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A B S T R A C T   

Soil health and root-associated microbiome are interconnected factors involved in plant health. The use of 
manure amendment on agricultural fields exerts a direct benefit on soil nutrient content and water retention, 
among others. However, little is known about the impact of manure amendment on the root-associated micro
biome, particularly in woody species. In this study, we aimed to evaluate the effects of ovine manure on the 
microbial communities of the olive rhizosphere and root endosphere. Two adjacent orchards subjected to con
ventional (CM) and organic (OM) management were selected. We used metabarcoding sequencing to assess the 
bacterial and fungal communities. Our results point out a clear effect of manure amendment on the microbial 
community. Fungal richness and diversity were increased in the rhizosphere. The fungal biomass in the rhizo
sphere was more than doubled, ranging from 1.72 × 106 

± 1.62 × 105 (CM) to 4.54 × 106 
± 8.07 × 105 (OM) 

copies of the 18 S rRNA gene g-1 soil. Soil nutrient content was also enhanced in the OM orchard. Specifically, 
oxidable organic matter, total nitrogen, nitrate, phosphorous, potassium and sulfate concentrations were 
significantly increased in the OM orchard. Moreover, we predicted a higher abundance of bacteria in OM with 
metabolic functions involved in pollutant degradation and defence against pathogens. Lastly, microbial co- 
occurrence network showed more positive interactions, complexity and shorter geodesic distance in the OM 
orchard. According to our results, manure amendment on olive orchards represents a promising tool for posi
tively modulating the microbial community in direct contact with the plant.   

1. Introduction 

The cultivation of the olive tree (Olea europaea L. subsp. europaea var. 
europaea) has for millennia been a key element in the nutrition, economy 
and culture of many regions, particularly in countries located in the 
Mediterranean Basin [1]. Spain is the largest producer and exporter of 
olive oil, accounting for 36% of the worldwide production [2]. Olive oil 
is one of the main components of the Mediterranean diet, which has 
been declared as Intangible Cultural Heritage of Humanity (www. 
unesco.org). Moreover, consumption of olive oil is experiencing an 
outstanding expansion and increasing attention due to the known ben
efits for human’s health. For instance, it has been widely proved that the 
regular intake of extra virgin olive oil promotes a better lipid profile, 
successfully reducing thrombosis risk [3]. From an agronomic perspec
tive, olive cultivation is less demanding in irrigation and nutrient levels 
than other trees, and its implementation in agroforestry can provide 

many ecosystem services (López-Escudero and Mercado-Blanco, 2011). 
All of this has led to an expansion of olive tree outside traditional 
cultivation areas, in areas of South Africa, China, Japan and Australia 
[1]. 

In the last decades, olive cultivation systems have faced important 
changes in order to increase yield and production, leading to the 
implementation of higher-density orchards [4]. Overall, most of the 
olive plantations are conventionally managed, involving the use of 
pesticides, herbicides and excessive tillage and clearing [5]. These 
agronomic practices have a broad impact on the environment, not only 
in terms of carbon released but also in terms of biodiversity [6]. They 
also affect the compaction and nutrient and water contents of the soil, 
factors that, among others, exert a direct effect on soil microbial com
munities as well as on those ones directly associated with trees [7–11]. 
In this sense, it is well-known that the interactions with microorganisms 
are essential for tree health, including those occurring in the rhizosphere 
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and the root endosphere [7,12,13]. In fact, there is wide evidence of the 
role of root-associated microbiota in growth promotion, nutrient 
acquisition and protection against pathogens [7,13–15]. 

Organic management of olive orchards is being increasingly imple
mented as a way to tackle the above-mentioned issues. For example, 
manure amendment constitutes a very complete source of nutrients, 
including nitrogen, phosphorous, potassium, micronutrients and 
organic matter [16]. Apart from being a rich nutritional supply, manure 
amendment promotes organic matter retention in the soil, thus 
enhancing water-holding capacity, porosity or aggregation, among 
others [17,18]. This turns into a range of beneficial indirect effects such 
as preventing soil erosion, a matter of utmost importance in the Medi
terranean region due to its intermittent heavy rainfall events and risk of 
desertification [19]. Some of these effects are exerted through modifi
cation of the soil microbiota. For instance, it has been shown that soil 
structure is enhanced by organic amendments through an increase in 
fungal abundance [20]. In addition, organic amendments can reduce the 
severity, incidence and even completely supress soilborne pathogens, 
being a source of microbial antagonists effective against phytopathogens 
[21]. In relation with this, it has also been shown that organic amend
ment application can increase the activity of soil microorganisms [22]. 
In summary, organic management in general, and manure inputs in 
particular, can generate important benefits to agricultural fields through 
a variety of interconnected mechanisms. 

As mentioned above, nutrient levels directly affect microbial com
munities in soil. Therefore, manure amendment is known to modify soil 
as well as root microbiota. This has been widely studied for herbaceous 
plants but scarcely for woody species [23–28]. Although several studies 
on the effect of manure amendment on olive tree yield are available[5, 
29–32], little is known about its influence on the olive root microbiome. 
Most of the studies conducted were based on culture-dependent analysis 
[33–35], focused on a specific group of bacteria [36,37] or on other 
plant compartments, such as the xylem [38,39]. 

Understanding to what extent the root microbial community of olive 
trees are shaped by manure inputs may contribute to a more complete 
picture of the impacts of organic management in such an important long- 
living, woody crop. Therefore, the aim of this study was to determine the 
effect of agricultural management (specifically, organic management vs. 
conventional management) on the root microbiome of olive trees. To 
achieve this target, the following objectives were pursued: assessment of 
the impact of sheep manure amendment in (i) shaping the belowground 
microbial (bacteria and fungi) community, (ii) altering the potential 
functions of the root bacterial community, and (iii) affecting microbial 
biomass in the olive trees rhizosphere, under field conditions. We test 
the hypothesis that sheep manure amendment has a positive impact on 
the belowground microbial communities associated with olive trees at 
different levels, such as diversity, metabolic functions, microbial 
biomass and co-occurrence network interactions. 

