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Abstract
Legumes such as peanut (Arachis hypogea) can fulfill most of their nitrogen requirement by symbiotic association 
with nitrogen-fixing bacteria, rhizobia. Nutrient availability is largely determined by microbial diversity and 
activity in the rhizosphere that influences plant health, nutrition, and crop yield, as well as soil quality and soil 
fertility. However, our understanding of the complex effects of microbial diversity and rhizobia inoculation on 
crop yields of different peanut cultivars under organic versus conventional farming systems is extremely limited. 
In this research, we studied the impacts of conventional vs. organic cultivation practices and inoculation with 
commercial vs. single strain inoculum on peanut yield and soil microbial diversity of five peanut cultivars. The 
experiment was set up in the field following a split-split-plot design. Our results from the 16 S microbiome 
sequencing showed considerable variations of microbial composition between the cultivation types and inoculum, 
indicating a preferential association of microbes to peanut roots with various inoculum and cropping system. 
Alpha diversity indices (chao1, Shannon diversity, and Simpson index) of soil microbiome were generally higher in 
plots with organic than conventional inorganic practices. The cultivation type and inoculum explained significant 
differences among bacterial communities. Taxonomic classification revealed two phyla, TM6 and Firmicutes were 
significantly represented in inorganic as compared to organic soil, where significant phyla were Armatimonadetes, 
Gemmatimonadetes, Nitrospirae, Proteobacteria, Verrucomicrobia, and WS3. Yields in the organic cultivation system 
decreased by 10–93% of the yields in the inorganic cultivation system. Cultivar G06 and T511 consistently showed 
relative high yields in both organic and inorganic trials. Our results show significant two-way interactions between 
cultivation type and genotype for most of the trait data collected. Therefore, it is critical for farmers to choose 
varieties based on their cultivation practices. Our results showed that bacterial structure was more uniform in 
organic fields and microbial diversity in legumes was reduced in inorganic fields. This research provided guides for 
farmers and scientists to improve peanut yield while promoting microbial diversity and increasing sustainability.
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Introduction
Nitrogen is an important nutrient required for plant pro-
duction, but it is often the most limiting plant nutrient 
in agricultural systems [1]. Applying large-scale agricul-
ture supplements that supply nitrogen, including nitrates, 
urea, and ammonium formulation, is not a sustainable 
practice [2]. Therefore, environment friendly alterna-
tives like organic farming and biological nitrogen fixation 
(BNF) are getting increasing attention of scientists and 
farmers [1]. Legume-rhizobia symbiosis can alleviate 
the need of manufactured nitrogen for farming systems 
by providing biologically fixed nitrogen to supply plant 
nutrients and is fundamental to sustainable agriculture 
[3]. Meanwhile, organic crop growers, who use compost, 
manure, organic fertilizers, and cover crops for fertiliza-
tion [4], help to build and improve soil fertility in terms 
of physical, chemical, biological, and microbiological 
diversity [5]. Compared to conventional farming meth-
ods, organic farming results in higher soil organic matter, 
microorganism abundance, species richness, and have 
lower soil erosion, nitrogen loss, and pesticide leaching 
[6]. However, organic nutrients alone are not enough to 
increase crop yields to meet global food demand [7] and 
they perform particularly poorly for vegetables and some 
cereal crops like wheat [8]. Legumes and perennials show 
better performance in organic systems because they are 
more efficient in using nitrogen [8]. The production gap 
between organic and conventional agriculture increases 
in the absence of synthetic nitrogen fertilizers [9]. In 
addition, organic agriculture also has a significantly lower 
temporal stability (-15%) compared to conventional agri-
culture [10]. Nevertheless, organic farming enhances 
soil microbial activity [11], which in return increases 
productivity of biological nitrogen fixation and can help 
decrease abundance of harmful pathogens and increase 
abundance of beneficial bacteria [12, 13]. An increased 
microbial community sustains and improves soil quality, 
health, and productivity, further promoting sustainable 
agriculture.

As legumes, peanuts can supply their own nitrogen 
by symbiotic association with root nodulating bacte-
ria called Bradyrhizobia. However, this symbiosis sup-
plies only 55% of nitrogen needed for peanut’s optimal 
growth [14]. Due to this, conventional peanuts are often 
supplemented with chemical fertilizers as an additional 
source of nitrogen. In addition to nitrogen, various fac-
tors can significantly impact peanut yield, including cul-
tivar, agronomic practice, nutrient availability, and soil 
quality [15]. Therefore, a comprehensive evaluation of 
these major factors on peanut yield with focus on sus-
tainable agriculture is necessary to get a clear picture 
of how these factors influence crop yield and the eco-
system. The availability of nutrients to legume crops, 
including peanuts, is influenced by the plant, rhizobia 

inoculant and other microbiomes, environmental con-
ditions, and their interactions [16, 17]. Much of these 
interactions occur in the rhizosphere, which is inhabited 
by diverse population of microbes [18]. The activities of 
these microbes significantly influences crop health, nutri-
tion, soil structure, fertility, and yield [19]. The compo-
sition of these microbes is driven by the host genotype 
producing unique root exudates in rhizosphere and agri-
cultural practices such as fertilization, tillage, and type 
of cropping system [20, 21]. Long term organic system is 
associated with improved soil structure and function and 
increased microbial diversity and population [5, 22].

