissues.

Materials and methods
Crop seeds.  We used Sorghum bicolor L. cv Della in this study. The sorghum seeds were purchased from 
Townsends Sorghum Mill (Kentucky, USA). Prior to inoculation, seeds were washed and surface sterilized fol-
lowing the standard method. Briefly, prior to inoculation, the seeds were washed in the sterile deionized water 
(diH2O). Then, these seeds were surface-sterilized with a 20% household bleach solution for 10 min followed by 
three washes in the diH2O51.

Rhizobacterial species.  We used six rhizobacterial species in this study and these were derived from our 
lab collection. These species were isolated from the roots of switchgrass that was grown in two reclaimed sites 
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in the Western Kentucky, USA (see details, 52). These six species included Pseudomonas poae A2S9 (XY10), 
Pseudomonas sp.S16-2 (PSWZ), Bacillus pumilus RC83 (UN4), Pantoea agglomerance GR13 (XY13), Microbacte-
rium sp., LKL04 (S23), and Serratia marcescens PSB23 (R11). Here after, we refer these species as XY10, PSWZ, 
UN4, XY13, S23, and R11, respectively. All rhizobacterial species are sequenced and their genetic information 
is available elsewhere 52. We maintained rhizobacterial species on nutrient-rich organic medium (yeast extract/
peptone/dextrose-YPD), thus implying that these bacteria are not obligate endophytes.

Bacterial inoculation and development of a bacterial biodiversity gradient.  All bacterial species 
were grown in the YPD broth medium at 29 °C and 200 rpm in a rotary shaker until the mid-log phase (optical 
density-OD600nm = 0.2). All rhizobacterial inoculation treatments followed substitutive experimental design to 
develop a rhizobacterial biodiversity gradient5. Briefly, the starting density of inoculum for both monoculture 
and mixture treatments was kept same (OD600nm = 0.2). For monoculture inoculation treatments, we inoculated 
sorghum seeds with 30  ml bacterial cultures (OD600nm = 0.2) in the YPD broth medium using 50-ml Falcon 
plastic tubes. For 3-species mixture treatments, we took 10 ml of each bacterial culture (OD600nm = 0.2), and then 
mixed them together to make a total volume of 30 ml solution in the 50-ml Falcon plastic tubes. For 5-species 
mixture treatments, we took 6 ml of each bacterial culture (OD600nm = 0.2), and then mixed them together to 
make a total volume of 30 ml solution in the 50-ml Falcon plastic tubes. For 6-species mixture treatments, we 
took 5 ml of each bacterial culture (OD600nm = 0.2), and then mixed them together to make a total volume of 30 ml 
solution in the 50-ml Falcon plastic tubes. By using this approach, we developed the initial rhizobacterial species 
richness or diversity gradient. The control seeds were treated with same volume of sterile YPD broth medium 
before sowing. Despite some variations, it took about 4 h to reach inoculated bacterial cultures to reach at the 
required density (OD600nm = 0.6). Then, we took seeds out for sowing. We assumed that bacterial cultures might 
have colonized seeds effectively at this density (OD600nm = 0.6). Other than keeping the same initial total density 
of bacterial monoculture and mixture treatments, we are not aware of, or, we did not take into account the initial 
possible differences in the individual bacterial biomass in the mixture treatments. Both inoculated and control 
sorghum seed were sown into plastic pots (10–12 ~ seeds per pot) containing greenhouse soil (Pro-Mix, Premier 
Horticulture Inc., PA, Quakertown, USA) while leaving ~ 5 cm at the top for proper aeration and drainage. The 
soil was steamed (to kill any existing pests or pathogens) for one hour before filling into pots. The experimental 
pot dimensions were as follow: height = 9 1/8"(~ 23 cm), diameter = 10 1/8"(26 cm), volume = 2.3 gallons (trade 
size = 2.5 gallon or 9.5 L). We conducted experiments in the greenhouse of University of Kentucky that was set 
for the standard sorghum growth conditions (16:8 light dark regime, 28 °C) 52. We watered plants from bottom 
using undertrays, as needed. The plants were twice fertilized with 500 ml fertilizer solution (20 N: 10 P: 20 K with 
a concentration of 200 ppm) from bottom using undertrays, immediately after, and after two weeks of germina-
tion. Following completely randomized design, the experimental treatments included; un-inoculated (control) 
and six different monoculture inoculation treatments. Moreover, we have four 3-species (N4/S23/PSWZ, UN4/
XY13/S23, XY10/XY13/R11, and PSWZ/R11/XY10) mixture inoculation treatments. In addition, we have four 
5-species (S23/R11/XY10/UN4/PSWZ, S23/R11/XY10/XY13/PSWZ, UN4/R11S23/XY13/PSWZ, and UN4/
R11/XY10/XY13/PSWZ) and one 6-species mixture treatments that included all bacterial species together. All 
control and inoculation treatments were in triplicates. The position of pots in the greenhouse was changed often 
to minimize the position effects 30.