2. Material and methods 

2.1. Sample collection 

Two adjacent olive orchards with different soil management (i.e., 
organic management [OM] and conventional management [CM)]) were 
surveyed. The CM orchard was subjected to traditional agronomic 
practices implemented in the region, including herbicide and pesticide 
treatments and mechanical plow. Specifically, herbicides were applied 
twice a year, on autumn and spring. The herbicides used were GLIF
OVER (Nutesca, Jaén, Spain), Tragli Gold (BRANDT EUROPE, S.L., 
Sevilla, Spain), MINSK (KENOGARD, Barcelona, Spain) and PROTIBEL 
(PROBELTE, S.A.U, Murcia, Spain). Insecticides and fungicides (copper 
oxychloride, 25%) were used once a year. The specific products used as 
insecticides were RITMUS (PROBELTE, S.A.U, Murcia, Spain) and 
DAFENE PROGRESS (Bayer CropScience, S.L, Valencia, Spain). Chemi
cal fertilization was applied to both leaves (AMISAN 80%, AMISAN 

REVITALIZADOR, ESTESAN 18–13–27 and ESTESAN 3.5–0–42–1MgO, 
all provided by Nutesca, S.L, Jaén, Spain) and soil (ammonium sulfate, 
3.5 kg per olive tree and per year). In this orchard, the last application of 
herbicides was done 6 months before sampling. In contrast, the OM 
orchard did not receive any herbicide treatment. Sheep manure 
amendments (350 kg per hectare) were applied to the soil every two 
years for at least 7 years. Moreover, potassium chloride and Flecotec 4 
SMART (ICL Specialty Fertilizers Iberia, Murcia, Spain), a certified 
ecological fertilizer that provides potassium, calcium, magnesium and 
sulfur, were applied to the soil as input of inorganic nutrients. Regarding 
irrigation, both olive orchards only received the natural rain regime. The 
sampling was carried out in the autumn of 2020 in the municipality of 
Lupión, Jaén province, Southern Spain (37̊ 59’ 56,2’’ N; 03̊ 35’ 16,3’’ W; 
325 m above sea level). The owners were fully informed of our activities 
in advance and permission was granted. No further permissions were 
needed as no collection of genetic resources was intended. An image 
from the sampled fields can be seen in the supplementary figure 1 
(Additional file 1: Fig. S1). 

For each orchard, 8 trees of cultivar Picual were considered for 
analysis. From each tree, rhizosphere and endosphere samples were 
obtained. To assure representativeness, samples for each tree were 
collected from four different points (in two opposite zones, N = North 
side and S=South side). After removing the upper soil layer (less than 5 
cm), the main roots of each plant were followed until finding young, 
cork-free roots at around 5–20 cm depth. For rhizosphere samples, soil 
firmly adhered to active roots was collected. Both soil and root samples 
were stored at 4 ◦C and processed in the next 48 h [40]. Root samples 
were washed and surfaced sterilized as previously described by 
Fernández-González et al. [41]. Once processed, samples were frozen in 
liquid nitrogen and stored at − 80 ◦C. Aliquots of the last sterile rinse 
water were plated onto NA (Nutrient Agar) and LBA (Luria Bertani Agar) 
plates and incubated at 28 ◦C for 7 days to confirm the performance of 
the disinfection protocol. Additionally, three bulk soil samples of each 
orchard were obtained. In order to produce more representative samples 
of the bulk soil, samples were obtained on every tree from four different 
digs. After that, these samples were mixed and three bulk soil samples 
were obtained. These samples were analysed at the L.A.B Innovación 
Analítica (A Tentamus Company, Almería, Spain) to determine soil 
physicochemical properties and the presence of pesticides and biocides 
with a total of 516 compounds using standardized procedures imple
mented in this commercial service. The list of compounds is shown in the 
supplementary table 1 (Additional file 2: Table S1). 

2.2. DNA extraction and quantitative PCR (qPCR) 

For each replicate (tree), samples from the four digs were equally 
mixed. From this mixture, soil DNA was obtained using the Power Soil 
DNA Isolation kit (MoBio, Laboratories Inc., CA) following the manu
facturer’s recommendations. Roots were ground in liquid nitrogen and 
100 mg of this tissue was used for each replicate to extract DNA, using 
the Maxwell RSC (Rapid Sample Concentrator) with the ‘PureFood GMO 
and Authentication’ Kit (Promega Biotech Ibérica S.L, Madrid, Spain) 
according to the manufacturer’s instructions. For both compartments 
(rhizosphere and root endosphere), DNA yield and quality were checked 
both by electrophoresis in 0.8% (w/v) agarose gels stained with GelRed 
and visualization under UV light, and by using a Qubit 3.0 fluorometer 
(Life Technologies, Grand Island, NY). 

Real-time PCR was used for absolute quantification of the copy 
number of the 16 S rRNA and 18 S rRNA genes present in the rhizosphere 
samples. 16 S rRNA quantification was performed as previously 
described by [42] in terms of primers used, qPCR conditions, calibration 
and DNA template concentration. For 18 S rRNA gene quantification, 
FR1 and FF390 primers were used [43]. The optimal conditions for 
amplification were 0.05 ng of template DNA and 56 ◦C of annealing 
temperature. Reaction conditions were: 95 ◦C for 30 s; 40 cycles con
sisting of 95 ◦C for 30 s, 56 ◦C for 30 s and 72 ◦C for 30 s. The melting 
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curve was obtained at the end of each run by increasing the temperature 
from 62 ◦C to 95 ◦C. For calibration curves, the 18 S rRNA gene from 
template DNA of Rhizophagus irregularis (DAOM 197198) [44] was 
cloned into pGEM-T Easy Vector System (Promega) using primers 
Euk6–23 and REuk1755–1772 [45]. The cloning product was checked 

with NotI digestion and PCR with FR1 and FF390 primers followed by 
agarose gel electrophoresis. 

For both bacterial and fungal quantification, mixes were prepared 
using the TB Green Premix Ex Taq II (Tli RNase H Plus) (Takara Bio 
Europe SAS, Saint-Germain-en-Laye, France) and reactions were carried 

Fig. 1. Micro4all workflow. Pipeline summary for microbial community analysis. It allows users to easily analyze metabarcoding data from quality checking to 
ecological analyses. The pipeline includes functions from the R package Micro4all (https://nuriamw.github.io/micro4all/tutorial/package_workflow.html) to 
simplify analyses such as the calculation of a cut-off based on the MOCK community sequencing result, applying statistical tests to several diversity indices or 
performing ANCOM-BC between every possible comparison. 
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out with QuantStudio™ 3 Real-Time PCR System (Applied Bio
systems™, Alcobendas, Spain). The qPCR reaction mixtures contained 5 
μl of TB Green Premix, 0.4 μl of each primer (10 μM), 3.2 μl of H2O and 1 
μl of DNA template 2 μl of H2O and 1 μl of DNA template. Results were 
analysed with QuantStudio Design & Analysis Software v1.5.2 (Applied 
Biosystems™, Alcobendas, Spain), and copy numbers were calculated 
per gram of soil. 