There is a dearth of literature on the complex inter-
actions of cultivars, farming practice, and inoculum 
and how they impact peanut yield and the soil microbi-
ome. This limited knowledge restricts our ability to fully 
exploit peanut nitrogen-fixing capacity and sustainable 
farming practices to improve peanut yield. Filling this 
gap could increase our understanding of how the interac-
tion between peanut cultivars, rhizobium inoculum, and 
farming practices could be optimized to increase peanut 
yield and the sustainability of ecosystem. A relatively 
high nitrogen-fixation efficient strain of Bradyrhizo-
bium (strain Lb8) has been isolated from peanut nod-
ules, and its genome was sequenced and assembled [23]. 
This strain was used as one of the sources of inoculum in 
this study. The objective of this research is to determine 
the effects of organic vs. inorganic farming and different 
rhizobia inoculums on the yield and soil microbial com-
munity of five peanut cultivars. The findings from this 
project will help farmers using different practices to iden-
tify peanut varieties that produce superior yield while 
improving soil microbial diversity and to understand the 
effects of rhizobium inoculation on peanut yield under 
different farming conditions.

Results
Diversity of soil microbial community
Alpha diversity index
The microbial community’s Chao1 diversity was signifi-
cantly affected by interaction between genotype and cul-
tivation type (Supplementary Table 1A). In the inoculum 
control group, G06, G14N, and E5 in organic fields had 
significantly higher soil microbial diversity than those in 
inorganic fields (Fig. 1A). For LB8 inoculum, only geno-
type E5 in organic plots had significantly higher (p < 0.05) 
microbial chao1 diversity than that in inorganic plots. 
Three-way interactions between the cultivation practices, 
inoculum, and genotype significantly affected both Shan-
non’s diversity and Simpson index of soil microbiome 
(Supplementary Table 1B and Supplementary Table 1 C). 
Shannon diversity was significantly higher (p < 0.05) in 
organic fields compared to inorganic field for LB8 inocu-
lated and uninoculated genotype E5 (Fig.  1B). Similarly, 
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Shannon index was significantly higher (p < 0.05) in 
organic field for uninoculated genotypes, G06, G14N, 
and E5 (Fig. 1B). The Simpson index was also significantly 
higher (p < 0.05) in organic fields compared to inorganic 
fields for genotype E5 inoculated by Lb8 and unin-
oculated. Simpson index was also significantly higher 
(p < 0.05) in organic fields for uninoculated G06. Three-
way interactions significantly (p < 0.05) affected Pielou’s 
evenness of soil microbiome (Supplementary Table 1D). 
Pielou’s evenness was significantly greater in organic 
fields as compared to inorganic fields for Lb8 inoculated 
genotype E5. Similarly, Pielou’s evenness was significantly 
higher in organic fields (p < 0.05) of uninoculated G06, 
G14N and E5. Interestingly, for E4 and T511, the micro-
bial community’s Chao1 diversity, Shannon index, Simp-
son index, and Pielou’s evenness were the same regardless 
of whether organic or inorganic practices or inoculum 
sources were used. These results suggested that micro-
biome diversity of different peanut genotypes responded 
differently to farming system and inoculation. In com-
parison between the sister inbred lines,  non-nodulating 

(Nod-) E4 and nodulating (Nod+) E5 in responding to all 
the treatments, it showed that the diversity of microbial 
community in Nod + E5 plots was generally decreased 
in the inorganic plots, which, however, was not the case 
for Nod- E4. There were no big differences of microbial 
diversity between organic and inorganic plots for Nod- 
E4. This result suggested that inorganic practice could 
reduce microbial diversity of legume crops with nodula-
tion capacity, and the normal legume plant nodulation or 
symbiosis process may impact the soil microbial diversity.

Bacterial community structure
Beta diversity analysis based on Bray-Curtis distance 
matrix showed that the interaction between cultivation 
type and inoculum had a significant impact on bacterial 
community structure. Visualization of these distances 
using weighted uniFrac as distance showed that the first 
two principal components were able to explain 58% of 
the total variation of the bacterial community (Fig.  2). 
Samples of organic practice no matter the different inoc-
ulum source or cultivars were clustered together while 

Fig. 1 Alpha diversity indices (chao1, Simpson, and Shannon) and Pielou’s evenness for different genotypes in the organic and inorganic plots for dif-
ferent inoculums. Cultivation type (INO = inorganic, ORG = organic); Inoculum (COM = commercial, CTR = control, LB8 = LB8) are separated by fill color; 5 
genotypes are grouped separately. Bar above boxplots show significant differences between cultivation types (*p < 0.05; ** p < 0.01; **** p < 0.0001) and 
the bar color represents inoculum
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the sample of inorganic practice were scattered widely. 
The results suggested that the bacterial structure was 
more similar and uniform in organic fields and bacte-
rial structure varied in inorganic fields and influenced by 
inoculum source more than by cultivars (Fig. 2).