Data measurement and analysis.  After 5 weeks, we harvested plants and took soil, root and shoot sam-
ples for further analysis. We manually counted total number of plants and root branches from each pot. Apart 
from measuring plant shoot and root biomass per pot, we also calculated shoot and root biomass per plant by 
dividing the shoot biomass per pot by plant density. After taking out roots from pots, we removed soil from 
roots by shaking and brushing. We immediately submitted soil samples to the soil lab in the Division of Regula-
tory Services at the University of Kentucky for the water-extractable/soluble soil nutrient analysis. The details 
of these methods can be accessed online (Methods: https​://www.rs.uky.edu/soil/tests​/metho​ds.php). The below 
and above-ground portions of plants were oven-dried at 60 °C for 48 h before biomass measurements. Both root 
and shoot samples were ground to determine their N, P, and K contents, following standard methods53–56. The 
details about these methods are provided (see supplementary information). Unless otherwise stated, the con-
centrations of all soil nutrients were expressed as mg per liter of soil extract, except for soil N-nitrate contents 
(those were in ppm). While the N, P, and K concentrations of plant shoot tissues were expressed as percentage 
of total mass. Moreover, it is important to mention that we did not intend to compare these correlations in the 
rhizobacterial versus control treatment because later has just three replicates and any observation from these 
might be due to the statistical artifacts.

Data analysis.  We conducted different statistical tests to perform data analysis. The general linear-regres-
sion analysis was performed to determine the relationship of rhizobacterial species richness with plant growth 
parameters, such as plant density, dry shoot biomass, number of root branches, and dry root biomass. Each 
richness level represents the data points of all replicates of control, bacterial monoculture, and mixture com-
binations. Moreover, we also performed ANOVA followed by Fisher’s post hoc test to determine significant 
differences among plant densities across different rhizobacterial richness levels (Fig. 1a–d). Using general linear-
regression analysis, we also determined the relationship of rhizobacterial species richness with shoot (Fig. 2a–
c) and root (Fig. 2 g–i) nutrient contents. Similarly, using general linear-regression analysis, the relationship 
of rhizobacterial species richness with predicted total shoot (Fig. 2d–f) and root (Fig. 2j–l) nutrient contents 
(actual nutrient contents multiplied by plant density) was also determined. The predicted nutrient assimilation 
per pot (Fig. 2d–l) does not imply any quantitative prediction or claim rather it is a qualitative prediction of 

https://www.rs.uky.edu/soil/tests/methods.php
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Figure 1.   Impact of rhizobacterial species richness on the plant density (a), dry shoot biomass (b), number of 
root branches (c), and dry root biomass (d). Error bars represent means ± 1SE while lack of shared letters above 
the bars represents the significant differences among richness levels.
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Figure 2.   Impact of rhizobacterial species richness on shoot nutrient contents (a–c). Relationship between 
rhizobacterial species richness and predicted nutrient contents (actual nutrient contents multiplied by plant 
density) (d–f). Impact of rhizobacterial species richness on root nutrient contents (g–i). Relationship between 
rhizobacterial species richness and predicted root nutrient contents (actual nutrient contents multiplied by plant 
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nutrient assimilation by all plants in the pots. Furthermore, we also determined the differences in soil nutrient 
contents in control, rhizobacterial monoculture, and mixture treatments by ANOVA followed by the Fisher’s 
post hoc test (Fig. 3a–f). Using general linear-regression analysis, the relationship of rhizobacterial species rich-
ness, plant density, and root branches per pot (plant density) with soil Mn contents was determined (Fig. 4a–c). 
Similarly, the relationships between contents of various soil macro-and micro-nutrients in the rhizobacterial 
treatments were determined by general linear-regression analysis (Fig. 5). Moreover, the relationships of soil 
nutrient contents with plant tissue nutrient contents in the rhizobacterial treatments were also determined by 
general linear-regression (Fig. 6). The details about analysis of supplementary figures are described in their cor-
responding legends (see supplementary information).