2.3. Illumina sequencing and data processing 

The DNA was sequenced with the Illumina MiSeq platform at the 
genomics service of the Institute of Parasitology and Biomedicine “López 
Neyra” (CSIC; Granada, Spain) following the recommended Illumina’s 
protocols. In the first run, a prokaryotic library was constructed ampli
fying the hyper-variable regions V3-V4 of the 16 S rRNA gene using the 
primer pair Pro341F (5’-CCTACGGGNBGCASCAG-3’) and Pro805R (5’- 
GACTACNVGGGTATCTAATCC-3’) according to [46]. These amplicons 
were tagged to be attached to PNA PCR clamps to reduce plastid and 
mitochondrial DNA amplification [47]. In the second run, a eukaryotic 
library was constructed amplifying the ITS2 region using the primer pair 
ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) [48] and fITS7 (5’-GTGART
CATCGAATCTTTG-3’) [49]. Both runs were sequenced using a 
paired-end 2 × 300-bp (PE 300) strategy. Moreover, a ZymoBIOMICS 
Microbial Community Standard II (Log Distribution), ZYMO RESEARCH 
(https://www.zymoresearch.com/collections/zymobiomics-micro
bial-community-standard
s/products/zymobiomics-microbial-community-standard-ii-log-dis
tribution), was added in triplicate in each run as metabarcoding 
sequencing control. 

Raw reads were processed following our homemade tutorial, 
recently published on GitHub (https://nuriamw.github.io/micro4all/) 
and also available as an R package (Micro4all, see workflow scheme in  
Fig. 1). For inferring Amplicon Sequence Variants (ASVs), this tutorial 
makes use of DADA2. Various parameters were modified. In quality 
filtering, the function filterAndTrim was used and the parameter maxEE 
was set to 2 and 5 maximum expected errors for forward and reverse 
reads for both prokaryotic and eukaryotic datasets. Merging was done 
with default parameters. In prokaryotic dataset, reads smaller than 382 
and larger than 444 nt were discarded. For eukaryotic dataset, only 
reads smaller than 100 nt were removed for further analyses. Finally, 
classification of bacterial and fungal ASVs was achieved using assign
Taxonomy command against the Ribosomal Database Project II, training 
set v.18 [50] and the UNITE v.7.2 dynamic database [51], respectively. 

ASVs corresponding to host DNA were eliminated, i.e. those that 
were classified as mitochondria, chloroplast and unknown sequences. 
Moreover, eukaryotic ASVs not classified as fungi at the kingdom level 
were removed. Finally, MOCK community sequences were analysed to 
make the final trimming. According to these data, ASVs with relative 
abundance smaller than 0.002% of the total number of sequences were 
eliminated for each dataset. 

2.4. α-diversity, β-diversity and differential abundance analysis 

α-diversity indices (Observed Richness, Shannon, Inverse of Simpson 
and Evenness), rarefaction curves and β-diversity (determined by PCoA 
analysis based on Bray-Curtis, Unweighted Unifrac and Weighted Uni
frac dissimilarities) were carried out as previously described by 
Fernández-González et al. [41]. Statistical tests included Kruskal-Wallis 
for α-diversity indices, and Permutational Multivariate Analysis of 
Variance (PERMANOVA) and Multivariate Homogeneity of Groups 
Dispersions (BETADISPER) for β-diversity analysis. Moreover, differ
ences in taxonomical abundances were assessed with ANCOM-BC [52] 
tool, following our above-mentioned tutorial (https://nuriamw.github. 
io/micro4all/). 

2.5. Metabolic functions prediction 

To delve into the biogeochemical cycle functions of the bacteriome 
members, Functional Annotation of Prokaryotic Taxa (FAPROTAX) 
bioinformatic tool (v.1.2.4 release) was employed at the ASV level. 
FAPROTAX is a manually constructed database that maps prokaryotic 
taxa to establish metabolic or other ecologically relevant functions using 
the current literature on cultured strains. This tool was used following 
the developers’ tutorial [53]. Briefly, it allows users to map their bac
terial member’s classification to functions. Afterwards, statistically sig
nificant differences between OM and CM for each metabolic function 
were determined with a Wilcoxon test with Benjamini-Hochberg FDR 
correction. 

2.6. Microbial co-occurrence network construction 

Four microbial (bacterial and fungal) networks were constructed (i. 
e., two orchards and two compartments). The online tool MENAP (ieg4. 
rccc.ou.edu/mena/main.cgi) was used following the developer’s in
structions, including the new implementation to discern between direct 
and indirect interactions [54] as described in Gómez-Lama Cabanás 
et al. [55], with the only difference that the prevalence was set to 50% 
(as default) and correlation was calculated with Pearson correlation 
coefficient. 

2.7. Prediction of fungal guilds 

In order to obtain information about the functional characteristics of 
fungal taxa under study, FungalTraits database was used to predict the 
primary life style of fungi [56]. This was done at genera level (both in 
the rhizosphere and endosphere communities) using the database 
spreadsheet, according to the authors recommendations. Once the guilds 
were assigned to each genus, the guilds relative abundance was calcu
lated. Statistically significant differences were assessed using a Wilcoxon 
test with Benjamini-Hochberg FDR correction. 

3. Results 

3.1. Effect of agricultural management on soil: physicochemical 
parameters and microbial biomass 

3.1.1. Soil physicochemical parameters 
The studied soils showed the same characteristics in terms of 

composition. Both OM and CM orchards are established on clay soils, 
with a percentage of clay ranging from 60.40% to 66.40% (Additional 
file 3: Table S2). Surprisingly, the pH was similar in both soils regardless 
of the management implemented. However, nutrient composition was 
clearly different. As expected, the OM soil was richer than the CM soil in 
terms of nutrient content. Indeed, oxidable organic matter, total nitro
gen, assimilable K, nitrate, sulfate and bicarbonate were all statistically 
significantly (Student t test, p < 0.05) higher in OM soil. Assimilable P 
was also higher in this orchard, but no statistical test could be used as its 
concentration was below the detection limit for two out of three bulk soil 
samples analysed. Finally, soil conductivity was also statistically 
significantly (Student t test, p < 0.05) higher in OM soil. None of the 516 
compounds (biocides and pesticides) measured were detectable in the 
samples, neither in OM nor in CM. 

3.1.2. Rhizosphere microbial biomass 
Bacterial and fungal biomasses present in the OM and CM rhizo

spheres were determined in terms of 16 S rRNA and 18 S rRNA genes 
copy number g-1 soil. Overall, organic management enhanced bacterial 
and fungal biomasses (Fig. 2). The 16 S rRNA gene copy number in the 
rhizosphere reached 1.50 × 1011 ± 2.68 × 1010 copies per gram of soil 
in the OM orchard, while in the CM orchard 1.09 × 1011 ± 3.21 × 1010 

copies were scored (Fig. 2A). Nevertheless, differences observed were 
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not statistically significant (Student’s t test; p = 0.38). In contrast, the 
fungal biomass showed a statistically significant (p = 0.01) increase in 
the OM orchard. In fact, OM samples reached 4.54 × 106 ± 8.07 × 105 

copies of the 18 S rRNA gene per gram of soil while values for the CM soil 
remained at 1.72 × 106 ± 1.62 × 105 gene copies (Fig. 2B). 