The linear discriminant analysis effect size (LefSe) was 
used to identify bacterial features represented between 
organic and inorganic cultivation practices. LefSe analy-
sis confirmed two features (TM6 and Firmicutes) (Fig. 3), 
showing statistically significant and biologically consis-
tent differences in inorganic soils as compared to organic 
soil. In the organic soil, six Operational Taxonomic Units 
(OTUs) were statistically significant including Armati-
monadetes, Gemmatimonadetes, Nitrospirae, Proteobac-
teria, Verrucomicrobia, and WS3. Similarly, at the family 
level, LefSe analysis confirmed 88 OTUs statistically sig-
nificant in organic cultivation (Supplementary Figure 
S1) including Rhizobium, Ralstonia, Burkholderia while 
OTUs including Acidopila, Lactobacillus, and Bacillus 
were significant in plots of inorganic cultivation practice.

Taxonomy barplots
The top 10 phyla that dominated soil bacterial commu-
nities were Proteobacteria, Firmicutes, Bacteroidetes, 
Actinobacteria, Acidobacteria, Cyanobacteria, Chloro-
flexi, Planctomycetes, Verrucomicrobia, and Gemma-
timonadetes (Fig.  4). At the genus level, the following 
genus dominated soil bacterial communities: Bacillus, 
Burkholderia, Rhizobium, Pantoea, Pseudomonas, Myco-
bacterium, Gemmata, Candidatus Solibacter, Acidopila, 
Rhodoplanes (Fig.  5). The relative abundance of pro-
teobacteria significantly increased while Firmicutes 
decreased in the organic fields (Fig.  4), and this was 
largely attributed to species from the genus Bacillus 
(Fig. 5). Interestingly, in the inorganic plots, the Nod+ E5 
had lower abundance of proteobacteria and higher abun-
dance of Firmicutes than its Nod- sister line E4. This dif-
ference was not distinct in the organic plots. This result 
suggested that inorganic practice could reduce the abun-
dance of proteobacteria and enhance the abundance of 
Firmicutes for nodulating legume crops, while organic 

Fig. 2 PCoA plot of bacterial community generated by using the weighted UniFrac as distance. Cultivation type is represented by fill (organic = filled, 
inorganic = unfilled). Inoculum is represented by shape (commercial = square, control = circle, triangle = LB8). Entry names are represented by different 
color of each shape (E4 = darkgreen, E5 = blue, Georgia06 = orange, Georgia14N = black, and TUFRunner511 = red)
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Fig. 4 Phylum composition of peanut rhizosphere

 

Fig. 3 Linear Discriminant Effect Size (LefSe) analysis of bacterial features showing Operational Taxonomic Units (OTU) abundance for different cultivation 
types at the phylum level. X-axis shows the linear discriminant analysis (LDA) effect size and y-axis shows different phylums
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practice could alleviate the different impacts on bacterial 
community abundance between Nod+ and Nod- plants.

Yield related parameters
Summary of yield parameters evaluated is provided in 
Table  1. The interaction between cultivation type and 
genotype had significant impacts on pod yield (Supple-
mentary Table S2A), shoot mass (Supplementary Table 
S2B), pod number (Supplementary Table S2C), nod-
ule number (Supplementary Table S2D), room mass 
(Supplementary Table S2E), and SPAD1 and SPAD2 
(Supplementary Table S2F, Supplementary Table S2G), 
but not SPAD3 (Supplementary Table S2H), while there 
was no significant impact of inoculum on all the above 
yield related traits. Since E4 is Nod- and is incapable of 
fixing atmospheric nitrogen into plant soluble nitrogen, 
it showed the lowest value for all the yield related traits 
mentioned above, even though organic and inorganic 
fertilizers were applied to the field (Figures S2). Particu-
larly, the E4 yield related traits were significantly lower 
in organic than in inorganic plots, while the yield related 
traits of its sister Nod+ line, E5 were all comparable 
between organic and inorganic plots. The results indi-
cated that nodulation or symbiosis capacity is an impor-
tant contributing feature for legume crop yield in organic 
field to compete that in inorganic field.

Pod yield In the organic plots, yield of G06 was signifi-
cantly higher (p < 0.05) than E4 and at par with rest of the 
four genotypes (Supplementary Fig.  2A). Similarly, on 
the inorganic plots, yield of G06 was significantly higher 
(p < 0.05) than G14N, E4, and E5 (Supplementary Fig. 1A) 

and was at par with T511. Yield was highest for G06 and 
lowest for E4 in both cultivation systems.

Shoot mass In the organic plots, E4 had significantly 
lower (p < 0.05) shoot mass compared to other genotypes 
that were at par with each other (Supplementary Fig. 2B). 
In the inorganic plots, G06 had significantly higher 
(p < 0.05) shoot mass compared to E4 and at par with rest 
of the genotypes for commercial inoculum.

Pod number Pod number in organic plot of E4 was sig-
nificantly lower (p < 0.05) than that of G06 and G14N, 
while it was at par with E5 and T511 (Supplementary 
Fig.  2C). In the inorganic plots, G06 had significantly 
higher (p < 0.05) pod number than that of E4, E5, and 
G14N and was at par with T511.