Results
Impact of rhizobacterial diversity on above‑ground plant performance.  Plant density.  The plant 
performance varied in response to the different rhizobacterial species (Fig. 1, Fig. S1). Generally, the rhizobacte-
rial monoculture treatments had a non-significant impact on plant density. Interestingly, seeds inoculated with 
three, five and/or six rhizobacterial species mixtures, exhibited greater plant density due to better seed germina-
tion than control plants. Overall, rhizobacterial species richness increased the plant density (Fig. 1a, Fig. S1).

Shoot biomass per pot and per plant.  Contrary to the plant density, some rhizobacterial monocultures (XY13, 
PSWZ) increased plant shoot biomass per pot relative to the control treatments (Fig. S2a). On average, rhizobac-
terial 3-species mixture inoculation also increased shoot biomass as compared to the control. Similarly, five- and 
six-species mixture inoculation also enhanced shoot biomass per pot than control plants. However, two five-spe-
cies mixtures, such as S23/R11/XY10/UN4/PSWZ and S23/R11/XY10/XY13/PSWZ treatments, showed lower 
shoot biomass, as compared to, other 5- and a 6-species mixture treatments in terms of their positive effects on 
shoot biomass (Fig. S2a). While in general, an increase in the seed-associated rhizobacterial species diversity via 
inoculation demonstrated a significant positive effect on the shoot biomass (Fig. 1b). Contrarily, we observed 
a weak effect of rhizobacterial inoculation on per plant shoot biomass; only one rhizobacterial monoculture 
(PSWZ) and a 5-species mixture (UN4/R11/S23/XY13/PSWZ) increased shoot biomass per plant (Fig. S2d). 
Thus, measuring per plant biomass helped us determined the tradeoff between total pot productivity and per 
plant performance. We observed a substantial tradeoff between plant density and per plant shoot biomass (Fig. 
S3a, S4a). These data suggested that per pot productivity increased, however, mostly per plant shoot biomass did 
not increase significantly under rhizobacterial influence (Fig. S3a, S4a).

Nutrient assimilation by shoots.  The N than both P and K uptake by plant shoots was relatively higher (Fig. 2). 
In general, the nutrient contents of plant shoots in the mixture- inoculation treatments were lower than those 
in the monoculture or control treatments (Fig. S5a,c,e). Nevertheless, the plants growing under the influence 
of one monoculture (S23) treatment showed relatively higher N and P contents (Fig. S5a,c,e). Interestingly, the 
plant density exhibited a significant negative relationship with the plant shoot nutrient contents (Fig. S6-7a,b,c). 
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Figure 3.   Impact of individual rhizobacterial species and their various combinations on soil nutrient contents. 
The error bars indicate means ± 1SE while the lack of shared letters above the bars represents the significant 
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Moreover, we also found a negative relationship between total shoot biomass per pot and the soil nutrient con-
tents (Fig. S6-7d–f). However, we did not find any relationship between shoot biomass per plant and soil nutrient 
contents (Fig. S6-7 g–i). Overall, the assimilation of nutrients decreased across the rhizobacterial seed-inocu-
lation diversity gradient (Fig. 2a–c); however, multiplying the plant density with their tissue nutrient contents 
predicted a positive impact of rhizobacterial seed-inoculation diversity gradient on total plant nutrient (except 
N) assimilation per pot (Fig. 2d–f).