3.2. General characteristics of sequenced datasets 

The total number of raw reads obtained for bacterial and fungal 
datasets were 4,567,342 and 4,899,001, respectively. After quality 
filtering and ASVs inferring, 2,909,036 (bacterial) and 3,136,096 
(fungal) sequences were retained. High-quality sequences represented at 
least 44,111 and at maximum 100,161 sequences per sample from the 
prokaryotic dataset; and 25,157 and 145,551 sequences from the fungal 
dataset. Finally, the mock community sequenced by triplicate for each 
library was analysed and ASVs with less than 0.002% of the bacterial 
and fungal reads were discarded. This yielded a final number of 3997 
bacterial and 1650 fungal ASVs that were used for further analyses. 

3.3. Sheep manure amendment differently affects bacterial and fungal 
communities 

Diversity and richness (α-diversity), expressed as Observed Richness, 
Shannon and Inverse of Simpson indices, showed statistically significant 
differences only in root (rhizosphere and endosphere) fungal commu
nity, according to the Wilcoxon test (Fig. 3). Moreover, differences in 
α-diversity can be explained because of a variation in observed richness, 
as the evenness index comparison was not statistically significant. In 
contrast, the root bacterial α-diversity showed no differences either in 
the rhizosphere or in the endosphere (Figs. 3A and 3B). 

Interestingly, community structure (β-diversity) differed in both 
microhabitats (rhizosphere and root endosphere) and both kingdoms 
(Bacteria and Fungi). Specifically, a PERMANOVA test showed statisti
cally significant differences between orchards (OM versus CM) for all 
analyses (Table 1). In order to elucidate variations in dispersion between 
treatments, a BETADISPER test was carried out and variance differences 
were not statistically significant, except for the fungal community 
rhizosphere. However, the graphical representation showed a sharp 
separation between OM and CM fungal communities in this compart
ment (Additional file 4: Fig. S2). Therefore, we can certainly say that in 
all cases the manure amendment had an effect on the belowground 
microbial community structure of the studied olive trees. 

3.4. Influence of soil management on the taxonomical profile of the olive 
rhizosphere 

Bacterial taxonomical profile (phylum level) in the rhizosphere was 
dominated by Acidobacteria, Proteobacteria, Actinobacteria, Gemmatimo
nadetes, Bacteroidetes and Candidate division WPS-1 (Fig. 4A). These 
phyla accounted for at least 80.91% of the sequences. Among phyla that 
represented at least 0.9% of the total sequences, Acidobacteria, Gem
matimonadetes and Candidate division WPS-1 were statistically signif
icantly (ANCOM-BC test, p < 0.05) more abundant in CM, while 
Bacteroidetes, Chloroflexi, Firmicutes and Nitrospirae were prevalent in 
OM (Table S2). 

At genus level the community was dominated by members of genera 
Gp6, Sphingomonas, Ohtaekwangia, Gp4 and Rubrobacter (Fig. 4B). 
Among the genera with statistically significant differences, the 20 most 
abundant were analysed in detail. In this sense, Gp6, Sphingomonas, Gp4, 
Rubrobacter, Roseisolibacter, Gp7, Blastococcus, Stenotrophobacter, Areni
microbium, Gemmatirosa, Flavitalea, Flavisolibacter, Ramlibacter and 
Actinomarinicola were more relatively abundant in the CM orchard, 
while Ohtaekwangia, Agromyces, Opitutus, Pseudoartrobacter, Nitrospira 
and Nocardioides were more relatively abundant in the rhizosphere of 
OM trees (Table S3). 

Regarding the fungal community phyla Ascomycota, Glomeromycota 
and Basidiomycota were the most abundant, accounting for at least 
88.52% of the sequences (Fig. 5A). Moreover, Basidiomycota and Asco
mycota showed statistically significantly (ANCOM-BC test, p < 0.05) 
higher relative abundances in the CM orchard, while Glomeromycota was 
more relatively abundant in the rhizosphere of OM trees (Additional file 
5: Table S4). 

Fungal taxonomical profiles at genus level varied greatly between 
management conditions (Fig. 5B). Nevertheless, Solicoccozyma was the 
most abundant genus in both orchards, representing 9.86% (OM) and 
9.60% (CM) of the sequences. Other relevant genera in terms of relative 
abundance were Mortierella (7.85%) and Lophotricus (5.78%) for the OM 
orchard and Tricharina (5.92%) and Coniosporium (4.59%) for the CM 
orchard. Among the genera with statistically significant differences, the 
20 most abundant were Coniosporium, Paratricharina, Kamienskia, Mon
tagnula and Bradymyces (more abundant in the CM orchard), and Mor
tierella, Lophotricus, Preussia, Chrysosporium, Wallemia, Heydenia, 
Phyloctochytrium, Ajellomyces, Plectopsphaerella, Scopulariopsis, Con
iochaeta, Volutella, Stagnosporopsis, Diaporthe and Monodictys (more 
abundant in the OM orchard) (Additional file 5: Table S5). 

3.5. Two main taxa in the endosphere taxonomical profiles: 
Actinophytocola and Ascomycota 

Intriguingly, bacterial and fungal root endosphere communities were 
mostly represented by members of Actinobacteria and Ascomycota phyla, 
respectively (Fig. 4C and Fig. 5C). Indeed, Actinobacteria accounted for 
70.72% of relative abundance in OM and 70.96% in CM while Asco
mycota comprised 66.57% in OM and 72.63% in CM of total sequences. 
In contrast with the rhizosphere, the root endosphere of trees grown 
under the two management conditions here examined showed 

Fig. 2. Bacterial and fungal biomass in the rhizosphere. Copy number g-1 soil 
of the 16 S rRNA (A) and 18 S rRNA genes (B) are presented for both studied 
conditions (OM and CM). The values significantly different at the 5% level (by a 
Student t test) are shown by different letters. OM: organic management; CM: 
conventional management. 
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similarities at phylum level. For instance, statistically significant 
(ANCOM-BC test, p < 0.05) differences were only found for minor phyla 
(i.e. Gemmatimonadetes for the bacterial dataset, representing less than a 
0.9% of total sequences) (Additional file 5: Table S6). However, for the 
fungal dataset, statistically significant (ANCOM-BC test, p < 0.05) dif
ferences were found for two of the most abundant phyla, i.e., Ascomycota 

and Glomeromycota, both with higher dominance in the CM orchard 
(Additional file 5: Table S8). 

At genus level, and concerning the bacterial dataset, Actinophytocola, 
Kibdelosporangium, Streptomyces and Pseudonocardia (phylum Actino
bacteria) accounted for at least 55.41% of the sequences. Moreover, 
Actinophytocola alone represented 22.51% (OM) and 21.79% (CM) of the 

Fig. 3. Bacterial (A, B) and Fungal (C, D) α-diversity indices of each treatment and compartment (A and C, rhizosphere; B and D, endosphere). For every panel, it is 
shown five summary statistics (the median, two hinges and two whiskers) and outlying points. Asterisks show statistically significant differences according to a 
Wilcoxon test test (p value < 0,05). OM: organic management, CM: conventional management. 
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bacterial root endosphere community. The most abundant fungal genus 
was Diaporthe (phylum Ascomycota), which alone made up 13.8 2% 
(OM) and 3.63% (CM) of the total sequences (Fig. 4D and Fig. 5D). 