Nodule number In both organic and inorganic plots, E4 
produced no nodules. Among the other genotypes, G06 
had the highest nodule number at par with G14N and 
significantly higher than E5 and T511 (Supplementary 
Fig.  2D). In the inorganic plots, all four genotypes had 
similar number of nodules.

Root mass In the organic plots, root mass was signifi-
cantly lower (p < 0.05) in E4 compared to G06, G14N, and 
E5 and was at par with root mass for T511 (Supplemen-
tary Fig. 2E). In the inorganic plots, root mass for G06 was 
significantly higher (p < 0.05) than E4 and T511 while it 
was at par with G14N and E5.

SPAD In both organic and inorganic plots, E4 showed 
significantly lowest (p < 0.05) SPAD1, SPAD2, and SPAD3 
readings among all the genotypes (Supplementary Fig. 2F, 
2G, 2H). In organic plots, SPAD1 was significantly higher 
in G06 which was at par with G14N and T511. In the inor-
ganic plots, SPAD1 was significantly higher in G06 which 
was at par with G14N and E5. Similar trends were seen 
for SPAD2 and SPAD3 readings (Supplementary Fig. 2G, 
Supplementary Fig. 2H).

Correlation between microbiome composition and yield 
parameters
Significant positive correlations were seen between alpha 
diversity indices and yield parameters (Fig.  6). Interest-
ingly, significant negative correlations were found for 
shoot mass and root mass to Simpson’s index, Shannon 
index, and Pielou’s evenness. There was also a significant 
negative correlation between nodule number and Shan-
non index and Pielou’s evenness. However, when the data 
was independently analyzed for each cultivation type, we 
did not find any significant negative correlations in the 
inorganic plot (Supplementary Figure S3). Significant 
negative correlations in the organic plot existed between 

Fig. 5 Genus composition of peanut rhizosphere
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root mass and Simpson’s index and Pielou’s evenness 
(Supplementary Figure S4). Similarly, significant negative 
correlations were seen between shoot mass and Pielou’s 
evenness.

Discussion
Farmers use several farming systems for crop produc-
tion including conventional system, organic system, 
bio-organic system, bio-dynamic system, no-till, chisel-
till, etc. [24–26]. In this baseline study, we evaluated the 
impact of organic vs. inorganic cultivation practices in 
peanuts. These two practices are commonly used, well 
defined, and have standardized cultivation practices 
[27, 28]. Analysis of variance performed on alpha diver-
sity indices highlighted a significant effect of genotype, 
interaction between inoculum and cultivation type, and 
interaction among all three factors on microbial diver-
sity. Chao1 represents microbial richness, while Shannon 
index considers both richness and the relative abundance 

of different groups [29, 30]. Thus, the significantly lower 
Chao1 and Shannon index under inorganic cultivation 
system (Fig. 1) suggests that rare microbial species might 
have disappeared leading to a decrease in evenness of the 
microbiome composition. Increase in the application on 
N consistently showed a decreasing trend of bacterial 
biodiversity measured by Chao1 and Simpson’s index 
[31]. Therefore, an increase in N deposition in the future 
might worsen the decline of bacterial diversity. A more 
diverse bacterial evenness (Simpson’s index) was found 
in organically managed soils relative to non-organic pas-
tures [32]. Increased diversity of microbial communities 
in organic soils transforms carbon from organic debris 
into biomass at lower energy costs and is more efficient 
in resource utilization [33].

Pielou’s evenness was lower in inorganic plots than that 
in organic plots showing that inorganic practice had the 
presence of a dominant species in these samples. Bac-
terial evenness was found higher in organic pastures 

Table 1 Summary of yield related parameters in organic and inorganic plots treated with three inoculums (COM = Commercial, 
CTR = Control, and LB8) for five genotypes (G14N = Georgia14N, G_06 = Georgia06, P_E4 = E4, P_E5 = E5, T511 = TUFRunner 511)
Cultivation Inoculum Genotype Yield (Kg/ha) Shoot 

Mass (gm)
Pod 
Number

Root Mass 
(gm)

Nodule 
Number

SPAD1 SPAD2 SPAD3

Organic COM G14N 2600 ± 155 52.1 ± 11 39.9 ± 1 2.56 ± 0.29 192 ± 42 41.3 ± 1.76 44.7 ± 1.2 33.2 ± 2.17