Impact of rhizobacterial diversity on belowground plant performance.  Root traits per pot and per 
plant.  The rhizobacterial seed-inoculation significantly influenced the root system of sorghum plants, espe-
cially in terms of root branches and biomass per pot. In this regard, two monoculture treatments such as XY10, 
and XY13 significantly increased the number of root branches per pot than control treatment. Likewise, most 3- 
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(except UN4/S23/PSWZ), 5-, and 6-species mixture treatments showed significantly more root branches per pot 
than control treatment (Fig. S2b). Contrary to per pot root branches, per plant root branches increased in some 
monoculture treatments (PSWZ, UN4, and R11). A non- significant increase in the root branches was observed 
in the 3-, 5-, and 6-species mixture treatments, however, this effect was statistically significant in two 5-species 
mixtures (UN4/R11/S23/XY13/PSWZ and UN4/ R11/ XY10/XY13/PSWZ) treatments (Fig. S2e). Furthermore, 
rhizobacterial treatments had a significant impact on root biomass per pot. In this regard, two monoculture 
(XY13 and PSWZ) and two 3-species mixture (UN4/S23/PSWZ and UN4/XY13/S23) treatments significant-
ly increased root biomass per pot than control treatment (Fig. S2c). Mostly, 5- (except S23/R11/XY10/XY13/
PSWZ) and 6-species mixture treatments increased root biomass per pot than control treatment (Fig. S2c). 
Interestingly, some monoculture such as PSWZ, R11 and UN4 treatments showed a significant effect on the root 
biomass per plants than control treatment (Fig. S2f.). Overall, the rhizobacterial seed-inoculation resulted into 
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interesting tradeoffs between per pot and per plant root branches and root biomass. Particularly, plant density 
always negatively correlated with per plant root biomass and branches (Fig. S3-4 b,c). However, at the per pot 
level, rhizobacterial diversity was correlated with increased root biomass and branches in the greenhouse soil 
(Fig. 1c,d).

Nutrient assimilation by roots.  The plants growing under the influence of one monoculture treatment, namely, 
PSWZ, showed higher root N content; however, N consistently decreased across the rhizobacterial seed-inocu-
lation diversity gradient (Fig. S5b). Similarly, trends were observed in cases of P and K assimilation in the plant 
roots (Fig. S5d,f). Overall, N and P (except K) contents decreased across the rhizobacterial seed-inoculation 
diversity gradient (Fig. 2 g–i). However, if we multiply the plant density with root tissue nutrient content, then 
our results predicted a positive impact of the rhizobacterial seed-inoculation diversity gradient on the assimila-
tion of nutrients by the plant roots (Fig. 2j–l). Furthermore, we also investigated the relationship between plant 
density and root nutrient composition. Interesting, the plant density exhibited a negative relationship between 
nutrients (P, N) and the plant root tissues (Fig. S6-7 j–l). While, only N contents negatively correlated with per 
pot root dry mass (Fig. S6-7 m–o). But, per plant dry root mass positively correlated with root N (Fig. S6-7p–r).

Impact of rhizobacterial‑seed inoculation diversity gradient on soil micro‑and macro‑nutri‑
ents.  Impact of rhizobacterial monoculture and mixtures treatments on soil macro‑ and micronutrients.  The 
soil P was significantly lower in the rhizosphere of plants that grew from seeds inoculated with monocultures, 
one 3-, (PSWZ/R11/XY10), all 5-, and 6-species mixtures (Fig. 3a). Similarly, K, calcium (Ca), magnesium (Mg), 
and Boron (B) contents were also lowest in the same treatments (Fig. 3). Among soil nutrients, the Mn contents 
showed interesting patterns under different treatments. Though soil Mn contents were relatively higher in the 
pots in the monoculture and most mixture treatments, however, they tended to decline in the 5-, and 6-species 
mixtures. The monoculture namely, S23, showed non-significantly lower soil Manganese (Mn) contents than 
control treatment (Fig. 3f). Interestingly, the soil Mn contents decreased linearly across the rhizobacterial seed-
inoculation diversity gradient (P < 0.0001) (Fig. 4a). Moreover, the soil Mn contents significantly declined with 
an increasing number of plants (P > 0.002) and root branches (P > 0.001) per pot (Fig. 4b,c, Fig. S9a,b). Although, 
we observed a poor impact of rhizobacterial inoculation on Copper (Cu) uptake, but still, the soil Cu contents 
were lower in the monocultures, one 3-, all 5-, and 6-species mixture treatments (Fig. S8a). The soil sodium (Na) 
contents were significantly lower in the monocultures, one 3-, (PSWZ/R11/XY10), most 5-, and 6-species mix-
ture treatments (Fig. S8c). However surprisingly, most 3-species mixture (i.e., UN4/S23/PSWZ, UN4/XY13/S23, 
and XY10/XY13/R11) than control treatments showed relatively higher contents of soil P and other nutrients 
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such as K, Ca, Mg, B, Na, etc. (Fig. 3, Fig. S8). Interestingly, opposite to the uptake of above-mentioned nutri-
ents, the soil iron (Fe) content was significantly lower in the 3-species mixture (UN4/XY13/S23, XY10/XY13/
R11, PSWZ/R11/XY10) than control treatments. In contrast, the soil Fe in a monoculture (XY10) and 6-species 
mixture were significantly higher than control and other treatments (Fig. S8). One monoculture (XY10), and 
two 3-speciesmixture (UN4/S23/PSWZ, XY10/XY13/R11) treatments showed higher than control soil N (N-
NO3) contents. The soil Zn contents were lower in the monocultures, one 3-species (PSWZ/R11/XY10), all 5-, 
and 6-species mixture treatments (Fig. S8e). However surprisingly, in three cases, two monocultures (PSWZ, 
R11), and three 3-species mixtures showed significantly higher soil Zn contents than those in the control and 
other treatments (Fig. S8e).