It should be pointed out that organic management affected mostly 
minor genera (relative abundance <0.9%) in the bacterial root endo
sphere community (Additional file 5: Table S7). This was not the case for 
the fungal dataset, where differences affected 6 genera, Preussia, Myce
nella and Cladophialophora being more abundant in the OM orchard and 
Aureobasidium, Rhizophagus and Alternaria in the CM grove (Table S8). 

3.6. Fungal guilds 

For both analysed compartments, only guilds with a relative abun
dance higher than 0.7% were considered. In the rhizosphere, the most 
abundant guilds were soil saprotroph, plant pathogen, dung saprotroph 
and arbuscular mycorrhizal. Interestingly enough, primary lifestyles 
related to organic matter degradation were significantly increased in 
OM, such as dung saprotrophs, unspecified saprotrophs and litter sap
rotrophs. Animal parasites were significantly more abundant in OM 
(Additional file 6: Fig. S3, panel A). 

In the endosphere, the most abundant guilds corresponded to plant 
pathogens, litter saprotrophs, soil saprotrophs, dung saprotrophs and 
arbuscular mycorrhizal. Following the rhizosphere results, dung sapro
trophs were significantly more abundant in OM. Moreover, arbuscular 
mycorrhizal was significantly enhanced in CM (Additional file 6: Fig. S3, 
panel B). 

3.7. Inferred metabolic functions 

FAPROTAX results retrieved function assignment for 37.0% and 
87.0% of the total ASVs in the rhizosphere and root endosphere, 
respectively. As expected, the predominant functions were related to the 
carbon (C) cycle, with “chemoheterotrophy” and “aerobic chemo
heterotrophy” as the two most abundant functions (Table 2). In the 
communities of both compartments, functions related to degradation of 
recalcitrant compounds (i.e., “aromatic compound degradation”, “aro
matic hydrocarbon degradation”, “hydrocarbon degradation”, 
“aliphatic non-methane hydrocarbon degradation”) were statistically 
significantly (Wilcoxon test, p < 0.05) more represented in OM than in 
CM. These functions were mainly related to members of the genera 
Rhodococcus and Nocardioides, as well as members of the Methyl
ocystaceae family. 

Several metabolic functions related to the nitrogen (N) cycle was 
significant increased statistically (Wilcoxon test, p < 0.05) in the OM 
grove in both compartments. In the OM rhizosphere, nitrification was 
favored, as functions related to this process were enhanced, i.e., “nitri
fication”, “aerobic ammonia oxidation” and “aerobic nitrite oxidation”. 
In this sense, ureolysis was also enhanced in the OM rhizosphere. 
Nitrification involves the transformation of ammonia into nitrate, 
making nitrogen more easily assimilated by the plant. Along with this 
process, denitrification was enhanced in the OM endosphere. This was 
shown by the increase in abundance of metabolic functions such as 
“nitrate reduction”, “nitrate respiration” and “nitrogen respiration”. 

Lastly, other beneficial metabolic functions were enhanced in OM 
rhizosphere, as is the case of chitinolysis. 

3.8. Opposite effect of soil management on co-occurrence networks in 
both compartments 

Microbial networks were separately constructed and analysed for 
each orchard (OM and CM) and each compartment (rhizosphere and 
root endosphere). Overall, agronomic management produced notable 
differences in the network topologies (Table 3). Moreover, the impact of 
each management was different depending on the compartment. Indeed, 
an opposite pattern was observed in the endosphere compared to the 
rhizosphere, except for the average path distance (GD), which was 
shorter in the OM networks for both compartments. Specifically, the OM 
rhizosphere network was more complex than that of the CM, with higher 
number of links, average degree (avgK) and average clustering coeffi
cient (avgCC) (Table 3). Moreover, the modularity was lower along with 
a fewer number of modules. Finally, the percentage of positive edges 
was higher in the OM than in the CM rhizosphere network (Additional 
file 7: Fig. S4). The opposite pattern was observed in the root endosphere 
network; that is, the OM network was less complex (according to the 
number of links, avgK and avgCC), while the modularity was signifi
cantly higher. Moreover, the percentage of positive interactions was 
lower than that observed for the CM endosphere network (Additional 
file 8: Fig. S5). 

3.9. DATA AVAILABILITY 

The sequencing dataset generated during the current study were 
deposited and are publicly available at the National Center for 
Biotechnology Information Sequence Read Archive (NCBI SRA) re
pository under the BioProject accession number PRJNA925330. 

4. Discussion 

Organic amendments have a strong impact on soil properties (e.g. 
enhanced nutrient levels and moisture), thereby influencing the mi
crobial community in soil, rhizosphere and root endosphere [22,57,58]. 
In this study, we aimed to evaluate the effect of two different agronomic 
practices, namely organic management and conventional management, 
on the root microbiome of olive trees. The two studied orchards were 
adjacent, thus making environmental and pedological conditions similar 
and reducing variability in this regard. Indeed, both orchards did not 
show statistically significant differences regarding clay, sand and silt 
content. However, manure input drastically changed the soil’s nutrient 
composition, as shown by the observed increases in oxidable organic 
matter, nitrates, total nitrogen and phosphorous. Although sulfate and 
potassium concentrations were also increased, this could be due to the 
amendment with an inorganic ecological fertilizer implemented in the 
OM orchard. Interestingly enough, levels of nitrates and total nitrogen 
were higher in this grove, despite the fact that in the CM orchard 
ammonium sulfate was applied to the soil. Due to changes in the nutrient 
content, a shift in the microbial community could be expected. In fact, 
we observed an increment in microbial diversity and a change in com
munity structure in both root compartments studied. Nevertheless, the 
effect on the α-diversity was only observed for the fungal community, 
while diversity and richness of the bacteriome remained mostly un
changed. This agrees with previous studies dealing with herbaceous 
plants under different managements [26–28,59,60]. In fact, a stronger 
effect on fungal diversity can be related to differences in soil organic 
matter content [61], in agreement with our results. 

Although soil microbial biomass has been studied in olive orchards 
[62], little is known about the effect of organic amendment on the mi
crobial biomass of the olive rhizosphere. This would be of interest 
because of the potential implications with plant nutrition. Our results 
showed that microbial biomass increased upon organic amendment, 

Table 1 
p values of beta diversity indices.   