G_06 3910 ± 527 64.6 ± 6.92 50.8 ± 6.85 3.67 ± 0.193 272 ± 50.4 43.3 ± 0.333 48.7 ± 1.45 41.4 ± 2.33

P_E4 104 ± 28 6.3 ± 0.577 3.1 ± 0.9 1.44 ± 0.294 0 ± 0 19 ± 2 17.3 ± 0.667 14.2 ± 2.91

P_E5 1990 ± 718 70.6 ± 9.84 20.2 ± 5.82 3.78 ± 0.485 228 ± 3.49 39 ± 1.15 41.7 ± 1.45 31.3 ± 3.48

T511 3720 ± 295 48.1 ± 7.43 45.9 ± 4.03 2.11 ± 0.11 195 ± 15.5 40.7 ± 0.333 44.7 ± 1.86 30.1 ± 3.31

CTR G14N 3680 ± 811 56.9 ± 7.79 55.9 ± 8.74 3.11 ± 0.402 187 ± 18.6 41 ± 1 49 ± 1.15 31.8 ± 2.62

G_06 4990 ± 597 59.3 ± 3.9 59 ± 6.96 2.89 ± 0.402 216 ± 43.7 45.3 ± 2.73 56.3 ± 0.882 40.9 ± 0.606

P_E4 104 ± 8 6.33 ± 0.689 2.63 ± 0.333 1.55 ± 0.223 0 ± 0 19.3 ± 1.45 15.7 ± 1.33 13.2 ± 0.769

P_E5 2130 ± 575 83.2 ± 10.6 24.8 ± 5.73 3 ± 0.577 263 ± 53 39.7 ± 1.45 45 ± 1.53 30.3 ± 4.78

T511 2770 ± 298 31.4 ± 3.1 30.2 ± 2.26 2.22 ± 0.223 139 ± 8.94 41.7 ± 0.667 46.3 ± 1.45 28.8 ± 2.64

LB8 G14N 4510 ± 715 76.3 ± 9.87 71.3 ± 11.9 3.89 ± 0.402 254 ± 46.6 43.7 ± 1.2 51.3 ± 1.86 31.9 ± 1.28

G_06 3210 ± 561 50.7 ± 15.1 36.1 ± 6.76 3.56 ± 0.588 181 ± 64.7 46 ± 1 51.3 ± 1.76 39.8 ± 1.13

P_E4 168 ± 23 6 ± 0.681 4.43 ± 0.133 1.11 ± 0.22 0 ± 0 17.3 ± 0.882 18 ± 1.15 12.3 ± 2.8

P_E5 2770 ± 583 76.7 ± 14.4 31.9 ± 7.05 3.44 ± 0.728 205 ± 52.2 40 ± 0.577 42.7 ± 1.33 32.6 ± 2.35

T511 1860 ± 269 25.2 ± 2.69 21.2 ± 2.11 2 ± 0.51 157 ± 53.5 40.7 ± 1.2 44.7 ± 0.667 28 ± 3.13

Inorganic COM G14N 4360 ± 1200 85.6 ± 7.43 64 ± 10.9 4.44 ± 0.113 347 ± 59.9 39.3 ± 2.73 48.7 ± 2.03 36.6 ± 0.524

G_06 10,600 ± 3200 141 ± 19 133 ± 33 5.55 ± 0.223 392 ± 24.8 42.7 ± 0.667 48.7 ± 1.45 38 ± 0.854

P_E4 1050 ± 566 58.9 ± 22.4 24.5 ± 10.5 2.89 ± 0.78 0 ± 0 31 ± 3.06 26.3 ± 1.2 18.5 ± 2.37

P_E5 2960 ± 650 67.8 ± 16.8 34.9 ± 5.95 3.56 ± 0.483 271 ± 45.5 44.7 ± 1.2 46 ± 0.577 36.6 ± 2.25

T511 7710 ± 1770 67.8 ± 18.1 81.5 ± 21 2.89 ± 0.485 251 ± 58.2 38.7 ± 1.45 46.3 ± 1.67 31.5 ± 1.46

CTR G14N 5720 ± 937 83.8 ± 14 78.2 ± 6.31 3.78 ± 0.619 279 ± 45.3 43 ± 1.15 48 ± 1 37 ± 0.353

G_06 9820 ± 1560 90.9 ± 7.45 113 ± 13.2 3.33 ± 0.193 364 ± 62.4 46 ± 1 50 ± 2 39.6 ± 2.57

P_E4 662 ± 375 33.6 ± 14.4 18.1 ± 9.62 2.33 ± 0.577 0 ± 0 28.3 ± 3.71 24.7 ± 1.2 18.2 ± 1.42

P_E5 1830 ± 227 55 ± 13.4 22.7 ± 1.66 3.11 ± 0.802 264 ± 15.3 44 ± 0.577 46 ± 0.577 29.6 ± 2.91

T511 7260 ± 3380 55.6 ± 22.9 75.3 ± 34.1 2.22 ± 0.779 244 ± 72.9 41.7 ± 0.333 43.7 ± 2.6 29.4 ± 2.15

LB8 G14N 5150 ± 872 79.2 ± 7.45 71.9 ± 10.4 4.11 ± 0.588 284 ± 34.3 41.7 ± 1.45 48.7 ± 0.882 32.9 ± 1.72

G_06 6110 ± 1100 92.1 ± 8.19 80.1 ± 13.8 4.78 ± 0.485 352 ± 19 44.3 ± 0.667 50.3 ± 2.03 37.1 ± 1.32

P_E4 1110 ± 235 40.4 ± 5.44 26.5 ± 6.02 2.89 ± 0.22 0 ± 0 27.7 ± 1.2 26.7 ± 1.76 16.4 ± 2.95

P_E5 2980 ± 394 94.9 ± 9.36 36.7 ± 3.47 4.22 ± 0.675 261 ± 34.3 42.7 ± 0.333 46.3 ± 0.667 32.9 ± 1.33

T511 6110 ± 364 67.9 ± 15 78.5 ± 6.95 2.78 ± 0.294 279 ± 38.4 40 ± 1.15 47 ± 2.08 30.3 ± 3.08
Values are means ± SEM, n = 3 per treatment group
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compared to non-organic pastures [32]. Organic man-
agement might support higher microbiome assemblage 
[34] and the higher microbial diversity we found in our 
study is consistent with other studies [33, 35]. Com-
pared to conventional systems, organic systems showed 
higher biological activity while soil physical and chemical 
parameters were similar [33]. Restricted use of chemical 
fertilizers and pesticides in organic fields and application 
of organic fertilizers might be major factors contributing 
to higher diversity of microbial communities [36–39].