Interactions among soil nutrients.  We also investigated the relationships between soil nutrients. The soil P 
showed strong positive relationships with soil Mn, B, Mg, N (NO3 ppm), Ca, Na, and K. The opposite was true 
for it’s relationship with soil Fe (Fig. 5). Similarly, soil K contents showed positive relationships with soil Fe, B, 
Mg, Mn, Na, and Ca contents. The soil Cu contents showed strong positive relationship with the soil Fe contents. 
While soil Fe contents showed strong negative relationship with soil N (NO3 ppm) and Zn contents. Similarly, 
soil Mg contents showed positive relationships with soil N (NO3 ppm), B, Mn, Na, and Zn contents. The soil Na 
contents showed positive relationship with Zn and N (NO3 ppm) contents while opposite is true for its relation-
ship with the soil Fe contents. Soil Ca contents demonstrated strong positive relationships with the soil Mn, 
Na, N (NO3 ppm), B, and Mg contents. While soil B contents showed strong positive relationships with soil Na, 
Zn, and N (NO3 ppm) contents while converse is true for its relationship with the soil Fe contents (Fig. 5, Fig. 
S10). Overall, most soil macro- and micro-nutrient contents showed positive relationships with each other. As 
described above, the soil Mn contents responded strongly to the rhizobacterial seed-inoculation gradient while 
Mn contents also showed strong positive relationships with both soil macro-and micronutrients (Figs. 4, 5, Fig. 
S10).

Linking soil nutrients to plant tissues nutrients.  The soil Na, Cu, Fe, and Mn exhibited strong relationships with 
the N, P, and K contents of plant tissues. The soil Mn contents showed significant positive relationships with 
root and shoot N contents while demonstrated same correlation with shoot P contents (Fig. 6a–c). The soil Na 
contents exhibited significant negative relationships with the P, K, and N contents of the plant tissues. While the 
soil N contents showed positive relationship with the root K contents (Fig. 6d–g). However, the soil Cu contents 
showed significant positive relationship with N contents of the plant tissues. Similarly, the soil Fe contents exhib-
ited significant positive relationship with the shoot K and N contents (Fig. 6h–j).

Discussion
Several studies have investigated the microbial associations with plants in agricultural and ecological settings in 
a broad range of soil conditions12,57,58. In the current study, we tested the impact of rhizobacterial species rich-
ness (via seed-inoculation) on plant performance traits and soil nutrient dynamics using a BEF experimental 
approach. We mapped these results against the metrics of plant growth performance traits including plant density, 
root and shoot system biomass, density, nutrient assimilation, tradeoffs among these traits, soil nutrient contents 
and their interactions with each other.

Previously, some studies have reported a positive effect of individual rhizobacterial species on plant density 
due to their positive effects on seed germination of sorghum and other plants 59,60; however, we did not find a 
significant positive effect of six different individual rhizobacterial species on this plant trait. While increasing 
the species diversity of rhizobacterial seed-inoculated probiotics substantially increased plant density (Fig. 1a, 
Fig. S1) that may suggest the role of diverse microbes in breaking the dormancy and increasing the seed germi-
nation and plant density. Other than this ecophysiological observation, our results don’t provide any molecular 
basis of an enhanced plant density across the rhizobacterial seed-inoculation gradient; however, it merits future 
research to discern the underlying interactions and mechanisms since both plants and microbes select each 
other at this stage.