PERMANOVA R2 BETADISPERSION 

Compartment Bacteria Fungi Bacteria Fungi Bacteria Fungi 

Rhizosphere  0.0011  0.0012  0.57  0.22  0.89  0.02 
Endosphere  0.0012  0.0012  0.18  0.15  0.31  0.658 

Numbers in boldface and italics show statistically significant p values (p < 0.05) 
according to PERMANOVA and BETADISPER tests between the OM and CM 
studied olive orchards. OM: organic management, CM: conventional manage
ment. 1: with Weighted Unifrac dissimilarities, 2: with Bray-Curtis 
dissimilarities. 
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although statistically significant differences were only found for the 
fungal community. Several studies demonstrated increases in microbial 
biomass associated with organic amendments, both in long-term and 
short-term settings [63–67]. In our study, bacterial and fungal biomasses 
were scored separately. By using this approach, we found that sheep 
manure amendment had a larger impact on the fungal biomass, which 
can be related to the above-mentioned results on community diversity 
and carbon content of the soil. Olive trees could thus benefit from this 
type of amendments by increasing soil nutrients availability, microbial 
diversity and biomass [68]. These results, while supporting previous 
studies performed in herbaceous plants [26–28,59], set a precedent in 

woody plants, in which the effect of manure amendment on the 
belowground microbial communities has not been yet studied. 

Differences observed in microbial community structure and micro
bial biomass correlated with distinctive taxonomical profiles. Indeed, 
specific phyla and genera enhanced or diminished their relative abun
dances depending on the soil management implemented in the orchard. 
Concerning the bacterial community, Acidobacteria were considerably 
more abundant in the rhizosphere of olive trees subjected to conven
tional management. Acidobacteria are regarded as slow-growth oligo
trophs [69], thus being enhanced in poor soils. Although the CM orchard 
received a regime of conventional fertilizers, our analysis showed a 

Fig. 4. Bacterial taxonomic profiles of the rhizosphere and endosphere. Bacterial taxonomic profile at phylum (A, C) and genus level (B, D) for the rhizosphere 
(above panel) and endosphere (below panel) compartments in the two studied orchards. Only main taxa are displayed. Bold letters show statistically significant 
differences (p-value < 0.05) according to ANCOM-BC test. OM: organic management; CM: conventional management. 
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higher content of nutrients in the OM orchard, hence likely diminishing 
the presence of this phylum. Likewise, Gemmatimonadetes was also found 
to be more abundant in the CM rhizosphere. This phylum has been 
detected in a broad range of soils but its presence seems to be related to 
water retention, being more abundant in dry soils [70]. Since manure 
amendments can increase water content in the soil by improving soil 
structure, their use can diminish members of this phylum. In contrast, 
Firmicutes and Bacteroidetes members were more abundant in the OM 
orchard. Both phyla are usually present in faecal matter, hence their 
abundance can be related to manure application [69,71]. Furthermore, 
they could be affected by the higher carbon content found in OM. In fact, 

Firmicutes members are regarded as copiotrophic bacteria [69]. Con
cerning Bacteroidetes, they can secrete enzymes to degrade organic 
compounds present in the soil [72]. Moreover, several studies pointed 
out their sensitivity to soil management [73–75]. It is likely that the 
higher proportion of organic matter found in the OM orchard promoted 
the growth of Bacteroidetes members. Differences found for other phyla 
upon manure amendment are more difficult to explain. This was the case 
of Chloroflexi; while this phylum has not been widely studied and 
characterized, its abundance has been earlier correlated with 
nutrient-poor soils [75–77]. Intriguingly, our results showed that the 
rhizosphere of olive trees subjected to organic management was 

Fig. 5. Fungal taxonomic profiles of the rhizosphere and endosphere. Fungal taxonomic profile at phylum (A, C) and genus level (B, D) for the rhizosphere (above 
panel) and endosphere (below panel) compartments in the two studied orchards. Only main taxa are displayed. Bold letters show statistically significant differences 
(p-value < 0.05) according to ANCOM-BC test. OM: organic management; CM: conventional management. 
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enriched in Chloroflexi. Nonetheless, a positive correlation between 
Chloroflexi and the content of NO3

- in soil has been reported in the 
rhizosphere of wheat plants subjected to increasing N fertilization [78]. 
This outcome was also observed in our study, since the OM orchard had 
a significantly higher amount of nitrates. The contrasting nutrient con
tent observed between OM and CM soils could also explain the 

Table 2 
Potential metabolic functions predicted by FAPROTAX. Only functions with an 
abundance greater than 0.1% are presented. Main taxa contribution shows the 
10 most abundant taxa. OM: organic management, CM: conventional 
management.  

Metabolic functions 
rhizosphere 

OM CM Main taxa contribution 

C cycle     
Chemoheterotrophy 16.28*  14.50 Methylocystaceae unclassified, 

Sphingomonas, Rubrobacter, 
Blastococcus, Agromyces, 
Solirubrobacter, Opitutus, 
Lysobacter, Streptomyces, 
Nocardioides 

Aerobic 
chemoheterotrophy 

14.44  13.99 Erythrobacteraceae unclassified, 
Sphingomonas, Rubrobacter, 
Blastococcus, Agromyces, 
Solirubrobacter, Streptomyces, 
Nocardioides, Microvirga, 
Mesorhizobium 

Fermentation 1.04*  0.28 Opitutus, Cellulosimicrobium, 
Lautropia, Isptericola, Enterococcus, 
Kluyvera, Geothrix, Cellulomonas, 
Olsenella, Streptococcus 

Aromatic compound 
degradation 

0.58*  0.17 Rhodococcus, Nocardioides 

Hydrocarbon 
degradation 

0.15*  0.01 Rhodococcus, Methylocystaceae 
unclassified 

Phototrophy 0.20*  0.15 Blastochloris, Rhodopseudomonas, 
Rhodomicrobium, Craurococcus, 
Ectothiorhodospiraceae unclassified 

Photoautotrophy 0.18*  0.09 Ectothiorhodospiraceae unclassified 
Anoxygenic 

photoautotrophy 
0.18*  0.09 Ectothiorhodospiraceae unclassified 

Aromatic hydrocarbon 
degradation 

0.11*  0.00 Rhodococcus 

Aliphatic non-methane 
hydrocarbon 
degradation 

0.11*  0.00 Rhodococcus 

Methylotrophy 0.13*  0.03 Methanomassiliicoccus, 
Methylobacterium, 
Methylocystaceae unclassified, 
Paracoccus, Methylobacillus, 
Methylophilus, Methylotenera 

C and N cycles     
Chitinolysis 0.60*  0.19 Lysobacter 
Ureolysis 0.46*  0.17 Afipia, Methylobacterium, 

Mesorhizobium, Roseomonas, 
Azospirillum, Massilia, 
Methylophilus 

N cycle     
Nitrate reduction 3.45  3.17 Rubrobacter, Nitrobacter, Ensifer, 

Paracoccus, Craurococcus, 
Achromobacter, Klebsiella, 
Stenotrophomonas, Kluyvera, 
Opitutus 