In the current study, copiotrophic bacteria, such as 
Proteobacteria, Firmicutes, Gemmatimonadetes, and 
Bacteroidetes were abundantly present in the soil. These 
bacteria are found in environments rich in nutrients, 
particularly carbon [40, 41]. While differences between 
organic and inorganic practices were seen in the com-
position of bacteria, it should be noted that the most 
dominant bacteria were largely the same in both cul-
tivation types with some differences in their relative 
abundance. This result also suggested that inorganic 
practice could reduce the abundance of proteobacteria 
and enhance the abundance of Firmicutes for nodulat-
ing legume crops, while organic practice could alleviate 
the different impacts on bacterial community abundance 
between Nod+ and Nod- plants. These results are simi-
lar to other microbiome studies [32, 42]. Bacterial diver-
sity of Nod+ E5 on organic plots was significantly higher 
than that in inorganic plots for control treatment indi-
cating that E5 is very responsive towards cultivation 
practice. The yield of E5 and G14N sustained well in the 
organic field which suggests that these genotypes could 

be utilized in organic peanut cultivation with less yield 
penalty. On the other hand, yield of G06 and T511 were 
dramatically reduced in organic plots compared to inor-
ganic plots. These genotypes performed excellently in 
the presence of chemical fertilizers showing that these 
genotypes are more suitable for conventional instead of 
organic farming.

Significant interactions were found between cultivation 
type, inoculum, and genotypes for several yield related 
traits. A similar trend was seen for most of the yield 
parameters with highest yield in G06 for both cultiva-
tion types. Yields in the organic cultivation system were 
10–93% of the yields in the inorganic cultivation sys-
tem. E4 performed worst in organic practice with yields 
ranging from 10 to 16% of conventional practice while 
E5 performed best in organic practice with yields rang-
ing from 67 to 117% of conventional system. Reduction 
of yields by 60–70% in organic management as compared 
to conventional management has been found in cereals 
[43]. Presence of nodules in E5 helped to maintain their 
yields in organic practice at 67–117% of conventional 
practice compared to Nod- E4 where the yields were only 
10–16% of conventional practice. The presence of weeds 
in organic fields also decreases the amount of nutrients 
available for the plants. Interestingly, it has been shown 
that the yields in organic grasslands were 70–100% of 
conventional management [33]. Nutrients in organic cul-
tivation are less dissolved in the soil solution and yields 
in organic systems can be further improved by appropri-
ate plant breeding. Higher levels of fertilization showed 
that nodule formation and symbiotic N fixation could 
be reduced by mineral N, while small starter doses of 
applied N stimulated nodule formation [44]. Meanwhile, 
the addition of fertilizer treatments increased peanut 
yield and biomass compared to no fertilization, showing 
the importance of fertilizer application in peanuts [45].

Significant negative correlations for shoot mass, root 
mass, and nodule number with some alpha diversity 
metrices in the combined analysis were observed, which 
was particularly present in the organic plots. These nega-
tive correlations could be due to a decrease in root mass 
and shoot mass of peanut in organic fields though micro-
bial diversity increased. However, in the inorganic plots, 
increased root and shoot mass of the peanuts might 
be due to chemical supplementation of fertilizers that 
release readily available nutrients to the plants. Studies in 
other crops have shown that the application of chemical 
fertilizers contributed heavily towards increasing yield 
and quality of crops [46, 47].

While several commercial inoculums are available for 
farmers to plant in the field, we did not find significant 
changes in the bacterial composition between organic 
and inorganic plots while using commercial inoculum. 
Moreover, application of LB8 inoculum on E5 increased 

Fig. 6 Coefficient of correlation between alpha diversity metrices and 
yield parameters. Only significant correlations are shown in the figure. 
Positive correlations are shown in blue color gradient and negative cor-
relations are shown in red color gradient
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the diversity and evenness of bacterial composition. This 
might be due to preferential affinity of E5 to the LB8 
inoculum. Application of this type of microbial inoculant 
is ideal for a holistic approach to solve agro-environmen-
tal problems, as the inoculants support plant growth, 
nutrient availability and uptake, and support the health 
of plants [47].

The composition of the plant and soil microbiome is 
subject to changes on a seasonal basis, and more exhaus-
tive research needs to be done to study the biochemical 
changes that might occur due to the addition of inoculum 
to soil. Microbial biomass residues are significant sources 
of soil organic matter, and their decrease in diversity and 
biomass may influence the pool size and the chemical 
composition of soil carbon [48]. Since microbial com-
munities have a central role in ecosystem processes, their 
decline would impact ecosystem processes and func-
tions [49]. Future studies where a combination of chemi-
cal fertilizer and organic fertilizer are applied with novel 
inoculums could help to find optimum balance between 
inoculum and external fertilizer application that will 
increase yield while improving the soil, ultimately con-
tributing to sustainability.