A relatively better plant density in the rhizobacterial treatments increased per pot shoot biomass, root biomass 
and branches. The above-and below-ground per pot productivity was seen in the monocultures and mixtures 
treatments, though later demonstrated more significant impact on the plant productivity (Fig. 1b–d, Fig. S2a–c). 
This, nevertheless, confirm the recent predictions that an increase in microbial species diversity may increase the 
beneficial properties essential for host plant growths 17,61. As per our monoculture data, only few monocultures 
increased plant growth greater than control treatments. Most of the cases, monoculture effects were poor, thus 
suggesting that probiotics containing individual microbial species may not confer advantages to host plants 
either due to their relatively low survival and/or due to lack of multiple plant beneficial traits. But with increas-
ing the species diversity of rhizobacterial probiotics, the plant growth responded dramatically that, neverthe-
less, predicted the teamwork of rhizobacterial species in the mixtures 5,17,62 (Fig. S2a–c). In addition, a relatively 
high above-and below-ground plant productivity as a function of species-rich probiotics may also imply that 
microbial associations with plants at higher diversity levels may increase plant productivity. However, increased 
plant density and intraspecific-competition among plants (for water, nutrients and other resources) may lead to 
some ecological costs under marginal soil conditions. For instance, per plant performance tended to decrease 
in the rhizobacterial than control treatments (Fig. S2d–f, S3-4a–c) while plant density correlated negatively with 
plant fitness traits such as shoot, root biomass and branches. The plant density is a key determinant of agro- and 
natural-ecosystems productivity while it influences the quality and quantity of important agro-ecological traits 
63–65. Nevertheless, the higher plant density, as we observed in the rhizobacterial treatments, is considered a good 
indicator of plants agronomic traits and productivity under marginal soil conditions 66,67.
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A negative relationship between plant density and per plant productivity was also translated to the nutrient 
contents of root and shoot tissues. Interestingly, most of the cases, rhizobacterial seed-inoculation diversity 
gradient, plant density, shoot and root biomass negatively correlated with the N, P, and K contents of plant tis-
sues (shoots, roots). As described above, it is very likely that an initial microbial-driven enhanced plant density 
and total plant productivity caused intraspecific competition among sorghum plants. Some studies suggested 
that low per plant biomass and nutrient contents under poor soil conditions may reflect an intense intraspecific 
competition 68,69. The below-ground intraspecific competition may limit per plant productivity 69,70 whereas 
some recent studies have predicted the role of soil organisms in determining these interactions 71. Moreover, 
intraspecific competitions are common in grasses because they are considered superior competitors for nutri-
ents 72,73 under nutrient limited soil conditions. Although sorghum plant–microbe partnership is reported, our 
results anticipate that microbial biodiversity may promote intraspecific competition among sorghum plants, and 
thus our prediction was supported by plant growth parameters (Fig. S3-4–5-6, Fig. 2) as well as root and shoot 
nutrient contents (Fig. 2). Meanwhile, our results suggest that developing any strategy to harness plant–microbe 
interactions for the restoration and economic utilization of marginal lands may require a precise assessment of 
plant intraspecific interactions to optimize the agro-ecological benefits 68.

Given higher plant density and per pot productivity in the rhizobacterial treatments, our results showed a cor-
responding greater uptake of macro-and micronutrients from the soil than control treatments. Most of past and 
recent studies have indeed showed a relatively greater assimilation of N, P, and K by the tissues of plants inocu-
lated with microbes 17,45, however, the impact of plant-associated microbial diversity on soil nutrient contents 
are less explored (except for N fixation and solubilization studies)74,75. As a general trend, the soil nutrients P, K, 
Ca, Mg, B, Mn, Cu, Fe, Na, N (NO3 ppm) and Zn were lower in the rhizobacterial than control treatments, thus 
implying the role of plant-associated microbes in exploiting soil nutrients. Apart from N-fixation and nutrient 
(e.g. P, Fe) solubilization studies, limited information is available regarding the role of plant–microbe interactions 
in altering the soil macro- and micro-nutrients 18,76–78. Interestingly, in some cases, the soil nutrient contents 
were relatively high in the rhizobacterial treatments (e.g., relatively species poor 3-species mixture treatments) 
(Fig. 3, Fig. S8). This result may suggest that better nutrient uptake, assimilation and corresponding productivity 
is ensured by maintaining higher microbial diversity, as we have observed in 5–6 species mixture treatments. 
Thus, supporting the importance of a greater microbial species richness in delivering greater ecosystem services 
following the BEF theory 5,8,79. Meanwhile, as we observed in some monoculture treatments, it is also important 
to mention and acknowledge the role of some single-species probiotics in enhancing the plants’ ability to exploit 
soil nutrients that is in line with classical agricultural (i.e., beneficial rhizobacterial species) and ecological (i.e., 
keystone or singular species concept) research emphasizing the significance of individual species in the plant 
growth and other agroecosystem processes 80–82.