Nitrification 1.02*  0.28 Nitrososphaera, Nitrospira, 
Nitrobacter, Nitrosospira 

Aerobic nitrite oxidation 0.74*  0.18 Nitrospira, Nitrobacter 
Aerobic ammonia 

oxidation 
0.28*  0.09 Nitrososphaera, Nitrosospira 

Nitrogen fixation 0.22  0.30 Bradyrhizobium, Azospirillum 
S cycle     
Anoxygenic 

photoautotrophy S 
oxidizing 

0.18*  0.05 Ectothiorhodospiraceae unclassified 

Others     
Manganese oxidation 0.11*  0.24 Geodermatophilus 
Not assigned 57.93  64.24   
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differences found for the phylum Nitrospirae, particularly the genus 
Nitrospira, which was significantly more abundant in the OM orchard. 
Nitrospira spp. have recently gained attention because of their ability to 
perform complete ammonia oxidation (comammox), thus playing an 
important role in the N cycle [79–81]. Niche variability within the 
Nitrospira group has been recently shown. Although the relationship 
between nutrient levels and the growth of members of each clade is not 
fully understood, it seems clear that organic fertilization through 
changing nitrogen levels can affect their growth [81–83]. Moreover, the 
increase in relative abundance in Nitrospira members is related to an 
increase in nitrification, as shown by FAPROTAX results (see Table 2). 

The relative abundances of genera Rubrobacter and Sphingomonas 
also differed between the OM and CM orchards. Members of these 
genera are able to colonize harsh environments and have been reported 
to metabolize pesticides and pollutants [84–88]. In fact, they were 
significantly more abundant in the rhizosphere of olives trees cultivated 
in the CM grove, where herbicides and insecticides were continuously 
applied. Moreover, the degradation of aromatic compounds was 
enhanced in the OM rhizosphere, according to FAPROTAX results. This 
was related to genera such as Nocardioides and Rhodococcus, which were 
significantly more abundant in this orchard. In fact, it has been shown 
that the addition of organic fertilizers such as manure to the soil im
proves the degradation of contaminants, likely because of an increase in 
diversity, nutrients levels and better soil texture [42,89,90]. The FAP
ROTAX analysis also highlighted chitinolysis as one of the metabolic 
functions enhanced in the rhizosphere of olive trees grown in the OM 
orchard. It has been shown that chitinolysis is involved in pathogenic 
fungi and nematodes defense [91]. Ureolysis was also significantly 
increased in the OM rhizosphere. Manure amendments are known to 
provide urea to the soil, that can constitute a source of nitrogen for 
plants due to the presence of ureolytic microorganisms [92,93]. Overall, 
our results suggest that sheep manure favor the presence of bacteria 
involved in beneficial processes such as improved nutrient cycling, 
degradation of recalcitrant pollutants and defense against soil borne 
pathogens. 

Interestingly, the bacterial community in the root endosphere was 
dominated by Actinobacteria representatives, in agreement with our 
previous study [94]. Moreover, Actinophytocola was the most abundant 
genus in the olive root endosphere. This emphasizes the key role that 
this genus seems to play in the inner of the olive roots, and that different 
agronomic managements do not affect its high prevalence within this 
plant organ. Actinobacteria are well-known for the production of sec
ondary metabolites that play important roles in tree health, i.e., path
ogen defense. Particularly, several isolates of Actinophytocola have 
already exhibited potential for antimicrobial activities [95]. Moreover, 
we have previously reported the correlation of Actinophytocola abun
dance with the expression of genes related with pathogen defense in the 
olive tree root [96]. We emphasize here that further research is needed 
to isolate and characterize the relation between Actinophytocola and 
olive tree health. 

Concerning the fungal community, the taxonomical composition was 
dominated by Ascomycota members in both compartments. Moreover, 
this phylum was significantly more abundant in the CM orchard, both in 
the root endosphere and in the rhizosphere. This agrees with previous 
studies focused on endophytic communities of diverse plant species, 
including olive [94,97]. Some studies have reported high abundance of 
Ascomycota members in soils with higher nitrogen content[98–100]. 
However, our results showed the opposite since the CM orchard clearly 
had a lower nutrient content, including N. Furthermore, differences in 
Glomeromytoca relative abundance were also found between conditions 
and in both compartments. In fact, in the root endosphere, Glomer
omycota was more abundant in the CM orchard. Moreover, FungalTraits 
results showed a significantly higher abundance of arbuscular mycor
rhiza in CM orchard. It is known that olive trees form symbiotic asso
ciations with arbuscular mycorrhizal fungi which are increasingly 
implemented during the propagation stage in nurseries to improve the 

establishment of the plants in fields [101,102]. In this sense, the 
reduction of Glomeromycota members, specifically Rhizophagus, in the 
OM orchard can be due to the higher amount of phosphorus in this soil, 
as this element is known to inhibit the establishment of symbiosis with 
Glomeromycota representatives [103,104]. At the genus level, the 
composition of the fungal community confirmed our previous studies 
showing high abundance of Solicoccozyma, Mortierella and Coniosporium 
in the rhizosphere [40]. In the root endosphere, Diaporthe was identified 
as the most abundant genera in both orchards. This genus includes en
dophytes earlier described in herbaceous and woody plants, particularly 
in olive trees [105,106]. Interestingly, members of this genus are re
ported to produce secondary metabolites such as antimicrobial com
pounds [105,107,108]. Other genera showing differences in their 
abundances between conditions are worth mentioning. For instance, 
Preussia was significantly more abundant in the manure-amended or
chard, both in the root endosphere and in the rhizosphere. Preussia 
species have mainly been described as coprophilous endophytes, and 
their abundance has been shown to increase under manure amendment 
fields. Moreover, its members can produce secondary metabolites, such 
as antimicrobial compounds, conferring them the ability to outcompete 
pathogens [109–111]. Other genera were only found as endophytes, 
such as Cladophialophora members. Representatives of this genus belong 
to the so-called dark septate endophytic fungi which have been 
described as plant-growth promoters. Moreover, some of them have 
been reported as effective biocontrol agents in several crops [112,113]. 
Nonetheless, the CM orchard also showed high abundance of diverse 
genera with antifungal capacities. For example, Aerobasidium and 
Alternaria which have been reported as olive tree endophytes, particu
larly in the phyllosphere [114–117]. Furthermore, Aerobasidium has 
been effectively used for the control of olive anthracnose [115,117]. 