Materials and methods
Plant materials
Five peanut accessions were selected for this experiment 
including three commercial cultivars: Georgia 06G (G06), 
Georgia 14 N (G14N), and TUFRunner-511 (T511), and 

two breeding lines, E4 and E5. G06 [50] was selected as 
this is the most common cultivar of peanut grown in the 
Southeastern United States and has medium maturity. 
This cultivar has good yield potential in a wide range of 
conditions and has a high level of tomato spotted wilt 
virus (TSWV) resistance [51]. G14N is a runner type pea-
nut and high-oleic,  TSWV resistant, and root-knot nem-
atode (RKN) [Meloidogyne arenaria (Neal) Chitwood 
race 1]–resistant [52] and has medium plus maturity. 
T511 is a cultivar developed by the University of Florida 
North Florida Research and Education Center (NFREC) 
and has medium maturity. This cultivar has high oleic oil 
chemistry, with 76% oleic fatty acid [53]. The cultivars 
included in this study represented more than 90% of the 
peanut grown in the Southeastern United States. E4 and 
E5 are two sister recombinant inbred lines derived from a 
cross between PI262090 and UF487A, where E4 is a non-
nodulating (Nod-) line and E5 is nodulating (Nod+) line 
[54].

Experimental design
The field experiment was conducted at the University 
of Florida Institute of Food and Agricultural Sciences 
(UF/IFAS), Plant Science Research and Education Unit 
(PSREU) in Citra, Florida at latitude 29.408780 and lon-
gitude -82.144976. The field plot design followed a split-
split-plot design with three replications. The farming 
practice (organic vs. inorganic) was the whole plot. Rhi-
zobia inoculation [commercial inoculum, single-strain 
inoculum (Lb8), control  (blank) inoculum] was the sub-
plot. Peanut cultivar (five peanut cultivars) was the sub-
sub plot. Each experimental unit was a four-row plot of 
4.572 m length x 3.6576 m width containing 30 seeds per 
row. Peanut field planting, field maintenance, and har-
vesting were conducted according to the UF/IFAS rec-
ommendations for peanut growing in this region. Both 
organic and inorganic fields were next to each other, but 
were separated by a traffic road, and were planted on May 
2nd of 2019.

Soil analysis prior to planting
Pre-planting soil samples were collected randomly from 
three points each in the organic and inorganic plots. Soil 
samples were submitted to Extension Soil Testing Labo-
ratory (ESTL) at the University of Florida for processing 
and analysis. Phosphorus and NH4N were significantly 
higher in inorganic plots as compared to the organic 
plots (Table  2). Therefore, organic fertilizer 10-2-8 at 
1120.85 kg/ha was applied prior to planting in the organic 
plots. There were no significant differences between the 
other elements.

Table 2 Comparison of inorganic and organic cultivation 
practices and soil analysis of the inorganic and organic plots prior 
to planting
Factor Inorganic Organic
Fertilizer use Inorganic 

fertilizer
Organic cer-
tified fertilizer

Soil amendments Gypsum Organic certi-
fied gypsum

Insecticide use Insecticide OMRI listed 
insecticide

Herbicide use Pre-emergent 
herbicide, 
herbicide during 
cultivation (two 
times)

Hand-weed-
ing (three 
times)

Fungicide use Fungicide OMRI listed 
fungicide

Soil Components
P 146.93a 119.82b

K 16.87 13.38

NH4N 0.76a 0.53b

NO3N 1.07 0.88

TKN 261.21 232.6

pH 6.61 6.64
Different letters for soil components indicate significant differences between 
groups (p < 0.05, n = 3)
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Organic cultivation practice
For the organic field, Sulfate of Potash at 56.04  kg/ha 
were applied at planting. Organic certified gypsum at 
2241.70 kg/ha was applied on June 25. Organic certified 
fertilizer 10-2-8 at 560.42  kg/ha was applied on July 22. 
Organic Materials Review Institute (OMRI) listed insec-
ticide (Dipel at 1.12  kg/ha) was applied on August 8. 
Fungicide Double Nickel at 3.36 kg/ha, Serenade at 7 kg/
ha, Serenade at 7 kg/ha, basic copper at 1.68 kg/ha, and 
Serenade at 7 kg/ha were applied on June 7, June 19, July 
8, August 6, and August 28, respectively. Hand weeding 
was done on July 19, August 26, and September 23. The 
plants were harvested by digging pods from the ground 
with a digger-shaker-inverter on October 10 (160 days 
after planting) and left to partially dry in the field for 
three days. Then, a peanut picker was used to remove the 
pods from the plant stalk and the pods were dried to 10% 
moisture level.