Interestingly, among all soil nutrients, Mn responded significantly to the rhizobacterial inoculation-diversity 
gradient. Here, an increase in the rhizobacterial species richness linearly decreased the Mn content while the 
same relationship was observed with plant density and root branches. 83,84. Our results suggest that plants with 
dense or clustered roots can effectively exploit Mn from soils under nutrient-limited conditions 85. Despite being 
a limiting factor in plant growth and development, most plant–microbe studies have focused on phytoextrac-
tion and phytostabilization of Mn in the contaminated sites 86,87. The microbial-driven an enhanced below and 
above-ground plant density may not only lead to higher total biomass but may also increase Mn uptake from 
the soil. Other than microbial-mediated plant effects on the soil Mn contents, we did not investigate microbial 
mechanisms of Mn transformation, solubility, and availability to plants. By doing so, we may have an increased 
ability to understanding the microbial role in altering the soil Mn contents. But, we anticipate that plant–microbe 
partnership might help in the restoration of Mn or heavy metal-contaminated soils for multiple agro-ecological 
purposes, such as phytoremediation.

Most rhizobacterial taxa that we tested in this study are known to fix and cycle nutrients by solubilizing 
metal complexes (e.g., Fe–P, Ca–P, and Mn–P)88. Considering an enhanced plant growth and nutrient uptake 
as a function of rhizobacterial diversity, we also studied interactions among various soil nutrients. In general, 
antagonistic interactions among soil nutrients are widely reported in the soil fertility literature89,90. Using linear-
regression analysis, we found that most of the case, soil nutrients showed strong positive relationships with each 
other in the bacterial treatments that nevertheless predicts a microbial-driven synergism among soil nutrients. 
As described before, for instance, soil Mn contents not only responded to seed-inoculated rhizobacterial diver-
sity, root branches, and plant density (Fig. 4) but also showed positive relationships with several soil micro-and 
macro-nutrients (Fig. 5). Moreover, Mn contents also showed positive relationships with root N, shoot N and 
P contents (Fig. 6), thus predicting a strong synergism between soil and plant nutrient contents. The syner-
gism among soil nutrients determines soil fertility, plant nutrition 41,46,91 and interactions with other species 92. 
Our results are the first report to describe the role of rhizobacterial diversity in causing synergism among soil 
nutrients that is an important ecosystem service underling plant productivity 43,93. Meanwhile, we also found 
some negative correlations between soil nutrients, for instance, the soil Fe negatively correlated with soil P, Cu, 
nitrate–N, B, Zn, and Na contents, thus suggesting that soil Fe contents are highly sensitive to the contents of 
other nutrients in the soil94.

Overall in this study, we attempted to forecast the impact of seed-inoculated rhizobacterial species richness 
on soil and plant systems in broader ecological contexts. It is plausible that introduced microbes may have led to 
an inherent organization of the microbial community in the rhizosphere and root system while the coordinate 
behavior of rhizobacterial species imparted significant changes to the plant traits and soil nutrient dynamics. 
As described earlier in this manuscript about several mechanisms that may underlie these changes; however, we 
did not study the underlying microbial beneficial properties. Our study primarily focused on the plant growth 
traits, tradeoffs and soil nutrient contents while our results corresponds with below ground and above-ground 
properties and nutrient assimilation. Our data predict a required balance between microbial competitiveness 
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and plants productivity. Due to plant and soil properties being primarily influenced by the probiotic mixes, we 
suggest that further field trials in marginal lands may reveal further insights into plant–microbe interactions at 
higher diversity levels.
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