Finally, co-occurrence networks were constructed for both treat
ments and compartments. Previous studies have shown an increase in 
the complexity of soil microbial networks subjected to manure appli
cation [118–121]. Related to the root microbiome, correlation between 
network complexity and agricultural intensification, with organic 
farming showing a higher complexity of root-associated fungi, has been 
reported in wheat [122]. Wang et al. (2022) studied the effect of manure 
application on the wheat rhizosphere microbial community (bacteria 
and fungi), finding a higher complexity associated with manure appli
cation [123]. This has also been proved for woody plants, as in poplar 
(Populus) trees [124]. Manure amendment can affect microbial networks 
in two ways [99]. On the one hand, manure provides the soil with a 
variety of nutrient sources, thus increasing soil niches and microbial 
interactions. On the other hand, manure contains recalcitrant organic 
matter and its degradation would require cooperation among microor
ganisms. According to our study, OM increased the complexity of the 
networks in the rhizosphere of olive trees as well as the percentage of 
positive interactions, likely related with a higher level of nutrients. 
Interestingly, several studies also reported a decrease in the average 
geodesic distance (GD) upon manure application[118,124]. In our 
study, this trend was observed for both the rhizosphere and the root 
endosphere. A lower GD means that interactions in the network are 
more efficiently spread [125]. Thus, a microbial community with a 
smaller GD may have higher stability in the presence of perturbations 
[126–128]. In this sense, our results provide more evidence of a positive 
effect of manure amendment on microbial communities, thereby 
improving tree health. Indeed, it has been proposed that complex net
works might help the plant to face pathogen attacks and environmental 
stresses [41,119,120,126,129]. Conversely, a decrease in network 
complexity was found in the root endosphere compartment of trees 
grown in the OM orchard. Little is known about the effect of agricultural 
practices in the endosphere microbial community, particularly with 
regard to co-occurrence networks. Thus, we would like to emphasize 
that further investigation would be needed to understand the effect of 
agricultural management on root endosphere microbiome. 
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5. Conclusions 

Overall, our results showed an influence of sheep manure application 
on soil properties and on the belowground microbial communities. This 
influence was evidenced by several results. Firstly, an increased nutrient 
content of the soil was observed. In addition, a higher fungal diversity 
was found in the OM orchard, as well as a higher biomass in the 
rhizosphere. As for the bacterial dataset, potential metabolic functions 
of interest involved in pollutant degradation and defence against path
ogens were shown. Finally, microbial co-occurrence network showed a 
more favorable scenario, with more positive interactions, complexity 
and shorter GD. Based on our results, we conclude that the application of 
sheep manure to olive orchards has a potential beneficial impact on soil 
properties and on the belowground microbial communities. 
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[42] Medina R, Fernández-González AJ, García-Rodríguez FM, Villadas PJ, Rosso JA, 
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[43] Chemidlin Prévost-Bouré N, Christen R, Dequiedt S, Mougel C, Lelièvre M, 
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[62] Moreno B, Garcia-Rodriguez S, Cañizares R, Castro J, Benítez E. Rainfed olive 
farming in south-eastern Spain: long-term effect of soil management on biological 
indicators of soil quality. Agric Ecosyst Environ 2009;131:333–9. https://doi.org/ 
10.1016/j.agee.2009.02.011. 

[63] Luan H, Gao W, Huang S, Tang J, Li M, Zhang H, et al. Substitution of manure for 
chemical fertilizer affects soil microbial community diversity, structure and 
function in greenhouse vegetable production systems. PLoS One 2020:15. https:// 
doi.org/10.1371/journal.pone.0214041. 

[64] Qi R, Li J, Lin Z, Li Z, Li Y, Yang X, et al. Temperature effects on soil organic 
carbon, soil labile organic carbon fractions, and soil enzyme activities under long- 
term fertilization regimes. Appl Soil Ecol 2016;102:36–45. https://doi.org/ 
10.1016/j.apsoil.2016.02.004. 

[65] Li J, Cooper JM, Lin Z, Li Y, Yang X, Zhao B. Soil microbial community structure 
and function are significantly affected by long-term organic and mineral 
fertilization regimes in the North China Plain. Appl Soil Ecol 2015;96:75–87. 
https://doi.org/10.1016/j.apsoil.2015.07.001. 

[66] Zhang QC, Shamsi IH, Xu DT, Wang GH, Lin XY, Jilani G, et al. Chemical fertilizer 
and organic manure inputs in soil exhibit a vice versa pattern of microbial 
community structure. Appl Soil Ecol 2012;57:1–8. https://doi.org/10.1016/j. 
apsoil.2012.02.012. 

[67] Das S, Jeong ST, Das S, Kim PJ. Composted cattle manure increases microbial 
activity and soil fertility more than composted swine manure in a submerged rice 
paddy. Front Microbiol 2017;8:1702. https://doi.org/10.3389/ 
fmicb.2017.01702. 

[68] Pii Y, Mimmo T, Tomasi N, Terzano R, Cesco S, Crecchio C. Microbial interactions 
in the rhizosphere: beneficial influences of plant growth-promoting rhizobacteria 
on nutrient acquisition process. a review. Biol Fertil Soils 2015;51:403–15. 
https://doi.org/10.1007/S00374-015-0996-1/TABLES/1. 

[69] Francioli D, Schulz E, Lentendu G, Wubet T, Buscot F, Reitz T. Mineral vs. organic 
amendments: Microbial community structure, activity and abundance of 
agriculturally relevant microbes are driven by long-term fertilization strategies. 
Front Microbiol 2016;7:1446. https://doi.org/10.3389/fmicb.2016.01446. 

[70] DeBruyn JM, Nixon LT, Fawaz MN, Johnson AM, Radosevich M. Global 
biogeography and quantitative seasonal dynamics of Gemmatimonadetes in soil. 
Appl Environ Microbiol 2011;77:6295–300. https://doi.org/10.1128/ 
AEM.05005-11. 

[71] Zhang S, Sun L, Wang Y, Fan K, Xu Q, Li Y, et al. Cow manure application 
effectively regulates the soil bacterial community in tea plantation. BMC 
Microbiol 2020;20:190. https://doi.org/10.1186/s12866-020-01871-y. 

[72] Larsbrink J, McKee LS. Bacteroidetes bacteria in the soil: Glycan acquisition, 
enzyme secretion, and gliding motility. Adv Appl Microbiol, vol. 110. Academic 
Press Inc,; 2020. p. 63–98. https://doi.org/10.1016/bs.aambs.2019.11.001. 

[73] Yang Y, Wang N, Guo X, Zhang Y, Ye B. Comparative analysis of bacterial 
community structure in the rhizosphere of maize by high-throughput 
pyrosequencing. PLoS One 2017;12:e0178425. https://doi.org/10.1371/journal. 
pone.0178425. 

[74] Zhang S, Sun L, Wang Y, Fan K, Xu Q, Li Y, et al. Cow manure application 
effectively regulates the soil bacterial community in tea plantation. BMC 
Microbiol 2020;20:190. https://doi.org/10.1186/s12866-020-01871-y. 
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