Inorganic cultivation practice
For the inorganic field, preplant fertilizer (5-10-15) at 
784.59  kg/ha, fungicide (Abound) at 24oz 1.68  kg/ha in 
furrow, and insecticide (Imidacloprid) at 0.7 kg/ha in fur-
row were applied during planting. Pre-emergent herbi-
cides Prowl H20 at 2.33 kg/ha and Strongarm at 0.031 kg/
ha were applied on May 3. Dual Magnum herbicide at 
1.68  kg/ha was applied on May 13. Fungicide (Bravo at 
1.12 kg/ha, Tebustar at 0.5 kg/ha) and insecticide (Dim-
lin at 0.56  kg/ha) were applied on June 7. Gypsum at 
224.17 kg/ha was applied on June 11 followed by herbi-
cide (Cadre at 0.28 kg/ha) on June 12. Fungicide (Bravo 
at 1.61 kg/ha and Tebustar at 0.5 kg/ha) and insecticide 
(Dimlin at 0.56 kg/ha) were applied on June 19. Fungicide 
(Elatus at 0.5 kg/ha and Miravis 0.23 kg/ha) were applied 
on July 8. Fertilizer 10-10-10 at 560  kg/ha was applied 
on July 22. Fungicide (Elatus 0.511  kg/ha and Miravis 
0.23 kg/ha) were applied on August 6 and (Bravo 1.68 kg/
ha and Topsin 0.7 kg/ha) were applied on August 28. The 
plants were dug on October 10 and followed the same 
protocol as described above.

Inoculum
Commercial inoculum (Dyna Start Max) was applied 
in liquid at the time of planting at the rate of 30 ml per 
304.8 m or row according to the manufacturer’s recom-
mendations which was equivalent to 1.04 × 1011 viable 
cells for the entire experiment. The same amount of Lb8 
inoculum [23] was prepared and applied in the experi-
ment. For the control, water with no inoculum was used.

Phenotyping
Plant photosynthetic rate was recorded by SPAD chloro-
phyll meter readings (SCMR) at 30 (SPAD1), 60 (SPAD2), 
and 90 (SPAD3) days after planting to monitor peanut 

leaf chlorophyll content. Three plants from each plot 
were randomly sampled, and the second fully expanded 
leaves from the top of the main stems were tested at 
09:00–10:00 am at 3 points. After peanut harvest-
ing, total pod yield per plant was measured. Individual 
nodules were counted for the sample plants. Roots and 
shoots were separated and measured.

Soil sampling
Prior to harvest, the peanut roots were removed from the 
soil with a shovel and then gently shaken to remove the 
soil that was not tightly attached to the roots. The roots 
of two plants with tightly attached soil were pooled as 
one replicate. The rhizosphere soil of sampled roots were 
collected by placing the specimen in a clean and sterile 
50-ml conical tube containing 25 mL of sterile phosphate 
buffered saline (PBS) solution and vortexing for 15 s [55]. 
The rhizosphere soil was washed off from the roots and 
then was poured into a 50-ml Falcon tube, centrifuged 
and stored at 4  °C for DNA extraction on the same day. 
This rhizosphere soil sample was also termed as rhizo-
sphere compartment [56, 57].

DNA extraction and sequencing library preparation
Total genomic DNA was extracted from the rhizo-
sphere soil samples using the DNeasy PowerSoil Pro 
Kit (QIAGEN) according to the manufacturer’s proto-
col. Quality and quantity of DNA was checked and sent 
for normalization, library preparation, and sequenc-
ing at CD Genomics, New York, USA. The V4 region of 
the 16  S rRNA gene was amplified following the Earth 
Microbiome Project protocol [55]. Sequencing was done 
using Illumina NovaSeq pair-end 250 bp. Raw sequence 
data was submitted to the SRA database (BioProject: 
PRJNA904277).

16 S rRNA gene amplification sequence analyses
Reads from 16 S-V4 region were analyzed using Qiime2/
v2020.8 [58]. Raw reads were trimmed and dereplicated 
using DADA2 as implemented in Qiime2 with paired-end 
setting (including quality control, trimming, pair-joining, 
and chimera removals). The clean reads were imported 
into Qiime2 artifacts for data analysis. The 16 S-V4 rep-
resentative amplicon sequence variants (ASVs) were 
assigned to the Greengenes database using naϊve Bayes 
classifier in Qiime2 to produce taxonomy tables.

Statistical analysis and microbiome characterization
Alpha diversity indexes were calculated for observed 
sequences, richness, and evenness. Beta diversity analysis 
included principal coordinate analysis (PCoA) on Bray-
Curtis and weighted UniFrac distance. The feature table 
was rarefied to a sampling depth of 56,000. This sampling 
depth was selected as it was approaching the maximum 
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depth which retained all samples for our analysis. Alpha 
diversity metrices were calculated on rarefied OTU tables 
for comparison groups based on cultivation type, inocu-
lum, and genotype. The α metrics included Chao1, Shan-
non’s index, Simpson’s index and Pielou’s evenness within 
each comparison group. Statistically significant differ-
ences at adjusted p-value < 0.05 were determined using 
analysis of variance with alpha diversity as the response 
variable on the y-axis, and cultivation type, inoculum, 
and genotype as crossed predictor variables on the 
x-axis. Phenotypic data was analyzed using agricolae [59] 
package in R [60] using split-split plot model. Most of the 
phenotypes showed significant interaction effects and the 
data was separately analyzed for organic and inorganic 
plots. Correlation analysis was done using corrplot [61] 
package in R [60].
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